
K10892

ISBN: 978-1-4398-1723-0

9 781439 817230

90000

Electrical Engineering

With 26 entirely new and 5 extensively revised chapters out of the total of 39, 
the Mobile Communications Handbook, Third Edition presents an in-depth 
and up-to-date overview of the full range of wireless and mobile technologies 
that we rely on every day. This includes, but is not limited to, everything from 
digital cellular mobile radio and evolving personal communication systems to 
wireless data and wireless networks.

Illustrating the extraordinary evolution of wireless communications and networks 
in the last 15 years, this book is divided into five sections:
 
• Basic Principles provides the essential underpinnings for the wide-ranging 
mobile communication technologies currently in use throughout the world.

• Wireless Standards contains technical details of the standards we use every 
day, as well as insights into their development. 

• Source Compression and Quality Assessment covers the compression 
techniques used to represent voice and video for transmission over mobile 
communications systems as well as how the delivered voice and video quality 
are assessed.

• Wireless Networks examines the wide range of current and developing 
wireless networks and wireless methodologies. 

• Emerging Applications explores newly developed areas of vehicular 
communications and 60 GHz wireless communications.

Written by experts from industry and academia, this book provides a succinct 
overview of each topic, quickly bringing the reader up to date, but with sufficient 
detail and references to enable deeper investigations. Providing much more than 
a “just the facts” presentation, contributors use their experience in the field to 
provide insights into how each topic has emerged and to point toward forth-
coming developments in mobile communications.
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Preface

This. third. edition. of. the Mobile Communications Handbook. reflects. the. extraordinary. evolution. of.
wireless.communications.and.networks.over.the.last.15.years,.with.5.extensively.revised.chapters.and.26.
entirely.new.chapters.out.of.a.total.of.39.chapters..We.use.the.term.mobile communications.to.include.
technologies.ranging.from.digital.cellular.mobile.radio.and.evolving.personal.communication.systems.
to.wireless.data.and.wireless.networks..This.range.of.topics.is.presented.in.39.concise.chapters.authored.
by.experts.from.industry.and.academia..The.chapters.are.written.to.provide.a.succinct.overview.of.each.
topic,.quickly.bringing.the.reader.up.to.date,.but.with.sufficient.detail.and.references.to.enable.deeper.
investigations..The.chapters.are.more.than.a.“just.the.facts”.presentation,.with.the.authors.using.their.
experience.in.the.field.to.provide.insights.into.how.each.topic.has.emerged.and.to.point.toward.forth-
coming.developments.in.mobile.communications.

This.book.is.divided.into.five.sections:.Basic.Principles,.Wireless.Standards,.Source.Compression.and.
Quality. Assessment,. Wireless. Networks,. and. Emerging. Applications.. The. chapters. in. the. Basic.
Principles. section. provide. the. essential. underpinnings. for. the. wide-ranging. mobile. communication.
technologies.currently.in.use.throughout.the.world..The.section.on.Wireless.Standards.contains.techni-
cal.details.of.the.standards.we.use.every.day,.and.the.chapters.give.insights.into.the.development.of.the.
several. standards.. The. third. section. covers. the. compression. techniques. used. to. represent. voice. and.
video. for. transmission. over. mobile. communications. systems.as. well. as. how. the. delivered.voice. and.
video. quality. are. assessed.. The. Wireless. Networks. section. examines. the. wide. range. of. current. and.
developing.wireless.networks.and.wireless.methodologies.all.the.way.through.the.newly.developed.areas.
of.vehicular.communications.and.60.GHz.wireless.communications.

The.Basic.Principles.chapters.readily.allow.the.reader.to.jump.right.to.the.mobile.communications.
topic.of.interest,.with.the.option.of.efficiently.filling.in.any.gaps.in.one’s.background.by.referring.back.
to.the.Basic.Principles.section.as.needed,.without.flipping.through.a.textbook.or.searching.the.Internet.

Although.there.is.an.ordering.to.the.chapters,.the.sequence.does.not.have.to.be.read.from.the.begin-
ning.to.the.end..Each.chapter.was.written.to.be.an.independent.contribution.with.intentional.overlap.
between.some.chapters.to.show.how.the.many.topics.interconnect..Interestingly,.as.the.reader.will.dis-
cover,.this.overlap.often.admits.alternative.views.of.difficult.issues.

It.has.been.a.great.pleasure.to.work.with.the.authors.to.publish.this.third.edition..The.authors.come.
from.all.parts.of. the.world.and.constitute.a. literal.who’s.who.of.workers. in.digital.and.mobile.com-
munications.. Certainly,. each. article. is. an. extraordinary. contribution. to. the. communications. and.
.networking. fields,. and. the. collection,. I. believe,. is. the. most. comprehensive. treatment. of. the. mobile.
.communication.field.available.in.one.volume.today.

I.appreciate.the.patience,.support,.and.guidance.of.the.staff.at.CRC.Press/Taylor.&.Francis,.particu-
larly.Nora.Konopka,.and.the.energetic.and.responsive.assistance.of.Ashley.Gasque.during.all.stages.of.
developing.and.producing.this.handbook.

Jerry D. Gibson
Santa Barbara, California
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3.Apple.Hill.Drive
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1.1 introduction

The.discrete.Fourier.transform.(DFT).is.a.method.that.represents.the.frequency.content.of.a.finite.length.
time.sequence,.or.sequence.of.samples..Specifically,.it.takes.N.input.samples.x(n).and.converts.them.into.
N.frequency.coefficients.X(k)

.
X k x n W k N

n

N

N
kn( ) ( ) , , , , ,= = … −

=

−

∑
0

1

0 1 1
.

(1.1)

where

. WN N� e j− 2π
.

Conversely,.given.the.N.frequency.coefficients.X(k).of.a.DFT,.the.time.sequence.x(n).can.be.recovered.
using.the.inverse.formula

.

x n N X k W n N
k

N

N
kn( ) ( ) , , , , .= = … −

=

−

−∑1 0 1 1
0

1

.
(1.2)

An.important.characteristic.of.the.DFT.is.that.the.frequency.response.is.represented.with.a.finite.set.of.
values.X(k)..This.is.in.contrast.to.the.related.discrete.time.Fourier.transform.(DTFT),.which.represents.
the.frequency.content.of.a.discrete.time.sequence.as.a.function.of.a.continuous-valued.frequency.argu-
ment..This.allows.the.DFT.to.be.conveniently.computed,.manipulated,.and.stored.on.a.general-purpose.
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computer. or. digital. processor.. Furthermore,. the. discovery. of. fast. methods. for. computing. the. DFT,.
called.fast.Fourier.transforms.(FFTs),.has.led.to.the.widespread.use.of.the.DFT.and.has.established.digi-
tal.signal.processing.as.a.major.research.and.application.area.

The.DFT.is.very.closely.related.to.the.discrete.Fourier.series.(DFS)..In.fact,.the.two.transforms.share.
the.same.formulas.(1.1).and.(1.2),.but.differ.in.their.interpretations..The.DFS.represents.a.periodic.dis-
crete.time.sequence.as.a.linear.combination.of.complex.exponentials..The.weights.of.this.linear.combi-
nation.are.X(k)/N.as.shown.in.Equation.1.2..Since.the.coefficients.X(k).are.the.sinusoid.weights,.they.
represent.the.frequency.content.of.the.time.signal.x(n)..The.DFS.differs.from.the.continuous.time.Fourier.
series. (FS). since. it. requires. at. most. N. complex. sinusoids. to. represent. a. signal,. whereas. the. FS. may.
require.an.infinite.number..This.is.because.the.dual.constraints.of.sampling.and.periodicity.with.period.
N.limit.the.total.number.of.possible.sinusoids.to.be.N.

In.contrast.to.the.DFS,.the.DFT.can.be.interpreted.as.a.linear.transformation.from.one.finite.length.
sequence. to. another.. In. this. viewpoint. the. forward. and. inverse. equations. can. be. represented. using.
N.×.N.matrices,.and.concepts.from.linear.algebra.can.be.used.in.analysis..Alternatively,.the.DFT.can.be.
viewed.as.a.frequency-sampled.version.of.the.DTFT..The.sampling.causes.both.the.time.signal.x(n).and.
the.frequency.signal.X(k).to.be.discrete.and.periodic.with.period.N..These.signals.are.formed.by.periodi-
cally.repeating.the.original.time.or.frequency.sequences.defined.over.the.original.length.N.intervals..
Both.interpretations.of.the.DFT.are.discussed.below.and.both.interpretations.find.use.depending.on.the.
specific.application.

The.next.section.of.this.chapter.discusses.how.the.DFT.relates.to.other.Fourier.transforms.(FTs),.and.
its.interpretation.from.a.sampled.DTFT.as.well.as.a.linear.algebraic.standpoint..The.following.section.
derives.the.main.properties.of.the.DFT..The.subsequent.section.gives.an.overview.of.FFT.algorithms,.
which.are.fast.computational.versions.of.the.DFT.

1.2 DFt theory

1.2.1 Fourier transform Review

Much.insight.into.the.nature.and.properties.of.the.DFT.can.be.gained.by.relating.the.DFT.to.other.FTs..
In.particular,.the.DFT.is.very.closely.related.to.the.DTFT..Thus,.as.a.preface.to.discussing.the.DFT,.we.
review.the.commonly.used.FTs.shown.in.Figure.1.1..The.first.transform.shown.is.the.continuous-time.
FT,. which. computes. the. frequency. spectrum. of. a. continuous-time. signal.. The. forward. and. inverse.
transform.equations.of.the.FT.are.given.by

.

X x t t

x t X

t

t

( ) ( )

( ) ( ) .

Ω

Ω Ω

Ω

Ω

=

=

−

−∞

∞

−∞

∞

∫

∫

e d

e d

j

j1
2π

When.the.time.signal.is.continuous.and.periodic,.the.frequency.spectrum.is.determined.by.the.FS..
The.following.formulas.give.the.forward.and.inverse.equations.for.the.FS:

.

a k T x t tk t

T

( ) ( )= −∫
1

0

0

0

e dj Ω

.
(1.3)

.
x t a k

k

k t( ) ( ) ,=
=−∞

∞

∑ ej Ω0

.
(1.4)
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where.T0.is.the.fundamental.period.of.the.time.function,.Ω0.is.the.fundamental.frequency,.and.these.are.
related.by.Ω0.=.(2π/T0)..Observe.in.particular.that.continuous-time.periodic.signals.result.in.a.discrete,.
or.sampled,.frequency.spectrum,.and.the.frequencies.are.all.integer.multiples.of.the.fundamental.fre-
quency.Ω0.

While.the.FS.results.in.samples.in.the.frequency.domain,.what.is.often.needed.in.signal.processing.is.
a.transform.that.operates.on.sampled.time.values..This.is.the.case.handled.by.the.DTFT.which.deter-
mines.the.frequency.spectrum.of.sampled.time.signals..By.using.the.sampling.theorem,.or.equivalently.
the.FS.and.duality,. it.can.be.shown.that.the.resulting.frequency.spectrum.of.the.DTFT.is.continuous.
valued.and.periodic..The.exact.mathematical.form.of.the.DTFT.can.be.derived.by.applying.the.FS.in.the.
frequency.domain..The.formula.of.this.frequency.domain.FS.comes.from.Equations 1.3.and.1.4.by.revers-
ing.all.frequency.and.time.variables,.and.also.reversing.the.signs.of.the.exponentials..This.results.in

.

b k W G

G b k

W

kt

k

kt

( ) ( )

( ) ( )

=

=

∫

∑
=−∞

∞

−

1
0

0

0

0

ω ω

ω

ω

ω

e d

e

j

j

where.W0.is.the.period.of.the.periodic.frequency.domain.signal,.t0.is.the.spacing.of.the.samples.in.the.
time.domain,.and.t0.=.(2π./W0).

FS

FT

· · ·· · ·

Ω

N − 1

T0

Ω0

Ω

DTFT
· · ·· · ·

W0 = 2π

t0 = 1

ωn

· · · · · ·

DFS/DFT

n

· · ·
k

· · ·

N − 1

· · · · · ·

t

t

FIGURE 1.1 Figure. shows. commonly. used. Fourier. transforms. including,. from. the. top,. the. continuous. time.
Fourier.transform.(FT),.the.continuous.time.Fourier.series.(FS),.the.discrete.time.Fourier.transform.(DTFT),.the.
discrete.Fourier. series. (DFS),.and.discrete.Fourier. transform.(DFT).. (See.L..Ludeman..Fundamentals of Digital 
Signal Processing..New.York:.Harper.&.Row,.1986.)
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The.DTFT.is.normalized.to.have.sample.times.fixed.on.the.integers.resulting.in.t0.=.1.and.W0.=.2π..
The.resulting.DTFT.computation.formulas.are.thus

.

X x n

x n X w

n

n

n

( ) ( )

( ) ( ) .

ω

π
ω

ω

ω

π

π

=

=

=−∞

∞

−

−

∑

∫

e

e d

j

j1
2

The.normalization.of.the.DTFT.results.in.x(n).being.measured.in.time.units.of.samples,.and.ω.being.
measured.in.units.of.radian/sample..This.explains.the.use.of.different.frequency.variables.for.the.FT/FS.
(Ω–radians/second).and.the.DTFT.(ω–radians/sample).

1.2.2 the DFt as a Sampled DtFt

We.now.investigate.the.effect.of.sampling.the.DTFT..Assume.that.we.have.a.sequence.x(n).with.DTFT.
represented.by.X(ω)..We.sample.X(ω).uniformly.to.obtain.the.frequency.sequence.Y(k)

.
Y k X N k k N( ) , , , , .=

⎛
⎝⎜

⎞
⎠⎟

= … −
2 0 1 1π

The.question.we.now.want.to.answer.is.how.does.y(n),.the.time.sequence.of.Y(k),.relate.to.the.original.
signal.x(n)?.This.will.demonstrate.the.net.result.of.sampling.the.DTFT..Since.X(ω).is.periodic,.Y(k).is.
discrete.periodic..Thus,.we.can.find.the.time.sequence.y(n).using.the.inverse.DFS.formula.of.Equation 1.2

.
y n N Y k W n N

k

N

N
kn( ) ( ) , , , , .= = … −

=

−

−∑1 0 1 1
0

1

.
(1.5)

Since.Y(k).comes.from.the.sampled.DTFT,.we.can.represent.it.as

.
Y k X x m

N

N
k

m

km( ) ( )| ( ) .= =
=

=−∞

∞
−∑ω

ω π

π

2

2
e j

.
(1.6)

Substituting.Equation.1.6.into.Equation.1.5.gives

.
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(1.7)

Equation.1.7.can.be.simplified.using.the.following.identity:

.

1 1
0

2

0

1

N
n lN

N kn
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N

e
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j π
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Rewriting.this.identity.as

.

1 2

0

1

N n lN p nN kn

k

N

l

ej π
δ

=

−

=−∞

∞

∑ ∑= −( ) ( ),�
.

(1.8)

Equation.1.7.can.be.expressed.as.a.convolution

.
y n x m p n m x n p n

m

( ) ( ) ( ) ( ) ( ).= − = ∗
=−∞

∞

∑

Carrying.out.the.convolution.results.in

.
y n x n lN x n

l
N( ) ( ) ( ).= −

=−∞

∞

∑ � p

.
(1.9)

where.x nN
p ( ).is.the.periodic.extension.of.x(n).with.period.N.

This.result.shows.that.frequency.sampling.has.the.dual.effect.of.time.sampling..Namely,.it.causes.a.
periodic.repetition.of.the.time-domain.sequence..In.order.to.recover.the.original.X(ω).from.its.sam-
ples,.and.thus.for.the.DFT.to.be.a.valid.transform,.requires.one.more.constraint..This.constraint.is.that.
the. signal. x(n). be. limited. to. the. range. 0.≤.n.≤.L.−.1. and. the. number. of. samples. in. the. DFT. satisfy.
N.≥.L..In.this.case.x(n).can.be.recovered.from.extracting.one.period.of. x nN

p ( ) ,.and.X(ω).can.be.recov-
ered.through.the.DTFT.of.x(n)..This.proves.that.X(ω).can.be.recovered.from.its.samples..However,.if.
N.<.L. then. x nN

p ( ) . consists. of. time-aliased. replicas. of. x(n). and. X(ω). cannot. be. recovered. from. the.
samples.X kN( )2≠ .

Example 1.1

In. this. example. we. use. the. DTFT. sampling. method. to. compute. the. DFT. of. a. finite. length,.
.complex.sinusoid

. x n p nn
N( ) ( ),= ejω0

. (1.10)

where

.
p n

n N
N ( ) .=

≤ ≤ −⎧
⎨
⎪

⎩⎪

1 0 1
0 otherwise

We.start.by.computing.the.DTFT.of.the.windowing.pulse.pN(n)

.
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(1.11)
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The.final.DTFT.of.Equation.1.10.results.from.using.the.frequency.shift.property.on.Equation 1.11

.

X
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N
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ω ω

ω ω

ω ω
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1
2

0

0

1
2 0e j

To.get.the.desired.DFT.coefficients,.we.substitute.ω.=.(2π/N)k.into.the.above.equation

.
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(1.12)

Now.consider.two.separate.cases.of.frequencies.for.the.input.sinusoid..The.first.case.is.for.
frequencies.that.have.an.integer.number.of.cycles.in.the.N.sample.window:.ω0.=.(2π/N)k0..For.
this.case.the.DFT.coefficients.of.Equation.1.12.simplify.to

.

X k k k

N k k

N
N k k( ) sin( ( ))

sin ( )
.( )

=
−

−
⎛
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−π
π
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0

1
0e j

Note.that.the.quotient.of.sines.in.the.equation.above.is.a.digital.sinc.function..This.results.in.all.
values.of.the.DFT.being.zero,.except.at.the.index.k.=.k0,.which.corresponds.to.the.index.of.the.
input.frequency..A.plot.of.both.the.DFT.coefficients.and.underlying.DTFT.for.the.case.of.N.=.8.
and.k0.=.3.is.shown.in.Figure.1.2.

Now.consider.the.second.case.where.the.input.frequency.does.not.have.an.integer.number.of.
cycles.in.the.N.sample.time.input..Using.Equation.1.12.for.the.case.of.N.=.8.and.ω0.=.0.7π.gives.
the.result.shown.in.Figure.1.2..Note.in.particular.that.the.samples.occur.at.nonzero.values.of.the.
underlying.DTFT.frequency.response..It.may.seem.counterintuitive.that.the.DFT.of.a.sinusoid.
results.in.the.spectrum.on.the.right-hand.side.of.Figure.1.2..However,.note.that.the.input.is.only.
a.sinusoid.in.the.initial.N.sample.input.window..Frequency.sampling.causes.this.window.to.be.
periodically.repeated.as.shown.by.Equation.1.9..Since.the.input.does.not.have.an.integer.number.
of.frequency.cycles.in.the.input.window,.this.results.in.discontinuities.at.the.repeated.window.
boundaries..The.overall.periodic. input. is. thus.not.a.clean.sinusoid,.and.the.spectrum.on.the.
right.of.Figure.1.2.results.

1.2.3 the DFt as a change of Basis

A.second.way.of.viewing.the.DFT.is.as.a.linear.transform.from.one.finite.sequence.to.another..In.this.
case.we.represent.the.input.x(n).and.DFT.coefficients.X(k).as.vectors

.
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.

As.shown.below,.the.transformation.from.x.to.X.is.accomplished.using.an.N.×.N.DFT.matrix.
From.the.linear.algebra.viewpoint,.the.DFT.becomes.a.way.of.representing.a.vector.on.an.alternative.basis

.
x b=

=

−

∑αi
i

N

i
0

1

,
.

(1.13)
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where.bi.are.the.basis.vectors.and.the.αi.are.the.scalar.weights.needed.to.reconstruct.the.signal.x.using.
this.basis..Specifically,.for.the.DFT,.the.basis.vectors.are.complex.sinusoids.at.uniformly.spaced.frequen-
cies,.where.each.basis.vector.has.an.integer.number.of.cycles.in.the.N.sample.window

.

bi
in

N
i

N
i

N
N i

N

W
W

W

=

⎡

⎣

⎢
⎢
⎢
⎢
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⎦

⎥
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⎥
⎥

=
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⎢
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⎢
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⎥

−

−

− −

|

|
( )

ej 2

1

2

1

π

�
⎥⎥
⎥
⎥

.

Given.these.specific.basis.vectors,.the.problem.becomes.one.of.finding.the.weights.αi.that.represent.x..
This.problem.can.be.solved.in.a.straightforward.manner.by.expressing.Equation.1.13.in.matrix.form

. x W= α

where

.

W b b b=

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

=−
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⎤

4 2 1
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�
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N
N N
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( ) ( ) ( )( )
⎦⎦

⎥
⎥
⎥
⎥
⎥
⎥

.

Since.the.basis.vectors.are.orthogonal,.the.columns.of.W.are.orthogonal.(and.only.differ.from.ortho-
normal.vectors.by.a.common.constant)..The.inverse.of.the.matrix.W.can.thus.be.formed.by.taking.its.
Hermitian.transpose

0
0

1

2

3

4

5

6

7

8

0

1

2

3

4

5

6

7

8

1 2 3 4
Index Index

5 6 7 8 0 1 2 3 4 5 6 7 8

FIGURE 1.2 The.left.plot.shows.the.magnitude.of.the.DTFT.(solid).and.8-point.DFT.(samples).of.a.complex.sinu-
soid.having.an.integer.number.of.cycles.in.the.N.sample.time.window. ( . )ω ππ

0
2
8 3 0 75= ⋅ = ..For.this.case.the.zeros.

of.the.DTFT.align.with.the.samples.of.the.DFT..The.right.plot.repeats.this.example.except.that.the.sinusoid.no.
longer.has.an.integer.number.of.cycles.in.the.N.sample.time.window.(ω0.=.0.7π)..As.a.result,.the.samples.of.the.DFT.
no.longer.align.with.the.zeros.of.the.DTFT.
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.
I W W WW= =

1 1
N N

H H.

The.matrix.D.=.WH.is.called.the.DFT.matrix.and.is.written.as

.

D

b
b

b
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−− −−

−− −−

−− −−
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⎢
⎢
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⎢
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( ) ( )( )
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⎣

⎢
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⎢
⎢
⎢

⎤
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⎥
⎥
⎥
⎥
⎥
⎥

.

.

(1.14)

The.reason.D.is.called.the.DFT.matrix.is.that.it.can.be.readily.verified.from.Equations.1.1.and.1.14.
that.multiplying.a.vector.by.D.results.in.computing.its.DFT:.X.=.Dx..Returning.to.the.basis.representa-
tion.problem,.we.have.that

.
x Ix WDx WX b= = = =

=

−

∑1 1 1

0

1

N N N X k
k

N

k( ) .
.

(1.15)

We.can.see.from.Equation.1.15.that.when.we.represent.a.vector.x.using.the.DFT.basis.vectors,.the.
DFT.coefficients.divided.by.N.are.the.scalar.weights.in.the.linear.combination.needed.to.reconstruct.the.
vector.x..Since.each.of.the.basis.vectors.represents.a.separate.frequency,.the.DFT.coefficients.tabulate.
the frequency.content.of.the.original.vector.

1.3 Properties of the DFt

In.this.section,.we.enumerate.some.of.the.properties.of.the.DFT.transform..Many.of.these.properties.are.
similar.to.those.of.the.continuous.time.FT.and.DTFT,.which.is.to.be.expected.since.all.these.transforms.
decompose.signals.onto.a.set.of.complex.sinusoids..However,.the.DFT.has.some.idiosyncrasies.due.to.it.
being.a.transform.for.finite.length.(or.equivalently.periodic).sequences..Properties.of.the.DFT.are.sum-
marized.in.Table.1.1.

1.3.1 Periodicity

The.sequences.x(n).and.X(k).are.periodic.with.period.N

. x n x n N X k X k N n k( ) ( ), ( ) ( ), .= + = + for all and

This.property.can.be.proved.directly.from.Equations.1.1.and.1.2..For.example,.the.proof.for.the.time.
sequence.x(n).is

.

x n N N X k N X k
k

N
k n N

k

N
knN N( ) ( ) ( ) ( )( )+ = =

=

−
+

=

−

∑ ∑1 1

0

1

0

1
22 2

e e ej j jπ π
π kk

k

N
kn

N X k x nN= =
=

−

∑1

0

1
2

( ) ( ).ej π
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1.3.2 circular Shift

Standard.time.shifting.in.the.DFT.presents.a.problem.for.a.finite.length.sequence.since.coefficients.
can. be. shifted. out. of. the. original. N. sample. time. window,. 0.≤.n.≤.N.−.1.. However,. this. problem. is.
solved.by.considering.the.underlying.periodic.signal.corresponding.to.the.finite.sequence..Time.shift-
ing.in.the.DFT.corresponds.to.linearly.shifting.this.periodic.signal.and.retaining.only.the.values.that.
fall.into.the.original.N.sample.window.(see.Figure.1.3)..Alternatively,.the.periodic.shift.can.be.viewed.
as.circularly.shifting.the.samples.in.the.original.N.sample.window.as.also.shown.in.Figure.1.3..The.
locations.of.circularly.shifted.samples.can.be.computed.using.modulo.arithmetic..If.we.represent.the.
circularly.shifted.x(n).by.xs(n),. then.xs(n).can.be.written. in. terms.of. the.original.sequence.x(n). for.
0.≤.n.≤.N.−.1.as

. x n x n n x n nN Ns
p( ) ( ) (( ))= − = −0 0

where. ((⋅))N. represents. the.modulo.remainder..For.positive.n,. the.modulo.remainder. is.computed.by.
writing.n.as.n.=.qN.+.r,.from.which.the.remainder.is.read.directly.as.((n))N.=.r..For.negative.n,.multiples.
of.N.are.added.until.kN.+.n. is.positive.and.the.modulo.operator. is.applied.on.this.positive.value.. In.
particular,.the.time.reversal.of.x(n).can.be.written.x(−n).=.x(N.−.n).

The.previous.definition.of.shifting.results. in.a.DFT.property.which.parallels.those.of.the.FT.and.
DTFT..Namely,.the.result.of.shifting.a.time.sequence.is.to.multiply.its.DFT.by.a.complex.exponential

. x n n X kN
knN(( )) ( ) .− ← →⎯⎯ −

0
2

0DFT je
π

This.property.is.proved.for.shifts.in.the.range.0.≤.n0.≤.N.−.1.only,.since.any.shift.n1.outside.this.range.
can.be.written.as.n1.=.n0.+.lN,.l.an.integer,.and

. x n n x n n lN x n nN N N(( )) (( ( ))) (( )) .− = − + = −1 0 0

TABLE 1.1 DFT Properties

Property Time.Domain Frequency.Domain

Signals x(n),.y(n) X(k),.Y(k)
Linearity ax(n).+.by(n) aX(k).+.bY(k)
Time.reversal x((N.−.n))N X((N.−.k))N

Time.shift x((n.−.n0))N X k N kn( )e j− 2
0

π

Frequency.shift x n N k n( )ej 2
0

≠
X((k.−.k0))N

Time.convolution
x l y n l

l

N
N

=

−

∑ −
0

1
( ) (( ))

X(k)Y(k)

Frequency.convolution x(n)y(n) 1
0

1

N X m Y k m
m

N
N

=

−

∑ −( ) (( ))

Duality 1
N X n( ) x((N.−.k))N

Complex.conjugate X*(n) X*((N.−.k))N

Parseval’s.theorem
| ( ) | | ( ) |

n

N

k

N
x n N X k

=

−

=

−

∑ ∑=
0

1
2

0

1
21
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This.shows.that.all.shifts.can.be.mapped.into.this.range..We.start.from.the.DFT.definition

.
x n n x n nN

n

N

N
knN(( )) (( )) .− −← →⎯⎯

=

−
−∑0

0

1

0
2DFT je
π

Splitting. the. sum. into. positive. and. negative. time. indices,. and. recognizing. that. for. negative. indices.
((n.−.n0))N.=.(N.+.n.−.n0).gives

.
x n n x N n n x n nN

n

n
kn

n n

N
N(( )) ( ) ( )− + − + −← →⎯⎯

=

−
−

=

−

∑ ∑0
0

1

0

1

0

0
2

0

DFT je
π

ee j− 2π
N kn.

Using.the.substitutions.m.=.N.+.n.−.n0.and.m.=.n.−.n0.for.the.two.sums.and.combining.results.in

.

x n n x m x mN
m N n

N
k m n

m

N n

N(( )) ( ) (( )− +← →⎯⎯
= −

−
− +

=

− −

∑ ∑0

1

0

1

0

2
0

0
DFT je

π
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( ) ( )

( )e

e e e

j

j j j

− +

=

−
− − −= =∑

2
0

2 2
0

2
0

0

1

π

π π π

N

N N N

k m n

m

N
km kn knx m X k

which.proves.the.property..A.main.point.to.take.away.from.the.previous.discussion.is.that.because.of.the.
underlying.periodic.nature.of.the.DFT,.all.time.and.frequency.shifts.for.sequences.are.circular.shifts..As.
a. result,. many. texts. eliminate. the. modulo. notation. for. shifts. except. when. explicitly. discussing. shift.
operations.

N − 1 N − 1
n

······

Circular shiftLinear shift

n

N − 1 N − 1
n

······

n

FIGURE 1.3 The.left.figure.shows.the.linear.shift.of.a.periodic,.length.N.sequence,.and.the.right.figure.shows.the.
circular.shift.of.a.finite.length.N.sequence,.demonstrating.that.the.two.operations.are.equivalent.
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1.3.3 circular convolution

Since.convolution.uses.time.shifts,.the.convolution.defined.for.the.DFT.is.circular.convolution

.
y n x l h n l x n h n

l

N

N( ) ( ) (( )) ( ) ( ),= − =
=

−

∑
0

1

○N

.
(1.16)

where.○N .denotes.circular.convolution.of.length.N..Like.other.FTs,.circular.convolution.results.in.mul-
tiplication.of.the.DFT.transforms

. x n h n X k H k( ) ( ) ( ) ( ).○N DFT← →⎯⎯ . (1.17)

This.property.can.be.proved.by.substituting.the.inverse.transform.definitions.from.Equation.1.2.into.the.
circular.convolution.formula.(1.16).and.using.the.time.shift.property.of.the.DFT

.
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Using.the.identity.of.Equation.1.8.for.the.bracketed.term,.this.expression.simplifies.to

.
x l h n l N X k H k

l

N

N
k

N
knN

=

−

=

−

∑ ∑− =
0

1

0

11 2
( ) (( )) ( ) ( ) .ej π

Recognizing.that.the.right-hand.side.of.this.equation.is.the.inverse.DFT.of.the.product.X(k)H(k).proves.
the.DFT.transform.pair.of.Equation.1.17.

The.dual.to.the.convolution.multiplication.property.can.also.be.proved.in.a.similar.manner..This.prop-
erty.states.that.multiplication.in.the.time.domain.is.equivalent.to.convolution.in.the.frequency.domain

.
v n x n N V k X k( ) ( ) ( ) ( ).DFT N← →⎯⎯

1 ○
.

(1.18)

Example 1.2

In.this.example.we.compute.the.four-point.circular.convolution.of.the.following.sequences:

.
x n h n( ) { , , , }, ( ) { , , , }= =

↓ ↓

5 2 1 3 1 2 3 4
.

(1.19)

Equation.1.16.shows.that.each.output.y(n).is.computed.from.an.inner.product.of.x(n).and.a.time.
reversed.and.shifted.h(n)..Thus,.for.example,.y(0).is.computed.as

.
y x k h k

k

( ) ( ) ( ) .0 5 1 2 4 1 3 3 2 22
0

3

= − = ⋅ + ⋅ + ⋅ + ⋅ =
=
∑

Figure.1.4.shows.the.circular.convolution.process.and.the.resulting.convolution.output.
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1.3.4 Duality

As.can.be.seen.from.Equations.1.1.and.1.2,.the.forward.and.inverse.DFT.differ.by.only.a.sign.in.the.
exponent.and.a.scaling.factor..This.similarity.leads.to.the.duality.property.which.states.that.if.the.DFT.
of.x(n).is.X(k),.then

.
1
N X n x k( ) ( ).DFT← →⎯⎯ −

The.proof.of.this.property.is

.

1 1 1

0

1

0

1
2 2

N X n N X n N X n
n

N
kn

n

N
k nN N( ) ( ) ( ) ( )DFT j je e← →⎯⎯ =

=

−
−

=

−
−∑ ∑

π π

== −x k( ).

This.property.has. theoretic.usefulness. in. that.any. forward.DFT.property.can.be.changed. into.an.
inverse.property,.and.vice.versa..It.also.has.a.practical.application..Memory-limited.computer.systems.
only.need.to.store.a.forward.DFT.routine..The.inverse.DFT,.according.to.the.duality.property,.can.then.
be.computed.from.the.forward.DFT.by.the.three-step.process.of:.(1).scaling.by.1/N,.(2).forward.DFT,.
and.(3).time.reversal.

1.3.5 conjugate Property

This.property.is.useful.for.determining.symmetries.and.also.for.proving.Parseval’s.theorem..Given.a.
DFT.pair,.x(n).and.X(k),.the.DFT.of.the.conjugate.is

. x n X N k*( ) ( ).*DFT← →⎯⎯ − . (1.20)

This.property.is.proved.as.follows:

.

x n x n x n
n

N
kn kn

n

N

n

N
N N*

*
( ) ( ) ( ( )

=

−
−

=
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=
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0

1

0

1
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e e ej j jπ π 22π
N k n

X k X N k

( )

*

* *( ) ( ).

−
⎛

⎝
⎜

⎞

⎠
⎟

= − = −

Index 0 1 2 3
x(k) 5 2 1 3 y(n)
h(−k) 1 4 3 2 22
h(1.−.k) 2 1 4 3 25
h(2.−.k) 3 2 1 4 32
h(3.−.k) 4 3 2 1 31
y(n) 22 25 32 31

FIGURE 1.4 This.figure.tabulates.the.circular.convolution.of.two.length.4.time.sequences.given.in.Equation.1.19..
To.compute.the.output.y(n),.take.the.inner.(dot).product.of.the.row.labeled.x(k).with.a.time-reversed.and.shifted.
impulse.response.row.h(n −.k)..The.output.of.each.inner.product.is.shown.to.the.right.of.the.corresponding.h(n −.k),.
and.also.repeated.(to.give.the.correct.time.index.values).on.the.bottom.row.
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1.3.6 Symmetries

Signals.which.are.symmetric.about.the.origin,.and.thus.equal.their.time.reversal,.are.said.to.be.even..An.
even.DFT.time.sequence.thus.satisfies

. x n x n x N ne e e( ) ( ) ( ).= − = −

Sequences.which.are.antisymmetric.about.the.origin.are.called.odd.and.satisfy

. x n x n x N no o o( ) ( ) ( ).= − − = − −

Using.these.definitions,.we.now.examine.the.symmetry.properties.of.DFT.transforms.of.real.sequences..
Real.sequences.are.equal.to.their.conjugates,.x(n).=.x*(n)..Using.the.conjugate.property.(1.20).and.not-
ing.that.the.DFT.coefficients.are.unique.result.in

. X k X N k( ) ( ).*= − . (1.21)

Signals. that. satisfy. Equation. 1.21. are. called. conjugate. symmetric.. Thus,. conjugate. symmetric.
sequences.equal.the.conjugate.of.their.time.reversal..Writing.Equation.1.21.in.terms.of.real.and.imagi-
nary.parts.results.in

. X k X k X N k X N kR I R Ij j( ) ( ) ( ) ( ),+ = − − −

from.which.we.derive.the.following.equalities:

.

X k X N k
X k X N k

R R

I I

( ) ( )
( ) ( ).

= −

= − − .
(1.22)

This.shows.that.for.real.input.sequences.the.real.part.of.the.DFT.is.even,.and.the.imaginary.part.is.odd.
If.we.further.restrict.the.real.function.to.be.even,.we.get

.
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∑ e R . (1.23)

The.imaginary.term.in.the.equation.above.is.zero.since.the.product.xe(n).sin(2πnk/N).is.odd,.and.the.
sum.over.one.period.of.an.odd.periodic.function.is.zero..Thus,.the.DFT.transform.coefficients.of.an.even.
real.sequence.are.both.real.(by.1.23).and.even.(by.1.22)..In.a.similar.manner.it.can.be.shown.that.the.
DFT.of.an.odd.real.sequence.xo(n).results.in.a.sequence.that.is.both.imaginary.and.odd.

1.3.7 Parseval’s theorem

Parseval’s.theorem.is.not.a.transform.pair,.but.rather.an.equality..The.theorem.states.that.the.energy.in.
the.time.sequence.coefficients.equals.the.energy.in.the.DFT.transform.coefficients:
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(1.24)
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Proof.of.this.theorem.starts.with.the.two.sequences.x(n).and.y*(n)..Using.the.multiplication.property.
(1.18).and.conjugate.property.(1.20).gives.the.following.DFT.pair:

.
x n y n N X k Y N k( ) ( ) ( ) ( ).* DFT N← →⎯⎯ −∗1

Á

Writing.this.pair.as.an.equality.gives

.
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N
N

=
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−

∑ ∑= −
0

1

0

1
2 1( ) ( ) ( ) (( )) .* *e j π

Setting.k.=.0.results.in.the.general.form.of.Parseval’s.theorem

.
x n y n N X l Y l

n

N

l

N

=

−

=

−
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0

1

0

11( ) ( ) ( ) ( ).* *

.
(1.25)

The.energy.equality.form.of.Parseval’s.theorem.(1.24).follows.from.Equation.1.25.by.setting.x(n).=.y(n).

1.3.8 Zero Padding and Linear convolution

In.most.practical.situations.it.is.linear.convolution.that.is.needed.and.not.the.circular.convolution.pro-
vided.by.the.DFT..Using.a.straightforward.technique.called.zero.padding.allows.the.DFT.to.compute.
linear.convolution.using.circular.convolution..Zero.padding.is.the.lengthening.of.a.sequence.through.
the.addition.of.zeros.so.that.it.can.be.used.in.a.larger-sized.DFT..The.effect.of.zero.padding.can.be.seen.
from.the.viewpoint.of.the.DFT.as.a.sampled.DTFT..Recall.that.for.a.time.sequence.of.length.L,.the.DFT.
must.have.a.length.of.at. least.N.=.L. to.avoid.time.aliasing,.which.corresponds.to.N.DTFT.frequency.
samples. (see.Section.1.2.2)..Using.a.DFT. length.of.N.>.L. also.avoids. time.aliasing.and. results. in.an.
invertible. DFT.. For. this. case. of. N.>.L,. the. input. time. vector. needs. additional. values. for. the. indices.
L.≤.n.≤.N.−.1,.and.these.are.provided.by.zero.padding..The.effect.of.zero.padding.on.the.DFT.can.be.
seen.by.noting.that.the.original.length.L.sequence.and.the.zero-padded.length.N.sequence.both.have.
exactly.the.same.DTFT..Thus,. increasing.the.DFT.length.only.serves.to.sample.the.DTFT.frequency.
response.more.densely..This.effect.is.demonstrated.in.Figure.1.5.

Using.zero.padding.allows.circular.convolution.to.compute.linear.convolution..The.key.point.to.note.
is.that.when.convolving.a.length.L.sequence.with.a.length.M.sequence,.the.result.is.a.length.L.+.M.−.1.
sequence..Using.a.DFT.length.of.N.≥.L.+.M.−.1.avoids.the.“aliasing”.wrap.around.from.circular.convo-
lution,.and.results.in.linear.convolution..This.is.demonstrated.in.Figure.1.6.where.the.convolution.of.
Example.1.2.is.repeated.with.zero.padding.

1.4 Fast Fourier transforms

The.Fast.Fourier.transform.(FFT).refers.to.algorithms.that.reduce.the.number.of.computations.required.
to.compute.the.DFT..The.savings.achieved.by.the.FFT.can.be.dramatic,.usually.reducing.the.computa-
tional.load.by.orders.of.magnitude.versus.the.DFT..In.fact,.the.computational.savings.in.computing.the.
DFT.provided.by.the.FFT.was.a.major.factor.in.digital.signal.processing.becoming.a.major.research.and.
application.area..It.should.be.noted.that.the.DFT.and.FFT.both.give.the.same.results,.and.differ.only.in.
implementation..For.example,.the.popular.computing.package.MATLAB®.does.not.have.a.“DFT”.rou-
tine.but.only.an.“FFT”.routine.
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FIGURE 1.5 These.plots.illustrate.the.effect.of.zero.padding.the.DFT..The.top.left.shows.the.(real).samples.of.a.
complex.sinusoid.of.length.8..The.top.right.shows.the.magnitude.of.both.the.DTFT.(solid.line).and.DFT.(samples)..
The.bottom.figures.show.what.happens.when.the.identical.input.is.zero.padded.to.length.16..Note.that.the.DTFT.
remains.unchanged..However,.since.the.length.of.the.DFT.has.doubled,.the.DFT.sampling.density.of.the.DTFT.is.
twice.that.of.the.original.length.8.DFT.

Index 0 1 2 3 4 5 6
x(k) 5 2 1 3 0 0 0 y(n)
h(−k) 1 0 0 0 4 3 2 5
h(1.−.k) 2 1 0 0 0 4 3 12
h(2.−.k) 3 2 1 0 0 0 4 20
h(3.−.k) 4 3 2 1 0 0 0 31
h(4.−.k) 0 4 3 2 1 0 0 17
h(5.−.k) 0 0 4 3 2 1 0 13
h(6.−.k) 0 0 0 4 3 2 1 12
y(n) 5 12 20 31 17 13 12

FIGURE 1.6 This.figure.repeats.the.convolution.example.of.Figure.1.4.except.that.the.sequences.have.been.zero.
padded.to.guarantee.that.the.resulting.convolution.is.linear..Note,.for.example,.that.the.values.of.h(−k).that.wrap.
around.due.to.circular.shifting.now.are.multiplied.by.zero.values.of.x(k)..Thus.zero.padding.eliminates.“collisions”.
due.to.the.wrap.around.of.circular.shifting.
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To.understand. the.computational. savings.of. the.FFT,.we.first. examine. the.computational. require-
ments.of.the.DFT..Referring.to.the.DFT.definition.(1.1).or.the.matrix.form.of.Equation.1.14,.we.see.that.
the. computation. of. each. DFT. frequency. coefficient. requires. an. N. point. inner. product.. We. assume.
throughout.our. the.discussion. that. the. time.sequence.x(n). is.complex.valued..Thus,. to.compute.each.
value.X(k).requires.N.complex.multiplies,.resulting.in.a.total.of.N2.complex.multiplies.to.compute.the.
entire.DFT..The.most.commonly.used.FFT.algorithms.can.compute. the.DFT.using.only.O( log )N N2 .
complex. multiplies.. Specifically,. for. the. power. of. 2. FFT. shown. below,. only. ( )logN N/2 2 . multiplies.
are required.

To.appreciate.the.savings.offered.by.the.FFT,.consider.the.ratio.of.N2/((N/2)log2N)..For.N.=.1024.the.
ratio.is.204.8..Using.a.time.analogy.where.time.is.proportional.to.multiplies,.1.min.to.compute.the.FFT.
would.require.nearly.3.5.h. for. the.DFT..For. length.215.=.32k,. the.ratio. is.4369.and.1.min. for. the.FFT.
stretches.out.to.over.3.days.for.the.DFT.to.compute.the.same.result.

In.the.following.we.derive.the.FFT.for.the.most.common.case.of.N.being.a.power.of.2.(N.=.2l,. l.an.
integer)..We.start.with.the.equation.for.the.forward.DFT.(1.1).and.divide.it.into.sums.over.even-.and.odd-
indexed.coefficients

.
X k x n W x n W

n
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kn

n
N
kn( ) ( ) ( ) .

, ,

= +∑ ∑
even odd

Representing.the.even.and.odd.indices.with.n.=.2m.and.n.=.2m.+.1,.respectively,.gives
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the.previous.equation.simplifies.to
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We.recognize.the.first.term.in.the.previous.equation.as.the.N/2.point.DFT.of.the.even-indexed.inputs,.
and.the.second.term.as.WN

k .times.the.N/2.point.DFT.of.the.odd-indexed.inputs..Denoting.these.DFTs.as.
A(k).and.B(k),.respectively,.and.noting.the.fact.that.these.DFTs.are.periodic.with.period.N/2,.we.can.write.
this.equation.as

.
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An.additional.savings.in.multiplies.results.from.noting.that
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which.allows.the.results.to.be.written

.
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The.previous.shows.that.computation.of.an.N.point.DFT.can.be.done.by.computing.two.N/2.point.
DFTs,.weighting.the.coefficients.of.one.DFT.by.W

N
k ,.and.adding.or.subtracting.from.these.results..This.

is.shown.in.Figure.1.7.for.a.length.8.DFT.using.flow.graph.notation..Significant.computational.savings.
results.since.no.additional.multiplies.are.required.to.compute.the.last.N/2.coefficients..All.these.prod-
ucts.were.already.computed.when.determining.the.first.N/2.coefficients.

The.simplification.process.continues.by.dividing.each.N/2.DFT.into.two.N/4.DFTs,.and.then.into.
four N/8.DFTs,.and.so.on,.until.all.DFTs.are.length.2..The.resulting.structure.is.called.a.decimation.
in time.(DIT).FFT,.and.an.example.DIT.FFT.for.N.=.8.is.shown.in.Figure.1.8..The.total.number.of mul-
tiplies.needed.to.compute.the.FFT.can.be.determined.by.noting.that.each.stage.of.the.FFT.requires.
N/2 .multiplies.by.the.factors.W k

α
..Since.a.length.N.FFT.requires.log2N.stages,.the.total.number.of.com-

plex.multiplies.required.is. N N2 2log ..As.mentioned.previously,.this.is.a.significant.savings.over.the.N2.
complex.multiplies.required.by.direct.computation.of.the.DFT..Although.this.discussion.only.derived.
the.power.of.two.FFT,.similar.methods.yield.FFTs.for.arbitrary.DFT.lengths.
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FIGURE 1.7 This.figure.shows.how.a.DFT.of.length.8.can.be.computed.by.combining.the.outputs.of.two.length.4.
DFTs.of.the.even-.and.odd-indexed.inputs.
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2.1 introduction

Pulse.code.modulation.(PCM).is.analog-to-digital.conversion.of.a.special.type.where.the.information.con-
tained.in.the.instantaneous.samples.of.an.analog.signal.is.represented.by.digital.words.in.a.serial.bit.stream.

If.we.assume.that.each.of.the.digital.words.has.n.binary.digits,.there.are.M.=.2n.unique.code.words.that.
are.possible,.each.code.word.corresponding. to.a.certain.amplitude. level..Each.sample.value. from.the.
analog.signal,.however,.can.be.any.one.of.an.infinite.number.of.levels,.so.that.the.digital.word.that.repre-
sents.the.amplitude.closest.to.the.actual.sampled.value.is.used..This.is.called.quantizing..That.is,.instead.
of.using.the.exact.sample.value.of.the.analog.waveform,.the.sample.is.replaced.by.the.closest.allowed.
value,.where.there.are.M.allowed.values,.and.each.allowed.value.corresponds.to.one.of.the.code.words.

PCM.is.very.popular.because.of.the.many.advantages.it.offers..Some.of.these.advantages.are.as.follows:

•. Relatively.inexpensive.digital.circuitry.may.be.used.extensively.in.the.system.
•. PCM.signals.derived.from.all.types.of.analog.sources.(audio,.video,.etc.).may.be.time-division.

multiplexed.with.data.signals.(e.g.,.from.digital.computers).and.transmitted.over.a.common.high-
speed.digital.communication.system.

•. In. long-distance. digital. telephone. systems. requiring. repeaters,. a. clean. PCM. waveform. can. be.
regenerated.at.the.output.of.each.repeater,.where.the.input.consists.of.a.noisy.PCM.waveform..The.
noise.at.the.input,.however,.may.cause.bit.errors.in.the.regenerated.PCM.output.signal.

•. The.noise.performance.of.a.digital.system.can.be.superior.to.that.of.an.analog.system..In.addition,.
the.probability.of.error.for.the.system.output.can.be.reduced.even.further.by.the.use.of..appropriate.
coding.techniques.

These.advantages.usually.outweigh.the.main.disadvantage.of.PCM:.a.much.wider.bandwidth.than.
that.of.the.corresponding.analog.signal.

2
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2.2 Generation of PcM

The.PCM.signal.is.generated.by.carrying.out.three.basic.operations:.sampling,.quantizing,.and.encoding.
(see.Figure.2.1)..The.sampling.operation.generates.an.instantaneously.sampled.flat-top.pulse-amplitude.
modulated.(PAM).signal.

The.quantizing.operation.is.illustrated.in.Figure.2.2.for.the.M.=.8.level.case..This.quantizer.is.said.
to.be.uniform.since.all.the.steps.are.of.equal.size..Since.we.are.approximating.the.analog.sample.values.
by.using.a.finite.number.of.levels.(M.=.8.in.this.illustration),.error.is.introduced.into.the.recovered.
output.analog.signal.because.of.the.quantizing.effect..The.error.waveform.is.illustrated.in.Figure.2.2c..
The.quantizing.error.consists.of.the.difference.between.the.analog.signal.at.the.sampler.input.and.the.
output.of.the.quantizer..Note.that.the.peak.value.of.the.error.(±1).is.one-half.of.the.quantizer.step.size.
(2).. If.we.sample.at. the.Nyquist.rate.(2B,.where.B. is. the.absolute.bandwidth,. in.hertz,.of. the. input.
analog.signal).or.faster.and.there.is.negligible.channel.noise,.there.will.still.be.noise,.called.quantizing 
noise,.on.the.recovered.analog.waveform.due.to.this.error..The.quantizing.noise.can.also.be.thought.
of.as.a.round-off.error..The.quantizer.output.is.a.quantized.(i.e.,.only.M.possible.amplitude.values).
PAM.signal.

The.PCM.signal.is.obtained.from.the.quantized.PAM.signal.by.encoding.each.quantized.sample.value.
into.a.digital.word..It.is.up.to.the.system.designer.to.specify.the.exact.code.word.that.will.represent.a.
particular.quantized. level.. If.a.Gray.code.of.Table.2.1. is.used,. the.resulting.PCM.signal. is. shown. in.
Figure.2.2d.where.the.PCM.word.for.each.quantized.sample.is.strobed.and.put.off.the.encoder.by.the.
next.clock.pulse..The.Gray.code.was.chosen.because.it.has.only.1-b.change.for.each.step.change.in.the.
quantized.level..Consequently,.single.errors.in.the.received.PCM.code.word.will.cause.minimum.errors.
in.the.recovered.analog.level,.provided.that.the.sign.bit.is.not.in.error.

Here.we.have.described.PCM.systems.that.represent.the.quantized.analog.sample.values.by.binary.
code.words..Of.course,.it.is.possible.to.represent.the.quantized.analog.samples.by.digital.words.using.
other.than.base.2..That.is,.for.base.q,.the.number.of.quantized.levels.allowed.is.M.=.qn,.where.n.is.the.
number. of. q. base. digits. in. the. code. word.. We. will. not. pursue. this. topic. since. binary. (q.=.2). digital.
.circuits.are.most.commonly.used.

2.3 Percent Quantizing noise

The.quantizer.at.the.PCM.encoder.produces.an.error.signal.at.the.PCM.decoder.output.as.illustrated.in.
Figure.2.2c..The.peak.value.of.this.error.signal.may.be.expressed.as.a.percentage.of.the.maximum.pos-
sible.analog.signal.amplitude..Referring.to.Figure.2.2c,.a.peak.error.of.1.V.occurs.for.a.maximum.analog.
signal.amplitude.of.M.=.8.V.as.shown.in.Figure.2.1c..Thus,.in.general,
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or

.
2 50n

P=
.

(2.1)

where. P. is. the. peak. percentage. error. for. a. PCM. system. that. uses. n. bit. code. words.. The. design.
value of n.needed.in.order.to.have.less.than.P.percent.error.is.obtained.by.taking.the.base.2.logarithm.
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signal,.flat-top.PAM.signal,.and.quantized.PAM.signal..(c).Error.signal..(d).PCM.signal..(From.Couch,.L.W..II.,.
Digital and Analog Communication Systems,. 7th. ed.. Copyright. 2007,. p.. 140.. Used. by. permission. of. Pearson.
Education,.Inc..Upper.Saddle.River,.NJ.)
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of. both. sides. of. Equation. 2.1,. where. it. is. realized. that. log2(x).=.[log10(x)]/log10(2).=.3.32.log10(x)..
That is,

.
n P≥

⎛
⎝⎜

⎞
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3 32 50
10. log

.
(2.2)

where.n.is.the.number.of.bits.needed.in.the.PCM.word.in.order.to.obtain.less.than.P.percent.error.in.the.
recovered.analog.signal.(i.e.,.decoded.PCM.signal).

2.4 Practical PcM circuits

Six.techniques.are.used.to.implement.the.analog-to-digital.converter.(ADC).encoding.operation:.the.
counting or ramp, serial or successive approximation, direct conversion or flash, delta-encoded, pipeline, 
sigma–delta. encoders..For.a.description.of. the.encoding.methods,. see.http://en/wikipedia.org..These.
techniques.will.be.discussed.in.the.following.paragraphs.

In.the.counting.encoder,.at.the.same.time.that.the.sample.is.taken,.a.ramp.generator.is.energized.and.
a.binary.counter.is.started..The.output.of.the.ramp.generator.is.continuously.compared.to.the.sample.
value;.when.the.value.of.the.ramp.becomes.equal.to.the.sample.value,.the.binary.value.of.the.counter.is.
read..This.count.is.taken.to.be.the.PCM.word..The.binary.counter.and.the.ramp.generator.are.then.reset.
to.zero.and.are.ready.to.be.reenergized.at.the.next.sampling.time..This.technique.requires.only.a.few.
components,.but.the.speed.of.this.type.of.ADC.is.usually.limited.by.the.speed.of.the.counter..The.Maxim.
ICL7126.CMOS.ADC.integrated.circuit.uses.this.technique.

The.serial. encoder.compares. the.value.of. the. sample.with. trial.quantized.values..Successive. trials.
depend.on.whether.the.past.comparator.outputs.are.positive.or.negative..The.trial.values.are.chosen.first.
in. large.steps.and.then.in.small.steps.so.that.the.process.will.converge.rapidly..The.trial.voltages.are.
generated.by.a.series.of.voltage.dividers. that.are.configured.by.(on–off).switches..These.switches.are.
controlled.by.digital.logic..After.the.process.converges,.the.value.of.the.switch.settings.is.read.out.as.the.
PCM.word..This.technique.requires.more.precision.components.(for.the.voltage.dividers).than.the.ramp.
technique..The.speed.of.the.feedback.ADC.technique.is.determined.by.the.speed.of.the.switches..The.
analog.devices.AD7923.12-bit.ADC.uses.serial.encoding.

The.direct.conversion.or.flash.encoder.uses.a.set.of.parallel.comparators.with.reference.levels.that.are.
the.permitted.quantized.values..The.sample.value.is.fed.into.all.of.the.parallel.comparators..simultaneously..
The.high.or.low.level.of.the.comparator.outputs.determines.the.binary.PCM.word.with.the.aid.of.some.
digital.logic..This.is.a.fast.ADC.technique,.but.requires.more.hardware.than.the.other.two.methods..The.
Maxim.MAX104.8-bit.ADC.integrated.circuit.is.an.example.of.this.technique.

TABLE 2.1 3-b.Gray.Code.for.M.=.8.Levels

Quantized.Sample.Voltage Gray.Code.Word.(PCM.Output)

+7 110
+5 111
+3 101
+1 100
−1 000 Mirror.image.except.for.sign.bit
−3 001
−5 011
−7 010

Source:. From.Couch,.L.W.,. II.,.Digital and Analog Communication Systems,.7th.ed..Copyright.
2007,.p..141..Reprinted.with.permission.of.Pearson.Education,.Inc.,.Upper.Saddle.River,.NJ.
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Some.ADCs.have.parallel.output.(such.as.the.MAX104)..In.this.case,.for.the.generation.of.PCM,.the.
parallel.output.(digital.word).needs.to.be.converted.to.serial.form.for.transmission.over.a.two-wire.
channel..This.conversion. is.accomplished.by.using.a.parallel-to-serial.converter. integrated.circuit,.
which.is.also.known.as.a.serial-input–output.(SIO).chip..The.SIO.chip.includes.a.shift.register.that.is.
set.to.contain.the.parallel.data.(usually,.from.8.or.16.input.lines)..Then.the.data.are.shifted.out.of.the.
last. stage. of. the. shift. register. bit. by. bit. onto. a. single. output. line. to. produce. the. serial. format..
Furthermore,.the.SIO.chips.are.usually.full.duplex,.that.is,.they.have.two.sets.of.shift.registers,.one.
that. functions. for.data.flowing. in.each.direction..One.shift.register.converts.parallel. input.data. to.
serial. output. data. for. transmission. over. the. channel,. and,. simultaneously,. the. other. shift. register.
converts.received.serial.data.from.another.input.to.parallel.data.that.are.available.at.another.output..
Three.types.of.SIO.chips.are.available:.the.universal asynchronous receiver/transmitter.(UART),.the.
universal synchronous receiver/transmitter. (USRT),. and. the. universal synchronous/asynchronous 
receiver transmitter.(USART)..The.UART.transmits.and.receives.asynchronous.serial.data,.the.USRT.
transmits.and.receives.synchronous.serial.data,.and.the.USART.combines.both.a.UART.and.a.USRT.
on.one.chip.

At. the.receiving.end,. the.PCM.signal. is.decoded.back. into.an.analog.signal.by.using.a.digital-to-
analog.converter.(DAC).chip..If.the.DAC.chip.has.a.parallel.data.input,.the.received.serial.PCM.data.are.
first.converted.to.a.parallel.form.using.an.SIO.chip.as.described.in.the.preceding.paragraph..The.parallel.
data.are.then.converted.to.an.approximation.of.the.analog.sample.value.by.the.DAC.chip..This.conver-
sion. is.usually.accomplished.by.using. the.parallel.digital.word. to. set. the.configuration.of.electronic.
switches.on.a.resistive.current.(or.voltage).divider.network.so.that.the.analog.output.is.produced..This.is.
called.a.multiplying.DAC.since.the.analog.output.voltage.is.directly.proportional.to.the.divider.reference.
voltage.multiplied.by. the.value.of. the.digital.word..The.National.Semiconductor.DAC0808.8-b.DAC.
chips.is.an.example.of.this.technique..The.DAC.chip.outputs.samples.of.the.quantized.analog.signal.that.
approximates.the.analog.sample.values..This.may.be.smoothed.by.a. low-pass.reconstruction.filter.to.
produce.the.analog.output.

Semiconductor.companies.manufacture.several.hundred.types.of.ADC.and.DAC.circuits..Data.sheets.
for.these.ICs.can.be.found.on.the.Web.pages.of.these.manufacturers..Many.of.the.ICs.are.designed.for.
specific.applications..For.example,.the.AD1861.from.Analog.Devices.is.a.PCM.audio.DAC.that.generates.
analog.audio.from.the.PCM.data.on.compact.disks..The.Texas.Instruments.TP3056B.is.a.PCM.codec.for.
encoding.and.decoding.PCM.data.signals.for.telephone.analog.audio.applications.

The Communications Handbook.[1,.pp..107–117].and.The Electrical Engineering Handbook.[2,.pp. 771–
782].give.more.details.on.ADC,.DAC,.and.PCM.circuits.

2.5 Bandwidth of PcM

A.good.question.to.ask.is:.What.is.the.spectrum.of.a.PCM.signal?.In.the.case.of.PAM.signaling,.the.
spectrum.of.the.PAM.signal.could.be.obtained.as.a.function.of.the.spectrum.of.the.input.analog.signal.
because.the.PAM.signal.is.a.linear.function.of.the.analog.signal..This.is.not.the.case.for.PCM..As.shown.
in.Figures.2.1.and.2.2,.the.PCM.signal.is.a.nonlinear.function.of.the.input.signal..Consequently,.the.
spectrum.of.the.PCM.signal.is.not.directly.related.to.the.spectrum.of.the.input.analog.signal..It.can.be.
shown.that.the.spectrum.of.the.PCM.signal.depends.on.the.bit.rate,.the.correlation.of.the.PCM.data,.and.
on.the.PCM.waveform.pulse.shape.(usually.rectangular).used.to.describe.the.bits.[3,4]..From.Figure.2.2,.
the.bit.rate.is

. R nf= s . (2.3)

where.n.is.the.number.of.bits.in.the.PCM.word.(M =.2n).and.fs.is.the.sampling.rate..For.no.aliasing.
we.require.fs.≥.2B.where.B. is.the.bandwidth.of.the.analog.signal.(i.e.,.to.be.converted.to.the.PCM.
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signal).. The. dimensionality. theorem. [3,4]. shows. that. the. bandwidth. of. the. PCM. waveform. is.
bounded.by

.
B R nfPCM s≥

1
2

1
2=

.
(2.4)

where.equality.is.obtained.if.a.(sin.x)/x.type.of.pulse.shape.is.used.to.generate.the.PCM.waveform..The.
exact.spectrum.for.the.PCM.waveform.will.depend.on.the.pulse.shape.that.is.used.as.well.as.on.the.type.
of.line.encoding..For.example,.if.one.uses.a.rectangular.pulse.shape.with.polar.nonreturn.to.zero.(NRZ).
line.coding,.the.first.null.bandwidth.is.simply

. B R nfPCM s Hz= = . (2.5)

Table.2.2.presents.a.tabulation.of.this.result.for.the.case.of.the.minimum.sampling.rate,.fs.=.2B..Note.
that.Equation.2.4.demonstrates.that.the.bandwidth.of.the.PCM.signal.has.a.lower.bound.given.by

. B nBPCM ≥ . (2.6)

where.fs.>.2B.and.B.is.the.bandwidth.of.the.corresponding.analog.signal..Thus,.for.reasonable.values.of.n,.
the.bandwidth.of.the.PCM.signal.will.be.significantly.larger.than.the.bandwidth.of.the.corresponding.
analog.signal.that.it.represents..For.the.example.shown.in.Figure.2.2.where.n.=.3,.the.PCM.signal.band-
width.will.be.at.least.three.times.wider.than.that.of.the.corresponding.analog.signal..Furthermore,.if.the.
bandwidth.of.the.PCM.signal.is.reduced.by.improper.filtering.or.by.passing.the.PCM.signal.through.a.
system.that.has.a.poor.frequency.response,.the.filtered.pulses.will.be.elongated.(stretched.in.width).so that.
pulses.corresponding.to.any.one.bit.will.smear.into.adjacent.bit.slots..If.this.condition.becomes.too.serious,.
it.will.cause.errors.in.the.detected.bits..This.pulse.smearing.effect.is.called.intersymbol  interference.(ISI).

TABLE 2.2 Performance.of.a.PCM.System.with.Uniform.Quantizing.and.No-Channel.Noise

Number.of.Quantizer.
Levels Used.(M)

Length.of.the.PCM.Word,.
n.(bits)

Bandwidth.of.PCM.Signal.
(First.Null.Bandwidth)a

Recovered.Analog.Signal.
Power-to-Quantizing.Noise.
Power.Ratios.(dB).(S/N)out

2 1 2B 6.0
4 2 4B 12.0
8 3 6B 18.1
16 4 8B 24.1
32 5 10B 30.1
64 6 12B 36.1
128 7 14B 42.1
256 8 16B 48.2
512 9 18B 54.2
1024 10 20B 60.2
2048 11 22B 66.2
4096 12 24B 72.2
8192 13 26B 78.3
16,384 14 28B 84.3
32,768 15 30B 90.3
65,536 16 32B 96.3

Source:. Couch,.L.W..II.,.Digital and Analog Communication Systems,.7th.ed..Copyright.2007,.p..144..Reprinted.with.
permission.of.Pearson.Education,.Inc.,.Upper.Saddle.River,.NJ.

a.B.is.the.absolute.bandwidth.of.the.input.analog.signal.



29Pulse Code Modulation

2.6 effects of noise

The.analog.signal.that.is.recovered.at.the.PCM.system.output.is.corrupted.by.noise..Two.main.effects.
produce.this.noise.or.distortion:.(1).quantizing.noise.that.is.caused.by.the.M-step.quantizer.at.the.PCM.
transmitter.and.(2).bit.errors.in.the.recovered.PCM.signal..The.bit.errors.are.caused.by.channel noise.as.
well.as.improper.channel.filtering,.which.causes.ISI..In.addition,.if.the.input.analog.signal.is.not.strictly.
band.limited,.there.will.be.some.aliasing.noise.on.the.recovered.analog.signal.[5]..Under.certain.assump-
tions,.it.can.be.shown.that.the.recovered.analog.average.signal.power.to.the.average.noise.power.[3].is

.
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where.M.is.the.number.of.uniformly.spaced.quantizer.levels.used.in.the.PCM.transmitter.and.Pe.is.the.prob-
ability.of.bit.error.in.the.recovered.binary.PCM.signal.at.the.receiver.DAC.before.it.is.converted.back.into.an.
analog.signal..Most.practical.systems.are.designed.so.that.Pe.is.negligible..Consequently,.if.we.assume.that.
there.are.no.bit.errors.due.to.channel.noise.(i.e.,.Pe.=.0),.the.S/N.due.only.to.quantizing.errors.is
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Numerical.values.for.these.S/N.ratios.are.given.in.Table.2.2.
To. realize. these. S/N. ratios,. one. critical. assumption. is. that. the. peak-to-peak. level. of. the. analog.

.waveform.at.the.input.to.the.PCM.encoder.is.set.to.the.design.level.of.the.quantizer..For.example,.refer-
ring.to.Figure.2.2,.this.corresponds.to.the.input.traversing.the.range. −V.to. +V.volts.where.V.=.8.V.is.the.
design.level.of.the.quantizer..Equation.2.7.was.derived.for.waveforms.with.equally.likely.values,.such.as.
a.triangle.waveshape,.that.have.a.peak-to-peak.value.of.2.V.and.an.rms.value.of.V / 3, .where.V.is.the.
design.peak.level.of.the.quantizer.

From.a.practical.viewpoint,.the.quantizing.noise.at.the.output.of.the.PCM.decoder.can.be.categorized.
into.four.types.depending.on.the.operating.conditions..The.four.types.are.overload.noise,.random.noise,.
granular.noise,.and.hunting.noise..As.discussed.earlier,.the.level.of.the.analog.waveform.at.the.input.of.
the.PCM.encoder.needs.to.be.set.so.that.its.peak.level.does.not.exceed.the.design.peak.of.V.volts..If.the.
peak.input.does.exceed.V,.the.recovered.analog.waveform.at.the.output.of.the.PCM.system.will.have.flat.
tops.near.the.peak.values..This.produces.overload noise..The.flat.tops.are.easily.seen.on.an.oscilloscope,.
and. the. recovered.analog.waveform.sounds.distorted.since. the.flat. topping.produces.unwanted.har-
monic.components..For.example,.this.type.of.distortion.can.be.heard.on.PCM.telephone.systems.when.
there.are.high.levels.such.as.dial.tones,.busy.signals,.or.off-hook.warning.signals.

The.second.type.of.noise,.random noise,.is.produced.by.the.random.quantization.errors.in.the.PCM.
system.under.normal.operating.conditions.when.the.input.level.is.properly.set..This.type.of.condition.is.
assumed.in.Equation.2.8..Random.noise.has.a.white.hissing.sound..If.the.input.level.is.not.sufficiently.
large,.the.S/N.will.deteriorate.from.that.given.by.Equation.2.8;.the.quantizing.noise.will.still.remain.
more.or.less.random.

If.the.input.level.is.reduced.further.to.a.relatively.small.value.with.respect.to.the.design.level,.the.error.
values.are.not.equally.likely.from.sample.to.sample,.and.the.noise.has.a.harsh.sound.resembling.gravel.
being.poured.into.a.barrel..This.is.called.granular noise..This.type.of.noise.can.be.randomized.(noise.
power. decreased). by. increasing. the. number. of. quantization. levels. and,. consequently,. increasing. the.
PCM.bit.rate..Alternatively,.granular.noise.can.be.reduced.by.using.a.nonuniform.quantizer,.such.as.the.
μ-law.or.A-law.quantizers.that.are.described.in.Section.2.7.

The.fourth.type.of.quantizing.noise.that.may.occur.at.the.output.of.a.PCM.system.is.hunting noise..
It  can. occur. when. the. input. analog. waveform. is. nearly. constant,. including. when. there. is. no. signal.
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(i.e., zero.level)..For.these.conditions.the.sample.values.at.the.quantizer.output.(see.Figure.2.2).can.oscil-
late.between.two.adjacent.quantization.levels,.causing.an.undesired.sinusoidal-type.tone.of.frequency.
1/2fs. at. the.output.of. the.PCM.system..Hunting.noise.can.be.reduced.by.filtering.out. the. tone.or.by.
designing.the.quantizer.so.that.there.is.no.vertical.step.at.the.constant.value.of.the.inputs,.such.as.at.0-V.
input.for.the.no-signal.case..For.the.no-signal.case,.the.hunting.noise.is.also.called.idle channel noise..
Idle.channel.noise.can.be.reduced.by.using.a.horizontal.step.at.the.origin.of.the.quantizer.output–input.
characteristic.instead.of.a.vertical.step.as.shown.in.Figure.2.2.

Recalling.that.M.=.2n,.we.may.express.Equation.2.8.in.decibels.by.taking.10.log10(⋅).of.both.sides.of.the.
equation
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where.n.is.the.number.of.bits.in.the.PCM.word.and.α.=.0..This.equation—called.the.6-dB.rule—points.out.
the.significant.performance.characteristic.for.PCM:.an.additional.6-dB.improvement.in.S/N.is.obtained.
for.each.bit.added.to.the.PCM.word..This.is.illustrated.in.Table.2.2..Equation.2.9.is.valid.for.a.wide.variety.
of.assumptions.(such.as.various.types.of.input.waveshapes.and.quantification.characteristics),.although.
the.value.of.α.will.depend.on.these.assumptions.[6]..Of.course,.it.is.assumed.that.there.are.no.bit.errors.and.
that.the.input.signal.level.is.large.enough.to.range.over.a.significant.number.of.quantizing.levels.

One.may.use.Table.2.2.to.examine.the.design.requirements.in.a.proposed.PCM.system..For.example,.
high-fidelity.enthusiasts.are.turning.to.digital.audio.recording.techniques..Here.PCM.signals.are.recorded.
instead.of.the.analog.audio.signal.to.produce.superb.sound.reproduction..For.a.dynamic.range.of.90.dB,.
it.is.seen.that.at.least.15-b.PCM.words.would.be.required..Furthermore,.if.the.analog.signal.had.a.band-
width. of. 20.kHz,. the. first. null. bandwidth. for. rectangular. bit-shape. PCM. would. be. 2.×.20.kHz.×.
15.=.600.kHz..Consequently,.video-type.tape.recorders.are.needed.to.record.and.reproduce.high-quality.
digital.audio.signals..Although.this.type.of.recording.technique.might.seem.ridiculous.at.first,.it.is.real-
ized.that.expensive.high-quality.analog.recording.devices.are.hard.pressed.to.reproduce.a.dynamic.range.
of.70.dB..Thus,.digital.audio.is.one.way.to.achieve.improved.performance..This.is.being.proven.in.the.
marketplace.with.the.popularity.of.the.digital.compact.disk.(CD)..The.CD.uses.a.16-b.PCM.word.and.a.
sampling.rate.of.44.1.kHz.on.each.stereo.channel.[7,8]..Reed–Solomon.coding.with.interleaving.is.used.
to.correct.burst.errors.that.occur.as.a.result.of.scratches.and.fingerprints.on.the.compact.disk.

2.7 nonuniform Quantizing: μ-Law and A-Law companding

Voice.analog.signals.are.more.likely.to.have.amplitude.values.near.zero.than.at.the.extreme.peak.values.
allowed..For.example,.when.digitizing.voice.signals,.if.the.peak.value.allowed.is.1.V,.weak.passages.may.have.
voltage.levels.of.the.order.of.0.1.V.(20.dB.down)..For.signals.such.as.these.with.nonuniform.amplitude.dis-
tribution,.the.granular.quantizing.noise.will.be.a.serious.problem.if.the.step.size.is.not.reduced.for.ampli-
tude.values.near.zero.and.increased.for.extremely.large.values..This.is.called.nonuniform.quantizing.since.
a.variable.step.size.is.used..An.example.of.a.nonuniform.quantizing.characteristic.is.shown.in.Figure.2.3.

The.effect.of.nonuniform.quantizing.can.be.obtained.by.first.passing. the.analog.signal. through.a.
compression.(nonlinear).amplifier.and.then.into.the.PCM.circuit.that.uses.a.uniform.quantizer..In.the.
United.States,.a.μ-law.type.of.compression.characteristic.is.used..It.is.defined.[9].by
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where.the.allowed.peak.values.of.w1(t).are.±1.(i.e.,.|w1(t)|.≤.1),.μ.is.a.positive.constant.that.is.a.parameter..
This.compression.characteristic.is.shown.in.Figure.2.3b.for.several.values.of.μ,.and.it.is.noted.that.
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μ.→.0. corresponds. to. linear. amplification. (uniform. quantization. overall).. In. the. United. States,.
Canada,.and.Japan,.the.telephone.companies.use.a.μ.=.255.compression.characteristic.in.their.PCM.
systems.[10].

Another.compression.law,.used.mainly.in.Europe,.is.the.A-law.characteristic..It.is.defined.[9].by
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where.|w1(t)|.<.1.and.A.is.a.positive.constant..The.A-law.compression.characteristic.is.shown.in.Figure.2.3c..
The.typical.value.for.A.is.87.6.[11].

When.compression. is.used.at. the.transmitter,.expansion. (i.e.,.decompression).must.be.used.at. the.
receiver.output.to.restore.signal.levels.to.their.correct.relative.values..The.expandor.characteristic.is.the.
inverse. of. the. compression. characteristic,. and. the. combination. of. a. compressor. and. an. expandor. is.
called.a.compandor.
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FIGURE 2.3 Compression.characteristics.(first.quadrant.shown)..(a).M.=.8.Quantizer.characteristic..(b).μ-Law.
characteristic..(c).A-Law.characteristic..(From.Couch,.L.W..II.,.Digital and Analog Communication Systems,.7th.ed..
Copyright.2007,.p..148..Reprinted.with.permission.of.Pearson.Education,.Inc.,.Upper.Saddle.River,.NJ.)
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Once.again,.it.can.be.shown.that.the.output.S/N.follows.the.6-dB.law.[3]
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where.for.uniform.quantizing

. α = −4 77 20. log( )V x/ rms . (2.13)

and.for.sufficiently.large.input.levels*.for.μ-law.companding

. α μ≈ − +4 77 20 1. log[ln( )] . (2.14)

and.for.A-law.companding.[6]

. α ≈ − +4 77 20 1. log[ ln ]A . (2.15)

n.is.the.number.of.bits.used.in.the.PCM.word,.V.is.the.peak.design.level.of.the.quantizer,.and.xrms.is.the.
rms.value.of.the.input.analog.signal..Note.that.the.output.S/N. is.a.function.of.the.input.level.for.the.
uniform.quantizing.(no.companding).case.but.is.relatively.insensitive.to.input.level.for.μ-law.and.A-law.
companding,.as.shown.in.Figure.2.4..The.ratio.V/xrms.is.called.the.loading factor..The.input.level.is.often.

*. See.Lathi,.1998.for.a.more.complicated.expression.that.is.valid.for.any.input.level.
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FIGURE 2.4 Output.S/N.of.8-b.PCM.systems.with.and.without.companding..(From.Couch,.L.W..II.,.Digital and 
Analog Communication Systems,.7th.ed..Copyright.2007,.p..151..Reprinted.with.permission.of.Pearson.Education,.
Inc.,.Upper.Saddle.River,.NJ.)
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set.for.a.loading.factor.of.4.(12.dB).to.ensure.that.the.overload.quantizing.noise.will.be.negligible..In.
practice.this.gives.α.=.–7.3.for.the.case.of.uniform.encoding.as.compared.to.α.=.0,.which.was.obtained.
for.the.ideal.conditions.associated.with.Equation.2.8.

2.8 example: Design of a PcM System

Assume.that.an.analog.voice-frequency.signal,.which.occupies.a.band.from.300.to.3400.Hz,. is. to.be.
transmitted.over.a.binary.PCM.system..The.minimum.sampling.frequency.would.be.2.×.3.4.=.6.8.kHz..
In.practice. the.signal. is.oversampled,.and. in. the.United.States.a.sampling. frequency.of.8.kHz. is. the.
standard. used. for. voice-frequency. signals. in. telephone. communication. systems.. Assume. that. each.
.sample.value.is.represented.by.8.b;.then.the.bit.rate.of.the.PCM.signal.is

.

R f s n s
k s s s

=

= =

( )( )
( )( )

s samples/ b/
samples/ b/ kb/8 8 64 . (2.16)

Referring.to.the.dimensionality.theorem.(Equation.2.4),.we.realize.that.the.theoretically.minimum.
absolute.bandwidth.of.the.PCM.signal.is

.
B Dmin = =

1
2 32 kHz

.
(2.17)

and.this.is.realized.if.the.PCM.waveform.consists.of.(sin.x)/x.pulse.shapes..If.rectangular.pulse.shaping.
is.used,.the.absolute.bandwidth.is.infinity,.and.the.first.null.bandwidth.(Equation.2.5).is

.
B R Tnull

b
kHz= = =

1 64
.

(2.18)

That. is,. we. require. a. bandwidth. of. 64.kHz. to. transmit. this. digital. voice. PCM. signal. where. the.
.bandwidth.of.the.original.analog.voice.signal.was,.at.most,.4.kHz..Using.n.=.8.in.Equation.2.1,.the.error.
on.the.recovered.analog.signal.is.±0.2%..Using.Equations.2.12.and.2.13.for.the.case.of.uniform..quantizing.
with.a.loading.factor,.V/xrms,.of.10.(20.dB),.we.get.for.uniform.quantizing

.

S
N

⎛
⎝⎜

⎞
⎠⎟

=
dB

dB32 9.
.

(2.19)

Using.Equations.2.12.and.2.14.for.the.case.of.μ.=.255.companding,.we.get

.

S
N

⎛
⎝⎜

⎞
⎠⎟
= 38 05. dB

.
(2.20)

These.results.are.illustrated.in.Figure.2.4.
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Many.physical.communication.channels,.such.as.radio.channels,.accept.a.continuous-time.waveform.as.
input..Consequently,.a.sequence.of.source.bits,.representing.data.or.a.digitized.analog.signal,.must.be.
converted.to.a.continuous-time.waveform.at.the.transmitter..In.general,.each.successive.group.of.bits.
taken.from.this.sequence.is.mapped.to.a.particular.continuous-time.pulse..In.this.chapter,.we.discuss.
the.basic.principles.involved.in.selecting.such.a.pulse.for.channels.that.can.be.characterized.as.linear.
and.time.invariant.with.finite.bandwidth.

3.1 communication System Model

Figure.3.1a.shows.a.simple.block.diagram.of.a.communication.system..The.sequence.of.source.bits.{bi}.
are.grouped.into.sequential.blocks.(vectors).of.m.bits.{bi},.and.each.binary.vector.bi.is.mapped.to.one.of.
2m.pulses,.p(bi;.t),.which.is.transmitted.over.the.channel.

The.transmitted.signal.as.a.function.of.time.can.be.written.as

.
s t p t iTi

i

( ) ( ; )= −b∑
.

(3.1)
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where. 1/T. is. the. rate. at. which. each. group. of. m. bits,. or. pulses,. is. introduced. to. the. channel.. The.
.information.(bit).rate.is.therefore.m/T.

The.channel.in.Figure.3.1a.can.be.a.radio.link,.which.may.distort.the.input.signal.s(t).in.a.variety.of.
ways..For.example,.it.may.introduce.pulse.dispersion.(due.to.finite.bandwidth).and.multipath,.as.well.as.
additive. background. noise.. The. output. of. the. channel. is. denoted. as. x(t),. which. is. processed. by. the.
receiver.to.determine.estimates.of.the.source.bits..The.receiver.can.be.quite.complicated;.however,.for.
the.purpose.of. this.discussion,. it. is. sufficient. to.assume.only. that. it.contains.a. front-end.filter.and.a.
.sampler,.as.shown.in.Figure.3.1a..This.assumption.is.valid.for.a.wide.variety.of.detection.strategies..The.
purpose. of. the. receiver. filter. is. to. remove. noise. outside. of. the. transmitted. frequency. band. and. to.
.compensate.for.the.channel.frequency.response.

A.commonly.used.channel.model. is. shown. in.Figure.3.1b.and.consists.of.a. linear,. time-invariant.
.filter,.denoted.as.G( f ),.followed.by.additive.noise.n(t)..The.channel.output.is,.therefore,

. x t g t s t n t( ) [ ( ) ( )] ( )= +∗ . (3.2)

where.g(t).is.the.channel.impulse.response.associated.with.G( f ),.and.the.asterisk.denotes.convolution,

.
g t s t g t s( ) ( ) ( ) ( )∗ = −

−∞

∞

∫ τ τ τd

This. channel. model. accounts. for. all. linear,. time-invariant. channel. impairments,. such. as. finite.
.bandwidth.and.time-invariant.multipath..It.does.not.account.for.time-varying.impairments,.such.as.
rapid.fading.due.to.time-varying.multipath..Nevertheless,.this.model.can.be.considered.valid.over.short.
time.periods.during.which.the.multipath.parameters.remain.constant.

In.Figures.3.1a,.and.3.1b,. it. is.assumed.that.all.signals.are.baseband signals,.which.means.that.the.
frequency.content.is.centered.around.f.=.0.(DC)..The.channel.passband,.therefore,.partially.coincides.
with.the.transmitted.spectrum..In.general,.this.condition.requires.that.the.transmitted.signal.be.modu-
lated.by.an.appropriate.carrier.frequency.and.demodulated.at.the.receiver..In.that.case,.the.model.in.
Figures.3.1a,. and.3.1b. still. applies;.however,.baseband-equivalent. signals.must.be.derived. from. their.
modulated.(passband).counterparts..Baseband signaling.and.pulse shaping.refers.to.the.way.in.which.a.
group.of.source.bits.is.mapped.to.a.baseband.transmitted.pulse.

As.a.simple.example.of.baseband.signaling,.we.can.take.m.=.1.(map.each.source.bit.to.a.pulse),.assign.
a.0.bit.to.a.pulse.p(t),.and.a.1.bit.to.the.pulse.–p(t)..Perhaps.the.simplest.example.of.a.baseband.pulse.is.
the.rectangular.pulse.given.by.p(t).=.1,.0.<.t.≤.T,.and.p(t).=.0.elsewhere..In.this.case,.we.can.write.the.
transmitted.signal.as

{bi}
Bits Serial-to-parallel

(a)

(b)

{bi} Select pulse
p(bi; t)

s(t)
Channel

x(t) Receiver
filter

y(t) iT{yi}

s(t)
G( f ) +

x(t)

n(t)

FIGURE 3.1 (a). Communication. system. model.. The. source. bits. are. grouped. into. binary. vectors,. which. are.
mapped.to.a.sequence.of.pulse.shapes..(b).Channel.model.consisting.of.a.linear,.time-invariant.system.(transfer.
function).followed.by.additive.noise.
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.
s t A p t iTi

i

( ) ( )= −∑
.

(3.3)

where.each.symbol.Ai.takes.on.a.value.of.+1.or.–1,.depending.on.the.value.of.the.ith.bit,.and.1/T.is.the.
symbol rate,.namely,.the.rate.at.which.the.symbols.Ai.are.introduced.to.the.channel.

The.preceding.example.is.called.binary pulse amplitude modulation (PAM),.since.the.data.symbols.Ai.are.
binary.valued,.and.they.amplitude.modulate.the.transmitted.pulse.p(t)..The.information.rate.(bits.per.second).
in.this.case.is.the.same.as.the.symbol.rate.1/T..As.a.simple.extension.of.this.signaling.technique,.we.can.
increase.m.and.choose.Ai.from.one.of.M.=.2m.values.to.transmit.at.bit.rate.m/T..This.is.known.as.M-ary.PAM..
For.example,.letting.m.=.2,.each.pair.of.bits.can.be.mapped.to.a.pulse.in.the.set.{p(t),.–p(t),.3p(t),.–3p(t)}.

In.general,.the.transmitted.symbols.{Ai},.the.baseband.pulse.p(t),.and.channel.impulse.response.g(t).can.
be.complex valued..For.example,.each.successive.pair.of.bits.might.select.a.symbol.from.the.set.{1,.–1,.j,.–j},.
where. j = −1..This.is.a.consequence.of.considering.the.baseband.equivalent.of.passband.modulation..
(That.is,.generating.a.transmitted.spectrum.which.is.centered.around.a.carrier.frequency.fc.).Here.we.are.
not.concerned.with.the.relation.between.the.passband.and.baseband.equivalent.models.and.simply.point.
out.that.the.discussion.and.results.in.this.chapter.apply.to.complex-valued.symbols.and.pulse.shapes.

As.an.example.of.a.signaling.technique.which.is.not.PAM,.let.m.=.1.and

.

p t
f t t T

p t
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sin( )
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⎨
⎪

⎩⎪0 elsewhere
.

(3.4)

where.f1.and.f2.≠.f1.are.fixed.frequencies.selected.so.that.f1T.and.f2T.(number.of.cycles.for.each.bit).are.
multiples.of.1/2..These.pulses.are.orthogonal,.namely,

.
p t p t t

T

( ; ) ( ; )1 0 0
0

d =∫

This.choice.of.pulse.shapes.is.called.binary.frequency-shift keying (FSK).
Another.example.of.a.set.of.orthogonal.pulse.shapes.for.m.=.2.bits/T.is.shown.in.Figure.3.2..As.these.

pulses.may.have.as.many.as.three.transitions.within.a.symbol.period,.the.transmitted.spectrum..occupies.

p 1(
t)

p 3(
t)

p 2(
t)

p 4(
t)

1

tT
–1

1

tT
−1

1

tT
−1

1

tT
−1

FIGURE 3.2 Four.orthogonal.spread-spectrum.pulse.shapes.
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roughly. four. times. the. transmitted. spectrum. of. binary. PAM. with. a. rectangular. pulse. shape.. The.
.spectrum. is,. therefore,. spread. across. a. much. larger. band. than. the. smallest. required. for. reliable.
.transmission,. assuming. a. data. rate. of. 2/T.. This. type. of. signaling. is. referred. to. as. spread-spectrum..
Spread-spectrum.signals.are.more.robust.with.respect.to.interference.from.other.transmitted.signals.
than.are.narrowband.signals.*

3.2 intersymbol interference and the nyquist criterion

Consider.the.transmission.of.a.PAM.signal.illustrated.in.Figure.3.3..The.source.bits.{bi}.are.mapped.to.a.
sequence.of.levels.{Ai},.which.modulate.the.transmitter.pulse.p(t)..The.channel.input.is,.therefore,.given.
by.Equation.3.3.where.p(t).is.the.impulse.response.of.the.transmitter.pulse-shaping filter P( f ).shown.in.
Figure.3.3..The.input.to.the.transmitter.filter.P( f ).is.the.modulated.sequence.of.delta.functions.∑iAiδ(t–
iT)..The.channel.is.represented.by.the.transfer.function.G( f ).(plus.noise),.which.has.impulse.response.
g(t),.and.the.receiver.filter.has.transfer.function.R( f ).with.associated.impulse.response.r(t).

Let.h(t).be.the.overall.impulse.response.of.the.combined.transmitter,.channel,.and.receiver,.which.has.
transfer. function. H( f ).=.P( f )G( f )R( f ).. We. can. write. h(t).=.p(t)*g(t)*r(t).. The. output. of. the. receiver.
filter.is.then

.
y t A h t iT n ti

i

( ) ( ) ( )= − +∑ �

.
(3.5)

where.ñ(t).=.r(t)*n(t).is.the.output.of.the.filter.R( f ).with.input.n(t)..Assuming.that.samples.are.collected.
at.the.output.of.the.filter.R( f ).at.the.symbol.rate.1/T,.we.can.write.the.kth.sample.of.y(t).as

.

y kT A h kT iT n kT

A h A h kT iT n kT

i
i

k i
i k

( ) ( ) ( )

( ) ( ) ( )

= − +

= + − +

∑
∑
≠

�

�0
.

(3.6)

The.first. term.on. the. right-hand.side.of.Equation.3.6. is. the.kth. transmitted. symbol. scaled.by. the.
.system.impulse.response.at.t.=.0..If.this.were.the.only.term.on.the.right.side.of.Equation.3.6,.we.could.
obtain.the.source.bits.without.error.by.scaling.the.received.samples.by.1/h(0)..The.second.term.on.the.
right-hand.side.of.Equation.3.6.is.called.intersymbol interference,.which.reflects.the.view.that..neighboring.
symbols.interfere.with.the.detection.of.each.desired.symbol.

One.possible.criterion.for.choosing.the.transmitter.and.receiver.filters.is.to.minimize.intersymbol.
interference..Specifically,.if.we.choose.p(t).and.r(t).so.that

.
h kT

k
k

( ) =
=

≠

⎧
⎨
⎪

⎩⎪

1
0

0
0

.
(3.7)

*. This.example.can.also.be.viewed.as.coded.binary.PAM..Namely,.each.pair.of.two.source.bits.are.mapped.to.4.coded.bits,.
which.are.transmitted.via.binary.PAM.with.a.rectangular.pulse.

{bi}
Bits

Select
level

{Ai} Transmitter filter
P( f  )

Channel
G( f ) +

x(t) Receiver filter
R( f )

y(t) iT{yi}

n(t)

s(t)

FIGURE 3.3 Baseband.model.of.a.pulse.amplitude.modulation.system.
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then.the.kth.received.sample.is

. y kT A n kTk( ) ( )= + � . (3.8)

In.this.case,.the.intersymbol.interference.has.been.eliminated..This.choice.of.p(t).and.r(t).is.called.a.
zero-forcing. solution,. since. it. forces. the. intersymbol. interference. to. zero.. Depending. on. the. type. of.
detection.scheme.used,.a.zero-forcing.solution.may.not.be.desirable..This.is.because.the.probability.of.
error.also.depends.on.the.noise.intensity,.which.generally.increases.when.intersymbol..interference.is.
suppressed..It.is.instructive,.however,.to.examine.the.properties.of.the.zero-forcing.solution.

We.now.view.Equation.3.7.in.the.frequency.domain..Since.h(t).has.Fourier.transform

. H f P f G f R f( ) ( ) ( ) ( )= . (3.9)

where.P( f ).is.the.Fourier.transform.of.p(t),.the.bandwidth.of.H( f ).is.limited.by.the.bandwidth.of.the.
channel.G( f )..We.will.assume.that.G( f ).=.0,.|f|.>.W..The.sampled.impulse.response.h(kT).can,.there-
fore,.be.written.as.the.inverse.Fourier.transform

.
h kT H f ffkT

W

W

( ) ( )=
−
∫ e dj2π

Through. a. series. of. manipulations,. this. integral. can. be. rewritten. as. an. inverse. discrete. Fourier.
transform,

.
h kT T H ffT fkT

T

T
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=
−
∫ eq
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1 2
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(3.10a)

where
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(3.10b)

This.relation.states.that.Heq(z),.z.=.ej2πfT,. is.the.discrete.Fourier.transform.of.the.sequence.{hk},.
where.hk.=.h(kT)..Sampling.the.impulse.response.h(t).therefore.changes.the.transfer.function.H( f ).
to.the.aliased.frequency.response.Heq(ej2πfT )..From.Equations.3.10.and.3.6.we.conclude.that.Heq(z).is.
the.transfer.function.that.relates.the.sequence.of.input.data.symbols.{Ai}.to.the.sequence.of.received.
samples.{yi},.where.yi.=.y(iT),.in.the.absence.of.noise..This.is.illustrated.in.Figure.3.4..For.this.rea-
son,. Heq(z). is. called. the. equivalent discrete-time transfer function. for. the. overall. system. transfer.
function.H( f ).

{Ai} Heq(z) +
{yi}

{ni}˜

FIGURE 3.4 Equivalent.discrete-time.channel.for.the.PAM.system.shown.in.Figure.3.3.[yi
 = y(iT),.ñi

 = ñ(iT)].
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Since.Heq(ej2πfT).is.the.discrete.Fourier.transform.of.the.sequence.{hk},.the.time-domain,.or.sequence.
condition.(3.7).is.equivalent.to.the.frequency-domain.condition

. H fT
eq

je( )2 1π = . (3.11)

This.relation.is.called.the.Nyquist criterion..From.Equations.3.10b.and.3.11.we.make.the.following.
observations.

. 1.. To.satisfy. the.Nyquist.criterion,. the.channel.bandwidth.W.must.be.at. least.1/(2T)..Otherwise,.
G(f.+.n/T).=.0.for.f.in.some.interval.of.positive.length.for.all.n,.which.implies.that.Heq(ej2πfT).=.0.
for.f.in.the.same.interval.

. 2.. For. the. minimum. bandwidth. W.=.1/(2T),. Equations. 3.10b. and. 3.11. imply. that. H( f ).=.T. for.
|f|.<.1/(2T).and.H( f ).=.0.elsewhere..This.implies.that.the.system.impulse.response.is.given.by

.
h t t T

t T( ) = sin( / )
/
π
π .

(3.12)

. . (Since. h t t T2( ) ,d =
−∞

∞

∫ .the.transmitted.signal.S t A h t iTii
( ) ( )= −∑ .has.power.equal.to.the.sym-

bol.variance.E[|Ai|2].).The.impulse.response.in.Equation.3.12.is.called.a.minimum bandwidth.or.
Nyquist.pulse..The.frequency.band.[–1/(2T),.1/(2T)].[that.is,.the.passband.of.H( f )].is.called.the.
Nyquist band.

. 3.. Suppose.that.the.channel. is.bandlimited.to.twice.the.Nyquist.bandwidth..That.is,.G( f ).=.0.for.
|f|.>.1/T..The.condition.(3.11).then.becomes

.
H f H f T H f T T( ) + −
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.
(3.13)

. . . Assume.for.the.moment.that.H( f ).and.h(t).are.both.real.valued,.so.that.H( f ).is.an.even.func-
tion.of.f.[H( f ).=.H(–f )]..This.is.the.case.when.the.receiver.filter.is.the.matched.filter.(see.Section.
3.3)..We.can.then.rewrite.Equation.3.13.as

.
H f H T f T f T( ) ,+ −

⎛
⎝⎜

⎞
⎠⎟
= < <

1 0 1
2 .

(3.14)

. . which.states.that.H( f ).must.have.odd.symmetry.about.f.=.1/(2T)..This.is.illustrated.in.Figure 3.5,.
which.shows.two.different.transfer.functions.H(f).that.satisfy.the.Nyquist.criterion.

. 4.. The.pulse.shape.p(t).enters.into.Equation.3.11.only.through.the.product.P( f )R( f )..Consequently,.
either.P( f ).or.R( f ).can.be.fixed,.and.the.other.filter.can.be.adjusted.or.adapted.to.the.particular.
channel..Typically,.the.pulse.shape.p(t).is.fixed,.and.the.receiver.filter.is.adapted.to.the.(possibly.
time-varying).channel.

H( f )

f− 1
2T

1
2T − 1

2T
1

2T

H( f )

FIGURE 3.5 Two.examples.of.frequency.responses.that.satisfy.the.Nyquist.criterion.
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3.2.1 Raised cosine Pulse

Suppose.that.the.channel.is.ideal.with.transfer.function

.
G f
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f W
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,
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1
0

.
(3.15)

To.maximize.bandwidth.efficiency,.Nyquist.pulses.given.by.Equation.3.12.should.be.used.where.W.=.1/
(2T)..This.type.of.signaling,.however,.has.two.major.drawbacks..First,.Nyquist.pulses.are.noncausal.and.
of. infinite.duration..They.can.be.approximated. in.practice.by. introducing.an.appropriate.delay,.and.
truncating.the.pulse..The.pulse,.however,.decays.very.slowly,.namely,.as.1/t,.so.that.the.truncation.win-
dow.must.be.wide..This.is.equivalent.to.observing.that.the.ideal.bandlimited.frequency.response.given.
by.Equation.3.15.is.difficult.to.approximate.closely..The.second.drawback,.which.is.more.important,.is.
the.fact.that.this.type.of.signaling.is.not.robust.with.respect.to.sampling.jitter..Namely,.a.small.sampling.
offset.ε.produces.the.output.sample

.
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(3.16)

Since.the.Nyquist.pulse.decays.as.1/t,.this.sum.is.not.guaranteed.to.converge..A.particular.choice.of.
symbols.{Ai}.can,.therefore,.lead.to.very.large.intersymbol.interference,.no.matter.how.small.the.offset..
Minimum.bandwidth.signaling.is.therefore.impractical.

The.preceding.problem.is.generally.solved.in.one.of.two.ways.in.practice:

. 1.. The.pulse.bandwidth.is.increased.to.provide.a.faster.pulse.decay.than.1/t.

. 2.. A.controlled.amount.of.intersymbol.interference.is.introduced.at.the.transmitter,.which.can.be.
subtracted.out.at.the.receiver.

The. former.approach. sacrifices.bandwidth.efficiency,.whereas. the. latter. approach. sacrifices.power.
efficiency..We.will.examine.the.latter.approach.in.Section.3.5..The.most.common.example.of.a.pulse,.
which.illustrates.the.first.technique,.is.the.raised cosine pulse,.given.by
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which.has.Fourier.transform
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where.0.≤.α.≤.1.
Plots.of.p(t).and.P(f).are.shown.in.Figures.3.6a.and.3.6b.for.different.values.of.α..It.is.easily.verified.

that.h(t).satisfies.the.Nyquist.criterion.(3.7).and,.consequently,.H( f ).satisfies.Equation.3.11..When.α.=.0,.
H( f ). is. the. Nyquist. pulse. with. minimum. bandwidth. 1/(2T),. and. when. α.>.0,. H( f ). has. bandwidth.
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(1.+.α)/(2T).with.a.raised.cosine.rolloff..The.parameter.α,.therefore,.represents.the.additional,.or.excess 
 bandwidth.as.a.fraction.of.the.minimum.bandwidth.1/(2T)..For.example,.when.α.=.1,.we.say.that.the.
pulse.is.a.raised.cosine.pulse.with.100%.excess.bandwidth..This.is.because.the.pulse.bandwidth.1/T.is.
twice.the.minimum.bandwidth..As.the.raised.cosine.pulse.decays.as.1/t3,.performance.is.robust.with.
respect.to.sampling.offsets.

The.raised.cosine.frequency.response.(3.18).applies.to.the.combination.of.transmitter,.channel,.and.
receiver..If.the.transmitted.pulse.shape.p(t).is.a.raised.cosine.pulse,.then.h(t).is.a.raised.cosine.pulse.only.
if.the.combined.receiver.and.channel.frequency.response.is.constant..Even.with.an.ideal.(transparent).
channel,. however,. the. optimum. (matched). receiver. filter. response. is. generally. not. constant. in. the.
.presence.of.additive.Gaussian.noise..An.alternative. is. to. transmit. the.square-root raised cosine.pulse.
shape,. which. has. frequency. response. P( f ). given. by. the. square-root. of. the. raised. cosine. frequency.
response. in. Equation. 3.18.. Assuming. an. ideal. channel,. setting. the. receiver. frequency. response.
R(f).=.P(f).then.results.in.an.overall.raised.cosine.system.response.H( f ).

3.3 nyquist criterion with Matched Filtering

Consider.the.transmission.of.an.isolated.pulse.A0δ(t)..In.this.case.the.input.to.the.receiver.in.Figure 3.3 is

. x t A g t n t( ) ( ) ( )= +0 � . (3.19)

where. �g t( ). is. the. inverse. Fourier. transform. of. the. combined. transmitter-channel. transfer. function.
�G f P f G f( ) ( ) ( )= ..We.will.assume.that.the.noise.n(t).is.white.with.spectrum.N0/2..The.output.of.the.

receiver.filter.is.then

. y t r t x t A r t g t r t n t( ) ( ) ( ) [ ( ) ( )] [ ( ) ( )]= = +* * *0 � . (3.20)

The.first.term.on.the.right-hand.side.is.the.desired.signal,.and.the.second.term.is.noise..Assuming.that.
y(t).is.sampled.at.t.=.0,.the.ratio.of.signal.energy.to.noise.energy,.or.signal-to-noise ratio.(SNR).at.the.
sampling.instant,.is

h(
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FIGURE 3.6 (a).Raised.cosine.pulse..(b).Raised.cosine.spectrum.
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The.receiver.impulse.response.that.maximizes.this.expression.is.r t g t( ) ( )= −∗� .[complex.conjugate.of.
�g t( )− ],. which. is. known. as. the. matched filter. impulse. response.. The. associated. transfer. function. is.
R f G f( ( )) = ∗� .

Choosing. the.receiver.filter. to.be. the.matched.filter. is.optimal. in.more.general.situations,. such.as.
when.detecting.a.sequence.of.channel.symbols.with.intersymbol. interference.(assuming.the.additive.
noise.is.Gaussian)..We,.therefore,.reconsider.the.Nyquist.criterion.when.the.receiver.filter.is.the.matched.
filter..In.this.case,. the.baseband.model. is.shown.in.Figure.3.7,.and.the.output.of. the.receiver.filter. is.
given by

.
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( ) ( ) ( )= − +∑ �

.
(3.22)

where. the. baseband. pulse. h(t). is. now. the. impulse. response. of. the. filter. with. transfer. function.
| ( )| | ( ) ( )|�G f P f G f2 2= .. This. impulse. response. is. the. autocorrelation. of. the. impulse. response. of. the.
.combined.transmitter-channel.filter. �G f( ),
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With.a.matched.filter.at.the.receiver,.the.equivalent.discrete-time.transfer.function.is

.
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which.relates.the.sequence.of.transmitted.symbols.{Ak}.to.the.sequence.of.received.samples.{yk}.in.the.
absence.of.noise..Note.that.Heq(ej2πfT).is.positive,.real.valued,.and.an.even.function.of.f..If.the.channel.is.
bandlimited.to.twice.the.Nyquist.bandwidth,.then.H(f).=.0.for.|f|.>.1/T,.and.the.Nyquist.condition.is.
given.by.Equation.3.14.where.H(f).=.|G( f )P( f )|2..The.aliasing.sum.in.Equation.3.10b.can.therefore.be.
described.as.a. folding.operation. in.which. the.channel. response. |H(f)|2. is. folded.around. the.Nyquist.
frequency.1/(2T)..For. this. reason,.Heq(ej2πfT).with.a.matched. receiver.filter. is.often.referred. to.as. the.
folded.channel.spectrum.

{Ai} Transmitter filter
P( f )

s(t) Channel
G( f ) + x(t) Receiver filter

G*( f )P*(f )
y(t)

iT
{yi}

n(t)

FIGURE 3.7 Baseband.PAM.model.with.a.matched.filter.at.the.receiver.
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3.4 eye Diagrams

One.way.to.assess.the.severity.of.distortion.due.to.intersymbol.interference.in.a.digital.communications.
system.is.to.examine.the.eye diagram..The.eye.diagram.is.illustrated.in.Figures.3.8a.and.3.8b,.for.a.raised.
cosine.pulse.shape.with.25%.excess.bandwidth.and.an.ideal.bandlimited.channel..Figure.3.8a.shows.the.
data.signal.at.the.receiver

.
y t A h t iT n ti

i

( ) ( ) ( )= − +∑ �

.
(3.25)

where.h(t).is.given.by.Equation.3.17,.α.=.1/4,.each.symbol.Ai.is.independently.chosen.from.the.set.{±1,.
±3},.where.each.symbol.is.equally.likely,.and.ñ(t).is.bandlimited.white.Gaussian.noise..(The.received.
SNR.is.30.dB.).The.eye.diagram.is.constructed.from.the.time-domain.data.signal.y(t).as.follows.(assum-
ing.nominal.sampling.times.at.kT,.k.=.0,.1,.2,.. . .):

. 1.. Partition.the.waveform.y(t).into.successive.segments.of.length.T.starting.from.t.=.T/2.

. 2.. Translate.each.of.these.waveform.segments.[y(t),.(k.+.1/2)T.≤.t.≤.(k.+.3/2)T,.k.=.0,.1,.2,.. . .].to.the.
interval.[–T/2,.T/2],.and.superimpose.

The.resulting.picture.is.shown.in.Figure.3.8b.for.the.y(t).shown.in.Figure.3.8a..(Partitioning.y(t).into.
successive.segments.of.length.iT,.i.>.1,.is.also.possible..This.would.result.in.i.successive.eye.diagrams.).
The.number.of.eye.openings.is.one.less.than.the.number.of.transmitted.signal.levels..In.practice,.the.eye.
diagram. is. easily. viewed. on. an. oscilloscope. by. applying. the. received. waveform. y(t). to. the. vertical.
.deflection.plates.of.the.oscilloscope.and.applying.a.sawtooth.waveform.at.the.symbol.rate.1/T. to.the.
horizontal.deflection.plates..This.causes.successive.symbol.intervals.to.be.translated.into.one.interval.on.
the.oscilloscope.display.

Each. waveform. segment. y(t),. (k.+.1/2)T.≤.t.≤.(k.+.3/2)T,. depends. on. the. particular. sequence. of.
.channel.symbols.surrounding.Ak..The.number.of.channel.symbols.that.affects.a.particular.waveform.
segment.depends.on.the.extent.of.the.intersymbol.interference,.shown.in.Equation.3.6..This,.in.turn,.
depends.on.the.duration.of.the.impulse.response.h(t)..For.example,.if.h(t).has.most.of.its.energy.in.the.
interval. 0.<.t.<.mT,. then. each. waveform. segment. depends. on. approximately. m. symbols.. Assuming.
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FIGURE 3.8 (a).Received.signal.y(t)..(b).Eye.diagram.for.received.signal.shown.in.Figure.3.8a.
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binary.transmission,.this.implies.that.there.are.a.total.of.2m.waveform.segments.that.can.be..superimposed.
in. the. eye. diagram.. (It. is. possible. that. only. one. sequence. of. channel. symbols. causes. significant.
.intersymbol.interference,.and.this.sequence.occurs.with.very.low.probability.).In.current.digital.wireless.
applications.the.impulse.response.typically.spans.only.a.few.symbols.

The.eye.diagram.has.the.following.important.features.which.measure.the.performance.of.a.digital.
communications.system.

3.4.1 Vertical eye opening

The.vertical.openings.at.any.time.t0,.–T/2.≤.t0.≤.T/2,.represent.the.separation.between.signal.levels.with.
worst-case.intersymbol.interference,.assuming.that.y(t).is.sampled.at.times.t.=.kT.+.t0,.k.=.0,.1,.2,.. . . ..It.
is.possible.for.the.intersymbol.interference.to.be.large.enough.so.that.this.vertical.opening.between.some,.
or.all,.signal.levels.disappears.altogether..In.that.case,.the.eye.is.said.to.be.closed..Otherwise,.the.eye.is.said.
to.be.open..A.closed.eye.implies.that.if.the.estimated.bits.are.obtained.by.thresholding.the.samples.y(kT),.
then.the.decisions.will.depend.primarily.on.the.intersymbol.interference.rather.than.on.the.desired.sym-
bol..The.probability.of.error.will,.therefore,.be.close.to.1/2..Conversely,.wide.vertical.spacings.between.
signal.levels.imply.a.large.degree.of.immunity.to.additive.noise..In.general,.y(t).should.be.sampled.at.the.
times.kT.+.t0,.k.=.0,.1,.2,.. . .,..where.t0.is.chosen.to.maximize.the.vertical.eye.opening.

3.4.2 Horizontal eye opening

The. width. of. each. opening. indicates. the. sensitivity. to. timing. offset.. Specifically,. a. very. narrow. eye.
.opening.indicates.that.a.small.timing.offset.will.result.in.sampling.where.the.eye.is.closed..Conversely,.
a. wide. horizontal. opening. indicates. that. a. large. timing. offset. can. be. tolerated,. although. the. error.
.probability.will.depend.on.the.vertical.opening.

3.4.3 Slope of the inner eye

The.slope.of.the.inner.eye.indicates.sensitivity.to.timing.jitter.or.variance.in.the.timing.offset..Specifically,.
a.very.steep.slope.means.that.the.eye.closes.rapidly.as.the.timing.offset.increases..In.this.case,.a.signifi-
cant.amount.of.jitter.in.the.sampling.times.significantly.increases.the.probability.of.error.

The.shape.of.the.eye.diagram.is.determined.by.the.pulse.shape..In.general,.the.faster.the.baseband.
pulse.decays,.the.wider.the.eye.opening..For.example,.a.rectangular.pulse.produces.a.box-shaped.eye.
diagram.(assuming.binary.signaling)..The.minimum.bandwidth.pulse.shape.Equation.3.12.produces.an.
eye.diagram.which.is.closed.for.all.t.except.for.t.=.0..This.is.because,.as.shown.earlier,.an.arbitrarily.small.
timing.offset.can.lead.to.an.intersymbol.interference.term.that.is.arbitrarily.large,.depending.on.the.data.
sequence.

3.5 Partial-Response Signaling

To.avoid.the.problems.associated.with.Nyquist.signaling.over.an.ideal.bandlimited.channel,.bandwidth.
and/or.power.efficiency.must.be.compromised..Raised.cosine.pulses.compromise.bandwidth.efficiency.
to.gain.robustness.with.respect.to.timing.errors..Another.possibility.is.to.introduce.a.controlled.amount.
of.intersymbol.interference.at.the.transmitter,.which.can.be.removed.at.the.receiver..This.approach.is.
called.partial-response (PR) signaling..The.terminology.reflects.the.fact.that.the.sampled.system.impulse.
response.does.not.have.the.full.response.given.by.the.Nyquist.condition.Equation.3.7.

To.illustrate.PR.signaling,.suppose.that.the.Nyquist.condition.Equation.3.7.is.replaced.by.the.condition

.
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The.kth.received.sample.is.then

. y A A nk k k k= + +−1 � . (3.27)

so.that.there.is.intersymbol.interference.from.one.neighboring.transmitted.symbol..For.now.we.focus.
on.the.spectral.characteristics.of.PR.signaling.and.defer.discussion.of.how.to.detect. the.transmitted.
sequence.{Ak}.in.the.presence.of.intersymbol.interference..The.equivalent.discrete-time.transfer..function.
in.this.case.is.the.discrete.Fourier.transform.of.the.sequence.in.Equation.3.26,

.
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As.in.the.full-response.case,.for.Equation.3.28.to.be.satisfied,.the.minimum.bandwidth.of.the.channel.
G(f).and.transmitter.filter.P(f).is.W.=.1/(2T)..Assuming.P(f).has.this.minimum.bandwidth.implies
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(3.29a)

and

. h t T t T t T T( ) { ( ) [( ) ]}= + −sinc / sinc / . (3.29b)

where.sinc.x.=.(sin.πx)/(πx)..This.pulse.is.called.a.duobinary.pulse.and.is.shown.along.with.the..associated.
H( f ). in.Figure.3.9.. [Notice. that.h(t).satisfies.Equation.3.26.].Unlike.the. ideal.bandlimited.frequency.
response,. the. transfer. function. H( f ). in. Equation. 3.29a. is. continuous. and. is,. therefore,. easily.
.approximated.by.a.physically.realizable.filter..Duobinary.PR.was.first.proposed.by.Lender,.[1],.and.later.
generalized.by.Kretzmer,.[2].

The. main. advantage. of. the. duobinary. pulse. Equation. 3.29b,. relative. to. the. minimum. bandwidth.
pulse.Equation.3.12,.is.that.signaling.at.the.Nyquist.symbol.rate.is.feasible.with.zero.excess.bandwidth..
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FIGURE 3.9 Duobinary.frequency.response.and.minimum.bandwidth.pulse.
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As.the.pulse.decays.much.more.rapidly.than.a.Nyquist.pulse,.it.is.robust.with.respect.to.timing.errors..
Selecting.the.transmitter.and.receiver.filters.so.that.the.overall.system.response.is.duobinary.is.appro-
priate.in.situations.where.the.channel.frequency.response.G(f).is.near.zero.or.has.a.rapid.rolloff.at.the.
Nyquist.band.edge.f =.1/(2T).

As.another.example.of.PR.signaling,.consider.the.modified.duobinary.partial.response
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which.has.an.equivalent.discrete-time.transfer.function
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With.zero.excess.bandwidth,.the.overall.system.response.is
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and

. h t T t T T T T( ) { [( ) ] }= + − −sinc / sinc [( )/ ]t . (3.32b)

These. functions. are. plotted. in. Figure. 3.10.. This. pulse. shape. is. appropriate. when. the. channel.
response.G( f ).is.near.zero.at.both.DC.( f.=.0).and.at.the.Nyquist.band.edge..This.is.often.the.case.for.
wire.(twisted-pair).channels.where.the.transmitted.signal.is.coupled.to.the.channel.through.a.trans-
former.. Like. .duobinary. PR,. modified. duobinary. allows. minimum. bandwidth. signaling. at. the.
Nyquist.rate.
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FIGURE 3.10 Modified.duobinary.frequency.response.and.minimum.bandwidth.pulse.
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A.particular.partial.response.is.often.identified.by.the.polynomial

.
h Dk

k

k

K

=
∑

0

where.D.(for.delay).takes.the.place.of.the.usual.z−1.in.the.z.transform.of.the.sequence.{hk}..For.example,.
duobinary.is.also.referred.to.as.1.+.D.partial.response.

In. general,. more. complicated. system. responses. than. those. shown. in. Figures. 3.9. and. 3.10. can. be.
.generated. by. choosing. more. nonzero. coefficients. in. the. sequence. {hk}.. This. complicates. detection,.
.however,.because.of.the.additional.intersymbol.interference.that.is.generated.

Rather.than.modulating.a.PR.pulse.h(t),.a.PR.signal.can.also.be.generated.by.filtering.the.sequence.of.
transmitted. levels. {Ai}.. This. is. shown. in. Figure. 3.11.. Namely,. the. transmitted. levels. are. first. passed.
through.a.discrete-time.(digital).filter.with.transfer.function.Pd(ej2πfT).(where.the.subscript.d.indicates.
discrete)..[Note.that.Pd(ej2πfT).can.be.selected.to.be.Heq(ej2πfT).].The.outputs.of.this.filter.form.the.PAM.
signal,.where.the.pulse.shaping.filter.P(f).=.1,.|f|.<.1/(2T).and.is.zero.elsewhere..If.the.transmitted.levels.
{Ak}. are. selected. independently. and. are. identically. distributed,. then. the. transmitted. spectrum. is.
σ π

A d
fTP2 2 2| ( )|ej .for.|f|.<.1/(2T).and.is.zero.for.|f|.>.1/(2T),.where.σA kE A2 2= [| | ].

Shaping. the. transmitted. spectrum. to. have. nulls. coincident. with. nulls. in. the. channel. response.
.potentially.offers.significant.performance.advantages..By.introducing.intersymbol. interference,.how-
ever,.PR.signaling.increases.the.number.of.received.signal.levels,.which.increases.the.complexity.of.the.
detector.and.may.reduce.immunity.to.noise..For.example,.the.set.of.received.signal.levels.for.duobinary.
signaling. is. {0,.±2}. from.which. the. transmitted. levels. {±1}.must.be.estimated..The.performance.of.a.
particular.PR.scheme.depends.on.the.channel.characteristics,.as.well.as.the.type.of.detector.used.at.the.
receiver..We.now.describe.a.simple.suboptimal.detection.strategy.

3.5.1 Precoding

Consider.the.received.signal.sample.Equation.3.27.with.duobinary.signaling..If.the.receiver.has..correctly.
decoded.the.symbol.Ak−1,.then.in.the.absence.of.noise.Ak.can.be.decoded.by.subtracting.Ak−1.from.the.
received.sample.yk..If.an.error.occurs,.however,.then.subtracting.the.preceding.symbol.estimate.from.
the. received. sample. will. cause. the. error. to. propagate. to. successive. detected. symbols.. To. avoid. this.
.problem,. the. transmitted. levels.can.be.precoded. in.such.a.way.as. to.compensate. for. the. intersymbol.
interference.introduced.by.the.overall.partial.response.

We.first.illustrate.precoding.for.duobinary.PR..The.sequence.of.operations.is.illustrated.in.Figure.3.12..
Let.{bk}.denote.the.sequence.of.source.bits.where.bk.∈.{0,.1}..This.sequence.is.transformed.to.the.sequence.
{ }�bk .by.the.operation

. ʹ = ⊕ ʹ−b b bk k k 1 . (3.33)

{bi} Precoder {bi′} Select
level

{Ai} PR channel
{yi} Threshold {b̂i}

(Estimated bits)

FIGURE 3.12 Precoding.for.a.PR.channel.

{Ai} Pd(e j2πfT)
{Ai′} Generate

impulse train
iΣ Ai′δ (t − iT ) P( f )

(Ideal bandlimited)
s(t)

FIGURE 3.11 Generation.of.PR.signal.
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where.⊕.denotes.modulo.2.addition. (exclusive.OR)..The.sequence.{ }�bk . is.mapped. to. the. sequence.of.
binary.transmitted.signal.levels.{Ak}.according.to

. A bk k= ʹ −2 1 . (3.34)

That.is,. ʹ = ʹ =b bk k0 1 ( ).is.mapped.to.the.transmitted.level.Ak.=.–1.(Ak.=.1)..In.the.absence.of.noise,.the.
received.symbol.is.then

. y A A b bk k k k k= + = ʹ + ʹ −− −1 12 1( ) . (3.35)

and.combining.Equations.3.33.and.3.35.gives

.
b yk k= +

⎛
⎝⎜

⎞
⎠⎟

1
2 1 2  mod

.
(3.36)

That.is,.if.yk.=.±2,.then.bk.=.0,.and.if.yk.=.0,.then.bk.=.1..Precoding,.therefore,.enables.the.detector.to.
make.symbol-by-symbol.decisions.that.do.not.depend.on.previous.decisions..Table.3.1.shows.a.sequence.
of.transmitted.bits.{bi},.precoded.bits.{ }�bi ,.transmitted.signal.levels.{Ai},.and.received.samples.{yi}.

The.preceding.precoding.technique.can.be.extended.to.multilevel.PAM.and.to.other.PR.channels..
Suppose.that.the.PR.is.specified.by

.
H D h Dk
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0

where.the.coefficients.are.integers.and.that.the.source.symbols.{bk}.are.selected.from.the.set.{0,.1,.. . .,.
M–1}..These.symbols.are.transformed.to.the.sequence.{ }�bk .via.the.precoding.operation

.
ʹ = − ʹ

⎛

⎝
⎜

⎞

⎠
⎟−
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∑b b h b Mk k i k i
i

K

1

  mod
.

(3.37)

Because.of.the.modulo.operation,.each.symbol. �bk .is.also.in.the.set.{0,.1,.. . .,.M–1}..The.kth.transmitted.
signal.level.is.given.by

. A b Mk k= ʹ − −2 1( ) . (3.38)

so.that.the.set.of.transmitted.levels.is.{–(M –.1),.. . .,.(M –.1)}.(i.e.,.a.shifted.version.of.the.set.of.values.
assumed.by.bk)..In.the.absence.of.noise.the.received.sample.is

.
y h Ak i k i

i

K

= −

=
∑

0 .
(3.39)

TABLE 3.1 Example.of.Precoding.for.Duobinary.PR
{bi}: 1 0 0 1 1 1 0 0 1 0
{b }:�i 0 1 1 1 0 1 0 0 0 1 1
{Ai}: −1 1 1 1 −1 1 −1 −1 −1 1 1
{yi}: 0 2 2 0 0 0 −2 −2 0 2
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and.it.can.be.shown.that.the.kth.source.symbol.is.given.by

.
b y M H Mk k= + − ⋅

1
2 1 1( ( ) ( )) modeq   

.
(3.40)

Precoding. the. symbols. {bk}. in. this. manner,. therefore,. enables. symbol-by-symbol. decisions. at. the.
receiver..In.the.presence.of.noise,.more.sophisticated.detection.schemes.(e.g.,.maximum.likelihood).can.
be.used.with.PR.signaling.to.obtain.improvements.in.performance.

3.6 Additional considerations

In.many.applications,.bandwidth.and.intersymbol.interference.are.not.the.only.important..considerations.
for.selecting.baseband.pulses..Here.we.give.a.brief.discussion.on.additional.practical.constraints.that.
may.influence.this.selection.

3.6.1 Average transmitted Power and Spectral constraints

The.constraint.on.average.transmitted.power.varies.according.to.the.application..For.example,.low-
average.power.is.highly.desirable.for.mobile.wireless.applications.that.use.battery-powered.transmit-
ters.. In. many. applications. (e.g.,. digital. subscriber. loops,. as. well. as. digital. radio),. constraints. are.
imposed. to. limit. the.amount.of. interference,.or.crosstalk,. radiated. into.neighboring.receivers.and.
communications. systems..Because. this. type.of. interference. is. frequency.dependent,. the.constraint.
may.take.the.form.of.a.spectral.mask.that.specifies.the.maximum.allowable.transmitted.power.as.a.
function.of.frequency..For.example,.crosstalk.in.wireline.channels.is.generally.caused.by.capacitive.
coupling.and.increases.as.a.function.of.frequency..Consequently,.to.reduce.the.amount.of.crosstalk.
generated.at.a.particular. .transmitter,. the.pulse.shaping.filter.generally.attenuates.high. frequencies.
more.than.low.frequencies.

In. radio. applications. where. signals. are. assigned. different. frequency. bands,. constraints. on. the.
.transmitted.spectrum.are.imposed.to.limit.adjacent-channel interference..This.interference.is.gener-
ated.by.transmitters.assigned.to.adjacent.frequency.bands..Therefore,.a.constraint.is.needed.to.limit.the.
amount.of.out-of-band power.generated.by.each.transmitter,.in.addition.to.an.overall.average.power.
constraint..To.meet.this.constraint,.the.transmitter.filter.in.Figure.3.3.must.have.a.sufficiently.steep.
rolloff.at. the.edges.of. the.assigned. frequency.band.. (Conversely,. if. the. transmitted.signals.are. time.
multiplexed,.then.the.duration.of.the.system.impulse.response.must.be.contained.within.the.assigned.
time.slot.)

3.6.2 Peak-to-Average Power

In.addition.to.a.constraint.on.average.transmitted.power,.a.peak-power.constraint.is.often.imposed.as.
well..This.constraint.is.important.in.practice.for.the.following.reasons:

. 1.. The.dynamic.range.of.the.transmitter.is.limited..In.particular,.saturation.of.the.output.amplifier.
will.“clip”.the.transmitted.waveform.

. 2.. Rapid.fades.can.severely.distort.signals.with.high.peak-to-average.power.

. 3.. The.transmitted.signal.may.be.subjected.to.nonlinearities..Saturation.of.the.output.amplifier.is.
one.example..Another.example.that.pertains.to.wireline.applications.is.the.companding.pro-
cess. in.the.voice.telephone.network.[3]..Namely,. the.compander.used.to.reduce. .quantization.
noise. for. pulse-code. modulated. voice. signals. introduces. amplitude-dependent. .distortion. in.
data.signals.
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The.preceding.impairments.or.constraints.indicate.that.the.transmitted.waveform.should.have.a.low.
peak-to-average power ratio (PAR)..For.a.transmitted.waveform.x(t),.the.PAR.is.defined.as

.

PAR
max

=
{ }

x t

E x t

( )

( )

2

2

where.E(·).denotes.expectation..Using.binary.signaling.with.rectangular.pulse.shapes.minimizes. the.
PAR..However,.this.compromises.bandwidth.efficiency..In.applications.where.PAR.should.be.low,.binary.
signaling.with.rounded.pulses.is.often.used..Operating.RF.power.amplifiers.with.power.back-off.can.
also.reduce.PAR,.but.leads.to.inefficient.amplification.

For. an. orthogonal frequency division multiplexing (OFDM). system,. it. is. well. known. that. the.
.transmitted.signal.can.exhibit.a.very.high.PAR.compared.to.an.equivalent.single-carrier.system..Hence.
more.sophisticated.approaches.to.PAR.reduction.are.required.for.OFDM..Some.proposed.approaches.
are.described.in.Reference.4.and.references.therein..These.include.altering.the.set.of.transmitted.sym-
bols.and.setting.aside.certain.OFDM.tones.specifically.to.minimize.PAR.

3.6.3 channel and Receiver characteristics

The.type.of.channel.impairments.encountered.and.the.type.of.detection.scheme.used.at.the.receiver.can.also.
influence.the.choice.of.a.transmitted.pulse.shape..For.example,.a.constant.amplitude.pulse.is..appropriate.for.
a.fast.fading.environment.with.noncoherent.detection..The.ability.to.track.channel.characteristics,.such.as.
phase,.may.allow.more.bandwidth.efficient.pulse.shapes.in.addition.to.multilevel.signaling.

High-speed. data. communications. over. time-varying. channels. requires. that. the. transmitter. and/or.
receiver.adapt.to.the.changing.channel.characteristics..Adapting.the.transmitter.to.compensate.for.a.time-
varying.channel. requires.a. feedback.channel. through.which. the.receiver.can.notify. the. transmitter.of.
changes.in.channel.characteristics..Because.of.this.extra.complication,.adapting.the.receiver.is.often.pre-
ferred.to.adapting.the.transmitter.pulse.shape..However,.the.following.examples.are.notable.exceptions.

. 1.. Mobile. cellular. systems. may. dynamically. adapt. the. transmitter. power. for. each. link. (in. both.
directions).to.control.the.amount.of.interference.generated.and.to.compensate.for.channel.condi-
tions..This.can.be.viewed.as.a.simple.form.of.adaptive.transmitter.pulse.shaping.in.which.a.single.
parameter.associated.with.the.pulse.shape.is.varied.

. 2.. Multitone.modulation.divides.the.channel.bandwidth.into.small.subbands,.and.the..transmitted.
power.and.source.bits.are.distributed.among.these.subbands.to.maximize.the.information.rate..
The.received.signal-to-noise.ratio.for.each.subband.must.be.transmitted.back.to.the..transmitter.
to.guide.the.allocation.of.transmitted.bits.and.power.[5].

In. addition. to. multitone. modulation,. adaptive precoding. (also. known. as. Tomlinson–Harashima.
.precoding.[6,7]).is.another.way.in.which.the.transmitter.can.adapt.to.the.channel.frequency.response..
Adaptive.precoding. is.an.extension.of. the. technique.described.earlier. for.partial-response.channels..
Namely,. the.equivalent.discrete-time.channel. impulse. response. is.measured.at. the. receiver.and.sent.
back.to.the.transmitter,.where.it.is.used.in.a.precoder..The.precoder.compensates.for.the.intersymbol.
interference.introduced.by.the.channel,.allowing.the.receiver.to.detect.the.data.by.a.simple.threshhold.
operation..Both.multitone.modulation.and.precoding.have.been.used.with.wireline.channels.(voiceband.
modems.and.digital.subscriber.loops).

3.6.4 complexity

Generation.of.a.bandwidth-efficient.signal.requires.a.filter.with.a.sharp.cutoff..In.addition,.bandwidth-
efficient. pulse. shapes. can. complicate. other. system. functions,. such. as. timing. and. carrier. recovery..
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If s.ufficient.bandwidth.is.available,.the.cost.can.be.reduced.by.using.a.rectangular.pulse.shape.with.a.
simple.detection.strategy.(low-pass.filter.and.threshold).

3.6.5 tolerance to interference

Interference. is.one.of. the.primary.channel. impairments.associated.with.digital. radio.. In.addition. to.
adjacent-channel. interference. described. earlier,. cochannel interference. may. be. generated. by. other.
.transmitters.assigned.to.the.same.frequency.band.as.the.desired.signal..Cochannel.interference.can.be.
controlled.through.frequency.(and.perhaps.time.slot).assignments.and.by.pulse.shaping..For.example,.
assuming.fixed.average.power,.increasing.the.bandwidth.occupied.by.the.signal.lowers.the.power.spec-
tral.density.and.decreases.the.amount.of.interference.into.a.narrowband.system.that.occupies.part.of.the.
available.bandwidth..Sufficient.bandwidth.spreading,.therefore,.enables.wideband.signals.to.be.overlaid.
on.top.of.narrowband.signals.without.disrupting.either.service.

3.6.6 Privacy and Security

The.broadcast.nature.of.wireless.channels.generally.makes.eavesdropping.easier.than.for.wired..channels..
A.requirement.for.most.commercial,.as.well.as.military.applications,.is.to.guarantee.the.privacy.of.user.
conversations.(low.probability.of. intercept)..An.additional.requirement,. in.some.applications,. is. that.
determining.whether.or.not.communications.is.taking.place.must.be.difficult.(low.probability.of.detec-
tion)..Spread-spectrum.waveforms.are.attractive.in.these.applications.since.spreading.the.pulse.energy.
over.a.wide.frequency.band.decreases.the.power.spectral.density,.and.hence.makes.the.signal.less.visible..
Power-efficient.modulation.combined.with.coding.enables.a.further.reduction.in.transmitted.power.for.
a.target.error.rate.

3.7 examples

We.conclude.this.chapter.with.a.brief.description.of.baseband.pulse.shapes.used.in.existing.standards.
for.digital.mobile.cellular.systems.

3.7.1 Wideband code Division Multiple Access (W-cDMA)

W-CDMA.refers.to.the.radio.transmission.part.of.Universal Mobile Telecommunications System (UMTS),.
which.is.an.evolution.from.the.European.GSM.standard.developed.by.the.Third Generation Partnership 
Project (3GPP).[8]..It.operates.in.both.frequency-division duplex (FDD).and.time-division duplex (TDD).
modes.as.part.of.UMTS Terrestrial Radio Access (UTRA)..The.transmit.pulse-shaping.filter.for.W-CDMA.
is.a.square-root.raised.cosine.pulse.with.roll-off.factor.α =.0.22..The.chip.impulse.response.is.given.by
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where.the.chip.duration.Tc.=.(1/chiprate).=.0.24414.μs.

3.7.2 cDMA2000

CDMA2000. is. an.evolution. from. the.North American Interim Standard-95 (IS-95).developed. by. the.
Third Generation Partnership Project 2 (3GPP2)..The.3GPP2.standard.has.defined.baseband.filters.for.
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CDMA2000.for.the.In-phase.(I-channel).and.Quadrature-phase.(Q-channel).signals.prior.to..modulation.
[9]..These.baseband.filters.have.a.normalized.frequency.response.given.by
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where.δ1.=.1.5.dB,.δ2.=.40.dB,.fp.=.590.kHz,.and.fs.=.740.kHz..The.impulse.response.s(t).of.the.baseband.
filter.is.given.by.a.scaled.and.delayed.version.of.the.coefficients.h(k).in.Table.2.1.3.1.13.1-1.in.Reference.9..
Specifically,.a.scale.factor.κ.and.delay.τ.are.selected.to.minimize.the.mean.squared.error
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where.Ts.=.203.451.ns.is.one.quarter.of.the.duration.of.the.CDMA2000.chip.

3.7.3 Wireless Local Area networks (WLAn)

The. IEEE. 802.11. working. group. has. developed. requirements. for. the. spectral. mask. for. WLANs. in.
Sections. 17.3.9.2. and. 17.3.9.6. of. Reference. 10.*. Any. combination. of. time-domain. windowing. and.
frequency-domain.filtering.methods.may.be.used.to.achieve.those.objectives..IEEE.802.11.has.pro-
vided.informative.parameters.for.a.time-domain.windowing.method.that.may.be.used.to.filter.the.I-.
and.Q-channel.signals.prior.to.modulation..The.time-windowing.function.is.given.by.[10]:
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where.TTR.(approximately.100.ns).is.selected.to.smooth.transitions.between.consecutive.OFDM..symbols..
This.creates.a.small.overlap.between.the.consecutive.symbols..Smoothing.this.transition.reduces.the.
spectral.sidelobes.of.the.transmitted.waveform..In.the.case.of.vanishing.TTR,.the.windowing.function.
degenerates.to.a.rectangular.pulse.of.duration.T.

3.7.4 Worldwide interoperability for Microwave Access (WiMAX)

WiMAX.is.a.broadband.wireless.access. technology,.and.refers. to. the.IEEE.802.16.standard.[11]..The.
802.16.air.interface.is.based.on.OFDM,.and.has.specified.a.square-root.raised.cosine.filter.with.excess.
bandwidth.factor.α =.0.25.for.the.I-.and.Q-channels.prior.to.modulation..The.filter.transfer.function.is.
therefore.the.square.root.of.H(f).in.Equation.3.18,.where.T.is.the.OFDM.symbol.period.

*. Reference. 10. was. created. by. merging. 802.11a,. b,. d,. e,. g,. h,. i,. and. j. amendments. with. the. base. 802.11. standard. and.
renamed.to.the.current.base.standard.IEEE.802.11-2007..(The.high-throughput.amendment.802.11n.also.references.this.
windowing.function.)
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3.7.5 Long-term evolution (Lte)

LTE.is.an.evolution.of.UMTS,.defined.in.the.3GPP.Release.8.specification..Evolved UTRA (E-UTRA).is.
the.air.interface.for.LTE,.which.operates.in.both.FDD.and.TDD.modes,.as.well.as.half-duplex.FDD.
with. the. same. radio. access. technology.. LTE. uses. Orthogonal Frequency Division Multiple Access 
(OFDMA). radio-access. for. the. downlink. and. Single-Carrier Frequency Division Multiple Access 
(SC-FDMA).on.the.uplink..Unlike.UTRA,.which.uses.a.square-root.raised.cosine.pulse.shaping.filter,.
E-UTRA.uses.a.rectangular.transmit.pulse..shaping.filter.[12].
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4.1 introduction

What. is. a. general. representation. for. bandpass. digital. and. analog. signals?. How. do. we. represent. a.
.modulated.signal?.How.do.we.evaluate.the.spectrum.and.the.power.of.these.signals?.These.are.some.of.
the.questions.answered.in.this.chapter.

A.baseband.waveform.has.a.spectral.magnitude.that.is.nonzero.for.frequencies.in.the.vicinity.of.the.
origin. (i.e.,. f.=.0). and. negligible. elsewhere.. A. bandpass. waveform. has. a. spectral. magnitude. that. is.
.nonzero. for. frequencies. in.some.band.concentrated.about.a. frequency. f.=.±fc. (where. fc.≫.0),.and.the.
spectral. magnitude. is. negligible. elsewhere.. fc. is. called. the. carrier frequency.. The. value. of. fc. may. be.
.arbitrarily.assigned. for.mathematical. convenience. in. some.problems.. In.others,.namely,.modulation.
problems,. fc. is. the. frequency. of. an. oscillatory. signal. in. the. transmitter. circuit. and. is. the. assigned.
.frequency.of.the.transmitter,.such.as.850.kHz.for.an.AM.broadcasting.station.

In.communication.problems,.the.information.source.signal.is.usually.a.baseband.signal—for..example,.
a.transistor–transistor.logic.(TTL).waveform.from.a.digital.circuit.or.an.audio.(analog).signal.from.a.
microphone.. The. communication. engineer. has. the. job. of. building. a. system. that. will. transfer. the.
.information. from. this. source. signal. to. the. desired. destination.. As. shown. in. Figure. 4.1,. this. usually.
requires.the.use.of.a.bandpass.signal,.s(t),.which.has.a.bandpass.spectrum.that.is.concentrated.at.±fc.
where. fc. is. selected. so. that. s(t). will. propagate. across. the. communication. channel. (either. a. wire. or. a.
.wireless.channel).

4
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Modulation.is.the.process.of.imparting.the.source.information.onto.a.bandpass.signal.with.a.carrier.
frequency.fc.by.the.introduction.of.amplitude.and/or.phase.perturbations..This.bandpass.signal.is.called.
the.modulated.signal.s(t),.and.the.baseband.source.signal.is.called.the.modulating.signal.m(t)..Examples.
of.exactly.how.modulation.is.accomplished.are.given.later.in.this.chapter..This.definition.indicates.that.
modulation. may. be. visualized. as. a. mapping. operation. that. maps. the. source. information. onto. the.
.bandpass.signal.s(t).that.will.be.transmitted.over.the.channel.

As.the.modulated.signal.passes.through.the.channel,.noise.corrupts.it..The.result.is.a.bandpass.sig-
nal-plus-noise. waveform. that. is. available. at. the. receiver. input,. r(t),. as. illustrated. in. Figure. 4.1.. The.
receiver.has.the.job.of.trying.to.recover.the.information.that.was.sent.from.the.source;. �m .denotes.the.
corrupted.version.of.m.

4.2 complex envelope Representation

All.bandpass.waveforms,.whether.they.arise.from.modulated.signals,.interfering.signals,.or.noise,.may.
be.represented. in.a.convenient. form.given.by. the. following. theorem..υ(t).will.be.used. to.denote. the.
bandpass.waveform.canonically..That.is,.υ(t).can.represent.the.signal.when.s(t).≡.υ(t),.the.noise.when.
n(t).≡.υ(t),. the.filtered.signal.plus.noise.at. the.channel.output.when.r(t).≡.υ(t),.or.any.other. type.of.
.bandpass.waveform.*

Theorem 4.1: Any physical bandpass waveform can be represented by

. υ( ) ( )t g t t= { }Re ej cω

. (4.1a)

Re{·}.denotes.the.real.part.of.{⋅}..g(t).is.called.the.complex.envelope.of.υ(t),.and.fc.is.the.associated.
.carrier.frequency.(hertz).where.ωc.=.2π.fc..Furthermore,.two.other.equivalent.representations.are

. υ ω θ( ) ( )cos[ ( )]t R t t t= +c . (4.1b)

and

. υ ω ω( ) ( )cos ( )sint x t t y t t= −c c . (4.1c)

where

. g t x t jy t g t R tg t t( ) ( ) ( ) ( ) ( )( ) ( )= + = ≡∠e ej jθ
. (4.2)

. x t g t R t t( ) { ( )} ( )cos ( )= ≡Re θ . (4.3a)

*. The.symbol.≡.denotes.an.equivalence.and.the.symbol.≜.denotes.a.definition.

Information
input

m Signal
processing

Carrier
circuits

Transmission
medium
(channel)

Carrier
circuits

Signal
processing

ReceiverTransmitter

g(t) s(t) r(t) g~(t) m~

FIGURE 4.1 Bandpass.communication.system..(From.Couch,.L..W.,.II.,.Digital and Analog Communication Systems,.
7th.ed..Copyright.2007,.p..231..Reprinted.with.permission.of.Pearson.Education,.Inc.,.Upper.Saddle.River,.NJ.)
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. y t g t R t t( ) Im ( )} ( )sin ( )= ≡{ θ . (4.3b)

. R t g t x t y t( ) ( ) ( ) ( )� ≡ +2 2
. (4.4a)

.
θ( ) ( ) tan ( )

( )t g t y t
x t� ∠ =

⎛
⎝⎜

⎞
⎠⎟

−1

.
(4.4b)

The.waveforms.g(t),.x(t),.y(t),.R(t),.and.θ(t).are.all.baseband.waveforms,.and,.except.for.g(t),.they.are.
all.real.waveforms..R(t).is.a.nonnegative.real.waveform..Equations.4.1a.through.4.1c.is.a.low-pass-to-
bandpass.transformation..The. ej cω t. factor. in.Equation.4.1a.shifts.(i.e.,. translates). the.spectrum.of. the.
baseband.signal.g(t).from.baseband.up.to.the.carrier.frequency.fc..In.communications.terminology.the.
frequencies.in.the.baseband.signal.g(t).are.said.to.be.heterodyned.up.to.fc..The.complex.envelope,.g(t),.is.
usually.a.complex.function.of.time.and.it.is.the.generalization.of.the.phasor.concept..That.is,.if.g(t).hap-
pens.to.be.a.complex.constant,.then.υ(t).is.a.pure.sine.wave.of.frequency.fc.and.this.complex.constant.is.
the.phasor.representing.the.sine.wave..If.g(t).is.not.a.constant,.then.υ(t).is.not.a.pure.sine.wave.because.
the.amplitude.and.phase.of.υ(t).varies.with.time,.caused.by.the.variations.of.g(t).

Representing.the.complex.envelope.in.terms.of.two.real.functions.in.Cartesian.coordinates,.we.have

. g x x t jy t( ) ( ) ( )≡ + . (4.5)

where.x(t).=.Re{g(t)}.and.y(t).=.Im{g(t)}.⋅.x(t).is.said.to.be.the.in-phase modulation.associated.with.υ(t),.
and.y(t).is.said.to.be.the.quadrature modulation.associated.with.υ(t)..Alternatively,.the.polar.form.of.g(t),.
represented.by.R(t).and.θ(t),.is.given.by.Equation.4.2,.where.the.identities.between.Cartesian.and.polar.
coordinates.are.given.by.Equations.4.3a,.4.3b.and.4.4a,.4.4b..R(t).and.θ(t).are.real.waveforms.and,.in.
addition,.R(t).is.always.nonnegative..R(t).is.said.to.be.the.amplitude modulation.(AM).on.υ(t),.and.θ(t).is.
said.to.be.the.phase modulation.(PM).on.υ(t).

The.usefulness.of.the.complex.envelope.representation.for.bandpass.waveforms.cannot.be.overem-
phasized..In.modern.communication.systems,.the.bandpass.signal.is.often.partitioned.into.two.chan-
nels,.one.for.x(t).called.the.I.(in-phase).channel.and.one.for.y(t).called.the.Q.(quadrature-phase).channel..
In.digital.computer.simulations.of.bandpass.signals,.the.sampling.rate.used.in.the.simulation.can.be.
minimized.by.working.with.complex.envelope,.g(t),.instead.of.working.with.the.bandpass.signal,.υ(t),.
because.g(t).is.the.baseband.equivalent.of.the.bandpass.signal.[1].

4.3 Representation of Modulated Signals

Modulation.is.the.process.of.encoding.the.source.information.m(t).(modulating.signal).into.a.bandpass.
signal.s(t). (modulated.signal)..Consequently,. the.modulated.signal. is. just.a.special.application.of. the.
bandpass.representation..The.modulated signal.is.given.by

. s t g t t( ) Re ( )= { }ej cω

. (4.6)

where.ωc.=.2πfc.⋅.fc.is.the.carrier.frequency..The.complex.envelope.g(t).is.a.function.of.the.modulating.
signal.m(t)..That.is,

. g t g m t( ) [ ( )]= . (4.7)

Thus,.g[·].performs.a.mapping.operation.on.m(t)..This.is.shown.in.Figure.4.1.
Table.4.1.gives.an.overview.of.the.big picture.for.the.modulation.problem..Examples.of.the.mapping.

function.g[m].are.given.for.AM,.double-sideband.suppressed.carrier.(DSB–SC),.PM,.frequency..modulation.
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(FM),. single-sideband.AM.suppressed.carrier. (SSB–AM–SC),. single-sideband.PM.(SSB–PM),. single-
sideband. FM. (SSB–FM),. single-sideband. envelope. detectable. (SSB–EV),. single-sideband. square-law.
detectable.(SSB–SQ),.and.quadrature.modulation.(QM)..For.each.g[m],.Table.4.1.also.shows.the.corre-
sponding.x(t).and.y(t).quadrature.modulation.components,.and.the.corresponding.R(t).and.θ(t).ampli-
tude.and.phase.modulation.components..Digitally.modulated.bandpass.signals.are.obtained.when.m(t).
is.a.digital.baseband.signal—for.example,.the.output.of.a.TTL.circuit.

Obviously,.it.is.possible.to.use.other.g[m].functions.that.are.not.listed.in.Table.4.1..The.question.is:.Are.
they.useful?.g[m].functions.are.desired.that.are.easy.to.implement.and.that.will.give.desirable.spectral.
properties..Furthermore,. in.the.receiver.the.inverse.function.m[g]. is.required..The.inverse.should.be.
single.valued.over.the.range.used.and.should.be.easily.implemented..The.inverse.mapping.should.sup-
press.as.much.noise.as.possible.so.that.m(t).can.be.recovered.with.little.corruption.

4.4 Generalized transmitters and Receivers

A. more. detailed. description. of. transmitters. and. receivers. as. first. shown. in. Figure. 4.1. will. now. be.
illustrated.

There.are.two.canonical. forms.for.the.generalized.transmitter,.as. indicated.by.Equations.4.1b.and.
4.1c..Equation.4.1b.describes.an.AM–PM-type.circuit.as.shown.in.Figure.4.2..The.baseband.signal.pro-
cessing.circuit.generates.R(t).and.θ(t).from.m(t)..The.R.and.θ.are.functions.of.the.modulating.signal.m(t),.
as.given.in.Table.4.1,.for.the.particular.modulation.type.desired..The.signal.processing.may.be.imple-
mented.either.by.using.nonlinear.analog.circuits.or.a.digital.computer.that.incorporates.the.R.and.θ.
algorithms.under.software.program.control..In.the.implementation.using.a.digital.computer,.one.ana-
log-to-digital.converter.(ADC).will.be.needed.at.the.input.of.the.baseband.signal.processor.and.two.
digital-to-analog.converters.(DACs).will.be.needed.at.the.output..The.remainder.of.the.AM–PM.canoni-
cal.form.requires.radio.frequency.(RF).circuits,.as.indicated.in.the.figure.

Figure.4.3.illustrates.the.second.canonical.form.for.the.generalized.transmitter..This.uses.in-phase.
and.quadrature-phase.(IQ).processing..Similarly,.the.formulas.relating.x(t).and.y(t).to.m(t).are.shown.in.
Table.4.1,.and.the.baseband.signal.processing.may.be.implemented.by.using.either.analog.hardware.or.
digital.hardware.with.software..The.remainder.of.the.canonical.form.uses.RF.circuits.as.indicated.

Analogous.to.the.transmitter.realizations,.there.are.two.canonical.forms.of.receiver..Each.one.con-
sists.of.RF.carrier.circuits.followed.by.baseband.signal.processing.as.illustrated.in.Figure.4.1..Typically,.
the.carrier.circuits.are.of.the.superheterodyne-receiver.type.which.consist.of.an.RF.amplifier,.a.down-
converter.(mixer.plus.local.oscillator).to.some.intermediate.frequency.(IF),.an.IF.amplifier,.and.then.
detector.circuits.[1]..In.the.first.canonical.form.of.the.receiver,.the.carrier.circuits.have.amplitude.and.

RF circuits
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Phase
modulator

Modulated signal out

υ(t) = R(t) cos[ωct + θ(t)]

cos[ωct + θ(t)]

Baseband circuits

Modulation
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Baseband signal
processing (Type I)
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be nonlinear

m(t)

R(t)

θ(t)

FIGURE 4.2 Generalized.transmitter.using.the.AM–PM.generation.technique..(From.Couch,.L..W.,.II.,.Digital 
and Analog Communication Systems,. 7th. ed.. Copyright. 2007,. p.. 282.. Reprinted. with. permission. of. Pearson.
Education,.Inc.,.Upper.Saddle.River,.NJ,.p..278..With.permission.)
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phase.detectors.that.output. �R t( ).and. �θ( )t ,.respectively..This.pair,. �R t( ).and. �θ( )t ,.describe.the.polar.form.
of.the.received.complex.envelope,. � �g t R t( ) ( )⋅ .and.�θ( )t .are.then.fed.into.the.signal.processor.which.uses.the.
inverse.functions.of.Table.4.1.to.generate.the.recovered.modulation,. �m t( )..The.second.canonical.form.of.
the.receiver.uses.quadrature.product.detectors.in.the.carrier.circuits.to.produce.the.Cartesian.form.of.
the.received.complex.envelope,. �x t( ).and. � �y t x t( ) ( ).and. �y t( ).are.then.inputted.to.the.signal.processor.which.
generates. �m t( ).at.its.output.

Once.again,.it.is.stressed.that.any.type.of.signal.modulation.(see.Table.4.1).may.be.generated.(trans-
mitted).or.detected.(received).by.using.either.of.these.two.canonical.forms..Both.of.these.forms.conve-
niently.separate.baseband.processing.from.RF.processing..Digital. techniques.are.especially.useful.to.
realize. the. baseband. processing. portion.. Furthermore,. if. digital. computing. circuits. are. used,. any.
desired.modulation.type.can.be.realized.by.selecting.the.appropriate.software.algorithm.

4.5 Spectrum and Power of Bandpass Signals

The.spectrum.of.the.bandpass.signal.is.the.translation.of.the.spectrum.of.its.complex.envelope..Taking.
the.Fourier.transform.of.Equation.4.1a,.the.spectrum.of.the.bandpass.waveform.is.[1]

.
V f G f f G f f( ) [ ( ) ( )]*= − + − −

1
2 c c .

(4.8)

where.G(f).is.the.Fourier.transform.of.g(t),

.
G f g t tft( ) ( )= −

−∞

∞

∫ e dj2π

and.the.asterisk.superscript.denotes.the.complex.conjugate.operation..The.power.spectra.density.(PSD).
of.the.bandpass.waveform.is.[1]

.
P P Pv g c g c( ) [ ( ) ( )]f f f f f= − + − −

1
4 .

(4.9)

where.Pg(f).is.the.PSD.of.g(t).
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FIGURE 4.3 Generalized.transmitter.using.the.quadrature.generation.technique..(From.Couch,.L..W.,.II.,.Digital 
and Analog Communication Systems,.7th.ed..Copyright.2007..Reprinted.with.permission.of.Pearson.Education,.
Inc.,.Upper.Saddle.River,.NJ,.p..283.)
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The.average.power.dissipated.in.a.resistive.load.is. V R I Rrms L rms Lor2 2/ .where.Vrms.is.the.rms.value.of.the.
voltage.waveform.across.the.load.and.is.Irms.the.rms.value.of.the.current.through.the.load..For.bandpass.
waveforms,.Equations.4.1a.through.4.1c.may.represent.either.the.voltage.or.the.current..Furthermore,.
the.rms.values.of.V(t).and.g(t).are.related.by.[1]

.
V t g t grms rms

2 2 2 21
2

1
2= = =υ ( ) | ( )|

.
(4.10)

where.〈⋅〉.denotes.the.time.average.and.is.given.by

.
[] lim []

/

/

=
→∞

−
∫t
T

T

T t1

2

2

d

Thus,.if.υ(t).of.Equations.4.1a.through.4.1c.represents.the.bandpass.voltage.waveform.across.a.resistive.
load,.the.average.power.dissipated.in.the.load.is

.
P V

R
t

R
g t

R
g

RL
rms

L L L

rms

L

| |
= = = =

2 2 2 2

2 2
υ ( ) ( )

.
(4.11)

where.grms.is.the.rms.value.of.the.complex.envelope.and.RL.is.the.resistance.of.the.load.

4.6 Amplitude Modulation

Amplitude.modulation.(AM).will.now.be.examined.in.more.detail..From.Table.4.1.the.complex.enve-
lope.of.an.AM.signal.is

. g t A m t( ) [ ( )]= +c 1 . (4.12)

so.that.the.spectrum.of.the.complex.envelope.is

. G f A f A M f( ) ( ) ( )= +c cδ . (4.13)

Using.Equation.4.6,.we.obtain.the.AM.signal.waveform

. s t A m t t( ) [ ( )]cos= +c c1 ω . (4.14)

and,.using.Equation.4.8,.the.AM.spectrum

.
S f A f f M f f f f M f f( ) [ ( ) ( ) ( ) ( )]= − + − + + + +

1
2 c c c c cδ δ

.
(4.15)

where.δ(f).=.δ(−f).and,.because.m(t).is.real,.M*(f).=.M(−f)..Suppose.that.the.magnitude.spectrum.of.the.
modulation.happens.to.be.a.triangular.function,.as.shown.in.Figure.4.4a..This.spectrum.might.arise.
from.an.analog.audio.source.where.the.bass.frequencies.are.emphasized..The.resulting.AM.spectrum,.
using.Equation.4.15,.is.shown.in.Figure.4.4b..Note.that.because.G(f.−.fc).and.G*(−f.−.fc).do.not.overlap,.
the.magnitude.spectrum.is
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.
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(4.16)

The.1.in

. g t A m t( ) [ ( )]= +c 1

causes.delta.functions.to.occur.in.the.spectrum.at.f.=.±fc,.where.fc.is.the.assigned.carrier.frequency..Also,.
from.Figure.4.4.and.Equation.4.16,.it.is.realized.that.the.bandwidth.of.the.AM.signal.is.2B..That.is,.the.
bandwidth.of.the.AM.signal.is.twice.the.bandwidth.of.the.baseband.modulating.signal.

The.average.power.dissipated.into.a.resistive.load.is.found.by.using.Equation.4.11.

.
P A

R m t A
R m t m tL

c

L

c

L
= + = + 〈 〉 +⎡

⎣
⎤
⎦

2 2 2
2

2 1 2 1 2( ) ( ) ( )

If.we.assume.that.the.dc.value.of.the.modulation.is.zero,.〈m(t)〉.=.0,.then.the.average.power.dissipated.
into.the.load.is

.
P A

R mL
c

L
rms= +

2
2

2 1
.

(4.17)
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FIGURE 4.4 Spectrum.of.an.AM.signal..(a).Magnitude.spectrum.of.modulation..(b).Magnitude.spectrum.of.AM.
signal.. (From.Couch,.L..W.,. II.,.1997..Digital and Analog Communication Systems,.5th.ed..Prentice-Hall,.Upper.
Saddle.River,.NJ,.p..235..With.permission.)
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where.mrms.is.the.rms.value.of.the.modulation,.m(t)..Thus,.the.average.power.of.an.AM.signal.changes.if.
the.rms.value.of.the.modulating.signal.changes..For.example,.if.m(t).is.a.sine.wave.test.tone.with.a.peak.
value.of.1.0.for.100%.modulation,

. mrms /= 1 2

Assume.that.Ac.=.1000.V.and.RL.=.50.Ω,.which.are.typical.values.used.in.AM.broadcasting..Then.the.
average.power.dissipated.into.the.50.Ω.load.for.this.AM.signal.is

.
PL W= +

⎡
⎣⎢

⎤
⎦⎥
=

( )
( ) ,1000

2 50 1 1
2 15 000

2

.
(4.18)

The.Federal.Communications.Commission.(FCC).rated.carrier.power.is.obtained.when.m(t).=.0..In.
this.case,.(4.17).becomes.PL.=.(1000)2/100.=.10,000.W.and.the.FCC.would.rate.this.as.a.10,000.W.AM.
station..The.sideband.power.for.100%.sine.wave.modulation.is.5000.W.

Now.let.the.modulation.on.the.AM.signal.be.a.binary.digital.signal.such.that.m(t).=.±1.where.+1.is.
used.for.a.binary.one.and.−1.is.used.for.a.binary.0..Referring.to.Equation.4.14,.this.AM.signal.becomes.
an.on–off keyed.(OOK).digital.signal.where.the.signal.is.on.when.a.binary.one.is.transmitted.and.off.
when.a.binary.zero.is.transmitted..For.Ac.=.1000.and.RL.=.50.Ω,.the.average.power.dissipated.would.be.
20,000.W.since.mrms.=.1.for.m(t).=.±1.

4.7 Phase and Frequency Modulation

Phase modulation.(PM).and.frequency modulation.(FM).are.special.cases.of.angle-modulated.signaling..
In.angle-modulated.signaling.the.complex.envelope.is

. g t A t( ) ( )= c
je θ

. (4.19)

Using.Equation.4.6,.the.resulting.angle-modulated.signal.is

. s t A t( ) cos[ ( )]= +c cω θ . (4.20)

For.PM.the.phase.is.directly.proportional.to.the.modulating.signal:

. θ( ) ( )t D m t= p . (4.21)

where.the.proportionality.constant.Dp.is.the.phase.sensitivity.of.the.phase.modulator,.having.units.of.
radians.per.volt.[assuming.that.m(t). is.a.voltage.waveform]..For.FM.the.phase.is.proportional. to.the.
integral.of.m(t):

.
θ σ σ( ) ( )t D m

t

=
−∞
∫f d

.
(4.22)

where.the.frequency.deviation.constant.Df.has.units.of.radians/volt-s..These.concepts.are.summarized.
by.the.PM.and.FM.entries.in.Table.4.1.
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By.comparing.the.last.two.equations,.it.is.seen.that.if.we.have.a.PM.signal.modulated.by.mp(t),.there.
is.also.FM.on.the.signal.corresponding.to.a.different.modulating.waveshape.that.is.given.by

.
m t

D
D

m t
tf

p

f

pd
d( )

( )
=

⎡

⎣
⎢

⎤

⎦
⎥

.
(4.23)

where.the.subscripts.f.and.p.denote.frequency.and.phase,.respectively..Similarly,.if.we.have.an.FM.signal.
modulated.by.mf(t),.the.corresponding.PM.on.this.signal.is

.
m t D

D m
t

p
f

p
f d( ) ( )=

−∞
∫ σ σ

.
(4.24)

By.using.Equation.4.24,.a.PM.circuit.may.be.used.to.synthesize.an.FM.circuit.by.inserting.an.integra-
tor.in.cascade.with.the.phase.modulator.input.

Other.properties.of.PM.and.FM.are.that.the.real.envelope,.R(t).=.|g(t)|.=.Ac,.is.a.constant,.as.seen.from.
Equation.4.19..Also,.g(t).is.a.nonlinear.function.of.the.modulation..However,.from.Equations.4.21.and.
4.22,.θ(t).is.a.linear.function.of.the.modulation,.m(t)..Using.Equation.4.11,.the.average.power.dissipated.
by.a.PM.or.FM.signal.is.the.constant

.
P A

RL
c

L
=

2

2 .
.

(4.25)

That.is,.the.average.power.of.a.PM.or.FM.signal.does.not.depend.on.the.modulating.waveform,.m(t).
The. instantaneous frequency deviation. for.an.FM.signal. from.its.carrier. frequency. is.given.by. the.

derivative.of.its.phase.θ(t)..Taking.the.derivative.of.Equation.4.22,.the.peak frequency deviation.is

.
ΔF D M=

1
2π f p Hz

.
(4.26)

where.Mp.=.max[m(t)].is.the.peak.value.of.the.modulation.waveform.and.the.derivative.has.been.divided.
by.2π.to.convert.from.rad/s.to.Hz.units.

For.FM.and.PM.signals,.Carson’s. rule.estimates. the. transmission.bandwidth.containing.approxi-
mately.98%.of.the.total.power..This.FM.or.PM.signal.bandwidth.is

. B BT = +2 1( )β . (4.27)

where.B.is.bandwidth.(highest.frequency).of.the.modulation..The.modulation.index.β,.is.β.=.ΔF/B.for.
FM.and.β.=.max[Dpm(t)].=.DpMp.for.PM.

The.popular.General.Mobile.Radio.Service.(GMRS).handi-talkie.portable.phones.use.FM.signaling..
A.peak.deviation.of.5.kHz.is.specified.with.a.modulation.bandwidth.of.3.kHz..From.Equation.4.27,.this.
gives.a.bandwidth.of.16.kHz.for.the.GMRS.signal.and.allows.a.channel.spacing.of.25.kHz.to.be.used.

The. Group. Special. Mobile. (GSM). digital. cellular. phones. use. FM. with. minimum frequency-shift- 
keying. (MSK). where. the. peak. frequency. deviation. is. selected. to. produce. orthogonal. waveforms. for.
binary.one.and.binary.zero.data..(Digital.phones.use.a.speech.codec.to.convert.the.analog.voice.source.
to.a.digital.data.source.for.transmission.over.the.system.).Orthogonality.occurs.when.ΔF.=.1/4R.where.
R.is.the.bit.rate.(bits/s).[1]..Actually,.GSM.uses.Gaussian-shaped.MSK.(GMSK)..That.is,.the.digital.data.
waveform.(with.rectangular.binary.one.and.binary.zero.pulses).is.first.filtered.by.a.low-pass.filter.having.
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a.Gaussian-shaped.frequency.response.(to.attenuate.the.higher.frequencies)..This.Gaussian-filtered.data.
waveform. is. then. fed. into. the. frequency. modulator. to. generate. the. GMSK. signal.. This. produces. a.
.digitally.modulated.FM.signal.with.a.relatively.small.bandwidth.

Other.digital.cellular.standards.use.QPSK.signaling.as.discussed.in.the.next.section.

4.8 QPSK Signaling

Quadrature phase-shift-keying.(QPSK).is.a.special.case.of.quadrature.modulation.as.shown.in.Table.4.1.
where.m1(t).=.±1.and.m2(t).=.±1.are.two.binary.bit.streams..The.complex.envelope.for.QPSK.is

. g t x t jy t A m t jm t( ) ( ) ( ) [ ( ) ( )]= + = +c 1 2

where.x(t).=.±Ac.and.y(t).=.±Ac..The.permitted.values.for.the.complex.envelope.are. illustrated.by.the.
QPSK.signal.constellation.shown.in.Figure.4.5a..The.signal constellation.is.a.plot.of.the.permitted.values.
for.the.complex.envelope,.g(t)..QPSK.may.be.generated.by.using.the.quadrature.generation.technique.
seen.in.Figure.4.3,.where.the.baseband.signal.processor.is.a.serial-to-parallel.converter.that.reads.in.two.
bits.of.data.at.a.time.from.the.serial.binary.input.stream,.m(t).and.outputs.the.first.of.the.two.bits.to.x(t).
and.the.second.bit.to.y(t)..If.the.two.input.bits.are.both.binary.ones,.(11),.then.m1(t).=.+Ac.and.m2(t).=.+Ac..
This.is.represented.by.the.top.right-hand.dot.for.g(t).in.the.signal.constellation.for.QPSK.signaling.in.
Figure.4.5a..Likewise,.the.three.other.possible.two-bit.words,.(10),.(01),.and.(00),.are.also.shown..The.
QPSK.signal.is.also.equivalent.to.a.four-phase.phase-shift-keyed.signal.(4PSK).since.all.the.points.in.the.
signal.constellation.fall.on.a.circle.where.the.permitted.phases.are.θ(t).=.45°,.135°,.225°,.and.315°..There.
is.no.AM.on.the.QPSK.signal.since.the.distances.from.the.origin.to.all.the.signal.points.on.the.signal.
constellation.are.equal.

For.QPSK,.the.spectrum.of.g(t).is.of.the.sin.x/x.type.since.x(t).and.y(t).consists.of.rectangular.data.
pulses.of.value.±Ac..Moreover,.it.can.be.shown.that.for.equally.likely.independent.binary.one.and.binary.
zero. data,. the. power. spectral. density. of. g(t). for. digitally. modulated. signals. with. M. point. signal.
.constellations.is.[1]

.
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b
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2

.
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where.K.is.a.constant,.R.=.1/Tb.is.the.data.rate.(bits/s).of.m(t).and.M.=.2ℓ..M.is.the.number.of.points.in.
the.signal.constellation..For.QPSK,.M.=.4.and.ℓ.=.2..This.PSD.for.the.complex.envelope,.Pg(f),.is..plotted.
in.Figure.4.6..The.PSD.for.the.QPSK.signal.(ℓ.=.2).is.given.by.translating.Pg(f).up.to.the.carrier.fre-
quency.as.indicated.by.Equation.4.9.

Referring.to.Figure.4.6.or.using.Equation.4.28,.the.first-null.bandwidth.of.g(t).is.R/ℓ.Hz..Consequently,.
the.null-to-null.bandwidth.of.the.modulated.RF.signal.is

.
B R

null Hz=
2
� .

(4.29)

For.example,.if.the.data.rate.of.the.baseband.information.source.is.9600.bits/s,.then.the.null-to-null.
bandwidth.of.the.QPSK.signal.would.be.9.6.Hz.since.ℓ.=.2.

Referring.to.Figure.4.6,.it.is.seen.that.the.sidelobes.of.the.spectrum.are.relatively.large.so,.in.practice,.
the. sidelobes. of. the. spectrum. are. filtered. off. to. prevent. interference. to. the. adjacent. channels.. This.
.filtering.rounds.off. the.edges.of. the.rectangular.data.pulses.and. this.causes. some.AM.on. the.QPSK.
.signal..That.is,.the.points.in.the.signal.constellation.for.the.filtered.QPSK.signal.would.be.fuzzy.since.the.
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transition.from.one.constellation.point.to.another.point.is.not.instantaneous.because.the.filtered.data.
pulses.are.not.rectangular..QPSK.is.the.modulation.used.for.digital.cellular.phones.with.the.IS-95.Code.
Division.Multiple.Access.(CDMA).standard.

Equation. 4.28. and. Figure. 4.6. also. represent. the. spectrum. for. quadrature modulation amplitude 
 modulation.(QAM).signaling..QAM.signaling.allows.more.than.two.values.for.x(t).and.y(t)..For.exam-
ple,.QAM.where.M.=.16.has.16.points.in.the.signal.constellation.with.4.values.for.x(t).and.4.values.for.
y(t).such.as,.for.example,.x(t).=.+Ac,. –Ac,.+3Ac,.−3Ac.and.y(t).=.+Ac,.−Ac,.+3Ac,.−3Ac..This.is.shown.in.
Figure.4.5b..Each.point.in.the.M.=.16.QAM.signal.constellation.would.represent.a.unique.four-bit.data.
word,.as.compared.with.the.M.=.4.QPSK.signal.constellation.shown.in.Figure.4.5a.where.each.point.
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represents.a.unique.two-bit.data.word..For.an.R.=.9600.bits/s. information.source.data.rate,.a.M.=.16.
QAM.signal.would.have.a.null-to-null.bandwidth.of.4.8.kHz.since.∙.=.4.

For.OOK.signaling.as.described.at.the.end.of.Section.4.6,.the.signal.constellation.would.consist.of.
M.=.2. points. along. the. x. axis. where. x.=.0,. 2Ac. and. y.=.0.. This. is. illustrated. in. Figure. 4.5c.. For. an.
R.=.9600.bit/s. information. source. data. rate,. an. OOK. signal. would. have. a. null-to-null. bandwidth. of.
19.2.kHz.since.∙.=.1.

4.9 oFDM Signaling

Orthogonal frequency division multiplexing.(OFDM).is.a.technique.for.transmitting.data.in.parallel.by.
using.a.large.number.of.modulated.carriers.with.sufficient.frequency.spacing.so.that.the.carriers.are.
orthogonal..As.we.shall.see,.OFDM.provides.resistance.to.data.errors.caused.by.multipath.channels.

Over.a.T-s.interval,.the.complex.envelope.for.the.OFDM.signal.is

.
g t A w t t Tn n

n

N

( ) ( ),= > >
=

−

∑c ϕ 0
0

1

.
(4.30)

where. Ac. is. the. carrier. amplitude,. wn. is. the. element. of. the. N-element. parallel. data. vector.
w.=.[w0, w1,. . .,wN−1].and.the.orthogonal.carriers.are

.
ϕ π

n
f t

nt f T n N
n( ) = = −

−⎛
⎝⎜

⎞
⎠⎟

e wherej2 1 1
2 .

(4.31)

A.key.advantage.of.OFDM.is.that.it.can.be.generated.relatively.easily.by.using.fast Fourier transform.
(FFT).digital.signal.processing.techniques.[1]..From.a.utilization.standpoint,.the.advantage.of.OFDM.
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FIGURE 4.6 PSD.for.the.complex.envelope.of.MPSK.and.QAM.where.M.=.2∙.and.R.is.bit.rate.(positive.frequen-
cies.shown)..(From.Couch,.L..W.,.II.,.Digital and Analog Communication Systems,.7th.ed..Copyright.2007,.p..360..
Upper.Saddle.River,.NJ..Reprinted.with.permission.of.Pearson.Education.Inc.)
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over.single-carrier.schemes.is.the.ability.of.OFDM.signaling.to.provide.good.data.recovery.over.wireline.
channels,. such. as. twisted. pair. line. that. has. severe. attenuation. at. higher. frequencies.. For. wireless.
.channels,.OFDM.tolerates.narrow-band.interference.and.frequency-selective.fading.due.to.multipath..
OFDM.is.used.in.digital subscriber line.(DSL).wireline.signaling,.and.in.wireless.Wi-Fi,.Wi-Max,.and.4G.
cellular.systems.

For.more.information.about.OFDM,.see.http://en.wilkipedia.org.
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5.1 introduction

Modulation.is.the.process.whereby.message.information.is.embedded.into.a.radio.frequency.carrier..
Message.information.can.be.transmitted.in.the.amplitude,.frequency,.or.phase.of.the.carrier,.or.a.com-
bination. thereof,. in. either. analog. or. digital. format.. Analog. modulation. schemes. include. amplitude.
modulation.(AM).and.frequency.modulation.(FM)..Analog.modulation.schemes.are.still.used.today.for.
broadcasting.AM/FM.radio,.but.all.other.communication.and.broadcast.systems.now.use.digital.modu-
lation..Digital.modulation. schemes. transmit. information.using. a.finite. set.of.waveforms.and.have.a.
number.of.advantages.over.their.analog.counterparts..Digital.modulation.is.a.natural.choice.for.digital.
sources,.for.example,.computer.communications..Source.encoding.or.data.compression.techniques.can.
reduce.the.required.transmission.bandwidth.with.a.controlled.amount.of.signal.distortion..Digitally.
modulated.waveforms.are.also.more.robust.to.channel.impairments.such.as.delay.and.Doppler.spread,.
and.cochannel.and.adjacent.channel.interference..Finally,.encryption.and.multiplexing.is.easier.with.
digital.modulation.schemes.

Modulation.schemes.can.be.designed.to.provide.power.and/or.bandwidth.efficient.communication..
In.an.information.theoretic.sense,.we.want.to.operate.close.to.the.Shannon.capacity.limit.of.a.channel..
This.generally.requires.the.use.of.error.control.coding.along.with.a.jointly.designed.encoder.and.modu-
lator..However,.in.this.chapter.we.only.consider.the.modulation.schemes.by.themselves..The.bandwidth.
efficiency.of.a.modulation.scheme.indicates.how.much.information.is.transmitted.per.channel.use.and.
is.measured.in.units.of.bits.per.second.per.Hertz.of.bandwidth.(bits/s/Hz)..The.power.efficiency.can.be.
measured.by.the.received.signal-to-interference-plus-noise.ratio.(SINR).that.is.required.to.achieve.reli-
able.communication.with.specified.bandwidth.efficiency.in.the.presence.of.channel.impairments.such.
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as.delay.spread.and.Doppler.spread..In.general,.modulation.techniques.for.spectrally.efficient.commu-
nication.systems.should.have.the.following.properties:

•. Compact power density spectrum:.To.minimize. the.effect.of.adjacent.channel. interference,. the.
power.radiated.into.the.adjacent.band.is.often.limited.to.be.60–80.dB.below.that.in.the.desired.
band..This.requires.modulation.techniques.having.a.power.spectrum.characterized.by.a.narrow.
main.lobe.and.fast.roll-off.of.side-lobes.

•. Robust communication:.Reliable.communication.must.be.achieved.in.the.presence.of.delay.and.
Doppler. spread,. adjacent.and.cochannel. interference,. and. thermal.noise..Modulation. schemes.
that.promote.good.power.efficiency.in.the.presence.of.channel.impairments.are.desirable.

•. Envelope properties:.Portable.and.mobile.devices.often.employ.power-efficient.nonlinear.(Class-C).
power.amplifiers.to.minimize.battery.drain..However,.amplifier.nonlinearities.will.degrade.the.
performance.of.modulation.schemes.that.transmit. information.in.the.amplitude.of.the.carrier.
and/or.have.a.nonconstant.envelope..To.obtain.suitable.performance,.such.modulation.schemes.
require.a.less.power-efficient.linear.or.linearized.power.amplifier..Also,.spectral.shaping.is.usually.
performed.prior.to.upconversion.and.nonlinear.amplification..To.prevent.the.regrowth.of.spec-
tral.side.lobes.during.nonlinear.amplification,.modulation.schemes.having.a.relatively.constant.
envelope.are.desirable.

5.2 Basic Description of Modulated Signals

With.any.modulation.technique,.the.bandpass.signal.can.be.expressed.in.the.form

.
s t s t f t( ) ( )= ℜ{ }� ej c2π

. (5.1)

where. � � �s t s t s t( ) ( ) ( )= +I Qj .is.the.complex.envelope,.fc.is.the.carrier.frequency,.and.ℜ{z}.denotes.the.real.
part.of.z..For.any.digital.modulation.scheme,.the.complex.envelope.can.be.written.in.the.standard.form.[1]

.
�s t A b t nT

n
n( ) ( , )= −∑ x

.
(5.2)

. xn n n n Kx x x= …− −( , , , ),1 . (5.3)

where.A.is.the.amplitude.and.{xn}.is.the.sequence.of.complex.data.symbols.that.are.chosen.from.a.finite.
alphabet,.and.K. is. the.modulator.memory.order.which.may.be.finite.or. infinite..One.data.symbol. is.
transmitted.every.T.seconds,.so.that.the.baud.rate.is.R.=.1/T.symbols/s..The.function.b(t,xi).is.a.general-
ized.shaping.function.whose.exact.form,.along.with.the.modulator.memory.order,.depends.on.the.type.
of.modulation. that. is.employed..Several.examples.are.provided. in. this.chapter.where. information. is.
transmitted.in.the.amplitude,.phase,.or.frequency.of.the.bandpass.signal.

The.power.spectral.density.of.the.bandpass.signal,.Sss( f ),.is.related.to.the.power.spectral.density.of.the.
complex.envelope,.S f��ss ( ),.by

.
S f S f f S f fss ss c ss c( ) ( ) ( ) .= − − + +⎡⎣ ⎤⎦

1
2 �� ��

.
(5.4)

The.power.density.spectrum.of.the.complex.envelope.for.a.digital.modulation.scheme.has.the.general.
form
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.
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where
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S f B f B fb m mE,
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1
2 0x x

.
(5.6)

B(f,xm).is.the.Fourier.transform.of.b(t,xm),.and.E.[⋅].denotes.the.expectation.operator..Usually.symmetric.
signal.sets.are.chosen.so.that.the.complex.envelope.has.zero.mean,.that.is,.E.[b(t,x0)].=.0..This.implies.
that.the.power.density.spectrum.has.no.discrete.components..If.in.addition.xm.and.x0.are.independent.
for.|m|.>.K,.then

.
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(5.7)

Another.important.case.arises.with.uncorrelated.zero-mean.data,.where.Sb,K(f).=.0,.K.=.1..In.this.case,.
only.the.term.Sb,0( f ).remains.and

.
S f A

T S f��ss b( ) ( ),,=
2

0
.

(5.8)

where

.
S f B fb E, ( ) | ( , ) | .0 0

21
2= ⎡⎣ ⎤⎦x

.
(5.9)

5.3 Quadrature Amplitude Modulation

Quadrature.amplitude.modulation.(QAM).is.a.bandwidth-efficient.modulation.scheme.that.is.used.in.
numerous.wireless.standards..With.QAM,.the.complex.envelope.of.the.transmitted.waveform.is

.
�s t A b t nT

n
n( ) ( , )= −∑ x

.
(5.10)

where

. b t x h tn n( , ) ( )x = a . (5.11)

ha(t).is.the.amplitude.shaping.pulse,.and.xn.=.xI,n.+.jxQ,n.is.the.complex-valued.data.symbol.that.is.trans-
mitted.at.epoch.n..Each.symbol.xk.is.mapped.onto.log2.M.source.bits..It.is.apparent.that.both.the.ampli-
tude.and.the.excess.phase.of.a.QAM.waveform.depend.on. the.complex.data.symbols..QAM.has. the.
advantage.of.high.bandwidth.efficiency,.but.amplifier.nonlinearities.will.degrade.its.performance.due.to.
its.nonconstant.envelope.
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5.3.1 QAM Signal constellations

A.variety.of.QAM.signal.constellations.may.be.constructed..Square.QAM.constellations.can.be.con-
structed.when.M.is.an.even.power.of.2.by.choosing.xI,m,xQ,m.∈.{±1,.±3,.. . .,.±(N.−.1)}.and.N M= ..The.
complex.signal-space.diagram.for.the.square.4-,.16-,.and.64-QAM.constellations.is.shown.in.Figure.5.1..
Note.that.the.minimum.Euclidean.distance.between.any.two.signal.vectors.is.2 2Eh ,.where

.
E A h t th a d=

−∞

∞

∫
2

2
2 ( )

.
(5.12)

is.the.energy.in.the.bandpass.pulse.Aha(t).cos2πfct.under.the.condition.fcT.>>.1.
When.M. is.an.odd.power.of.2,.the.signal.constellation.is.not.square..Usually,.the.constellation.is.

given.the.shape.of.a.cross.to.minimize.the.average.energy.in.the.constellation.for.a.given.minimum.
Euclidean.distance.between.signal.vectors..Examples.of.the.QAM.“cross.constellations”.are.shown.in.
Figure.5.2.

5.3.2 Root Raised cosine Pulse Shaping

The.amplitude. shaping.pulse. is.very.often.chosen. to.be.a. square. root. raised.cosine.pulse,.where. the.
Fourier.transform.of.ha(t).is

.
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(5.13)

The.receiver.implements.the.matched.filter.ha(−t).so.that.the.overall.pulse.produced.by.the.cascade.of.the.
transmitter.and.receiver.matched.filters.is.p(t).=.ha(t)*.ha(−t)..It.follows.that.the.Fourier.transform.of.p(t).
is.P f H f H f H f( ) ( ) ( ) ( )*= =a a a

2
.which.is.a.raised.cosine.pulse..Taking.the.inverse.Fourier.transform.of.

Ha( f ).gives.the.root.raised.cosine.pulse

M = 64

M = 16

M = 4

ϕ1(t)  

2 2Eh

FIGURE 5.1 Complex.signal-space.diagram.for.square.QAM.constellations.
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The.overall.pulse.p(t).is.the.raised.cosine.pulse

.
p t t T

t T
t T

t T( ) sin cos
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/
/

/
/1 2 2

.
(5.15)

The.roll-off.factor.β.usually.lies.between.0.and.1.and.defines.the.excess.bandwidth.100β%..For.β.=.0,.the.
root.raised.cosine.pulse.reduces.to.the.sinc.pulse.ha(t).=.sinc(t/T)..Using.a.smaller.β.results.in.a.more.com-
pact.power.density.spectrum,.but.the.link.performance.becomes.more.sensitive.to.errors.in.the.symbol.
timing..The.raised.cosine.and.root.raised.cosine.pulses.corresponding.to.β.=.0.5.are.shown.in.Figure 5.3..
Strictly.speaking,.the.root.raised.cosine.pulse.in.Equation.5.14.is.noncausal..Therefore,.in.practice,.a.trun-
cated.and.time-shifted.approximation.of.the.pulse.must.be.used..For.example,.in.Figure 5.3.the.pulse.is.
truncated.to.length.6T.and.right.time-shifted.by.3T.to.yield.a.causal.pulse..The.time-shifting.makes.the.
pulse.have.a.linear.phase.response,.while.the.pulse.truncation.will.result.in.a.pulse.that.is.no.longer.strictly.
bandlimited..Finally,.we.note.that.the.raised.cosine.pulse.is.a.Nyquist.pulse.having.equally.spaced.zero.
crossings.at.the.baud.period.T,.while.the.root.raised.cosine.pulse.by.itself.is.not.a.Nyquist.pulse.

5.3.3 Power Spectrum of QAM

The.power.density.spectrum.of.the.QAM.complex.envelope.is

.
S f A

T H fss x��( ) ( ) ,=
2

2 2
σ a

.
(5.16)

M = 32

M = 128

2 2Eh

ϕ1(t)

FIGURE 5.2 Complex.signal-space.diagram.for.cross.QAM.constellations.
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where.σx kx2 21 2= / E[| | ]..With.root.raised.cosine.pulse.shaping,.|Ha( f )|2.=.P( f ).has.the.form.defined.in.
Equation.5.13.with.ha(t).in.Equation.5.14..The.root.raised.cosine.pulse.is.noncausal..When.the.pulse.is.
implemented.as.a.digital.FIR.filter,.it.must.be.truncated.to.a.finite.length.τ.=.LT..This.truncation.pro-
duces. the. new. pulse. �h t h t t LTa a rect /( ) ( ) ( )= .. The. Fourier. transform. of. the. truncated. pulse. �h ta ( ). is.
�H f H f LT fLTa a sinc( ) ( ) ( )= ∗ π ,.where*.denotes.the.operation.of.convolution.taken.over.the.frequency.

variable.f..The.PSD.of.QAM.with.the.pulse. �h ta ( ).can.again.be.obtained.from.Equation.5.16.by.simply.
replacing.Ha( f ).with. �H fa ( )..As.shown.in.Figure.5.4,.pulse.truncation.can.lead.to.significant.side.lobe.
regeneration..Finally,.to.fairly.compare.bandwidth.efficiencies.with.different.modulation.alphabet.sizes.
M,.the.frequency.variable.should.be.normalized.by.the.bit.interval.Tb.such.that.T.=.Tblog2.M.
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FIGURE 5.3 Raised.cosine.and.root.raised.cosine.pulses.with.roll-off.factor.β.=.0.5..The.pulses.are.truncated.to.
length.6T.and.time.shifted.by.3T.to.yield.causal.pulses.
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5.4 Phase Shift Keying and π/4-QDPSK

With.phase.shift.keying,.the.complex.envelope.has.the.form

.
�s t A b t nT

n
n( ) ( , ),= −∑ x

.
(5.17)

where

. b t h tn
n( , ) ( ) ,x = a

je θ

. (5.18)

ha(t).is.the.amplitude.shaping.pulse,.and.the.excess.phase.takes.on.the.values

.
θ

π
n nM x=

2 ,
.

(5.19)

where.xn.∈.{0,1,.. . .,.M.−.1}.and.M.is.the.size.of.the.modulation.alphabet..Each.symbol.xk.is.mapped.onto.
log2M.source.bits..A.quadrature.phase.shift-keyed.(QPSK).signal.is.obtained.by.using.M.=.4.resulting.in.
a.transmission.rate.of.2.bits/symbol.

Unlike.conventional.QPSK.that.has.four.possible.transmitted.phases,.π/4.phase-shifted.quadrature.dif-
ferential.phase.shift.keying.(π/4-QDPSK).has.eight.possible.transmitted.phases..Let.θn.be.the.absolute.excess.
phase.for.the.nth.data.symbol,.and.let.Δθn.=.θn.−.θn−1.be.the.differential.excess.phase..With.π/4-DQPSK,.the.
differential.excess.phase.is.related.to.the.quaternary.data.sequence.{xn},.xn.∈.{±1,.±3}.through.the.mapping

.
Δθ

π
n nx= 4 .

.
(5.20)

Note.that.the.excess.phase.differences.are.±π/4.and.±3π/4.
The.complex.envelope.of.the.π/4-DQPSK.signal.is

.
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(5.21)
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The.summation.in.the.exponent.of.Equation.5.22.represents.the.accumulated.excess.phase,.while.the.last.
term.is.the.excess.phase.increment.due.to.the.nth.data.symbol..The.absolute.excess.phase.during.the.
even.and.odd.baud.intervals.belongs.to.the.sets.{0,π/2,π,3π/2}.and.{π/4,3π/4,5π/4,7π/4},.respectively,.or.
vice. versa.. With.π/4-DQPSK. the. amplitude. shaping. pulse. ha(t). is. often. chosen. to. be. the. root. raised.
cosine.pulse.in.Equation.5.14.

The.signal-space.diagrams.for.QPSK.and.π/4-DQPSK.are.shown.in.Figure.5.5,.where.Eh.is.the.sym-
bol.energy..The.dotted.lines.in.Figure.5.5.show.the.allowable.phase.transitions..The.phaser.diagram.for.
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π/4-DQPSK. with. root. raised. cosine. amplitude. pulse. shaping. is. shown. in. Figure. 5.6.. Note. that. the.
phase. trajectories. do. not. pass. through. the. origin.. Like. OQPSK,. this. property. reduces. the. peak-to-
average.power.ratio.(PAPR).of.the.complex.envelope,.making.the.π/4-DQPSK.waveform.less.sensitive.
to.power.amplifier.nonlinearities..Finally,.we.observe.that.the.excess.phase.of.π/4-DQPSK.changes.by.
±π/4.or.±3π/4.radians.during.every.baud.interval..This.property.makes.symbol.synchronization.easier.
with.π/4-DQPSK.as.compared.with.QPSK.

The.power.density.spectrum.of.QPSK.and.π/4-QPSK.is.given.by

.
S f A

T H f��ss a( ) ( ) .=
2 2

2 .
(5.23)

Note. that.π/4-DQPSK.has. the.same.power.spectrum.as.QPSK..Of.course.π/4-DQPSK.has.a. lower.
PAPR.than.QPSK.

2Eh 2Eh

QPSK π/4-QPSK

ϕ1(t)ϕ1(t)

FIGURE 5.5 Complex.signal-space.diagram.QPSK.and.π/4-DQPSK.signals.
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FIGURE 5.6 Phaser.diagram.for.π/4-DQPSK.with.root.raised.cosine.amplitude.pulse.shaping;.β.=.0.5.
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5.5  continuous Phase Modulation, Minimum Shift Keying, 
and GMSK

Continuous.phase.modulation.(CPM).refers.to.a.broad.class.of.FM.techniques.where.the.carrier.phase.
varies.in.a.continuous.manner..A.comprehensive.treatment.of.CPM.is.provided.in.Reference.2..CPM.
schemes.are.attractive.because.they.have.constant.envelope.and.excellent.spectral.characteristics..The.
complex.envelope.of.a.CPM.waveform.has.the.general.form

. �s t A t( ) ,( )= +( )ej 0φ θ
. (5.24)

where.A.is.the.amplitude,.θ0.is.initial.carrier.phase.at.t.=.0,.and

.
φ π τ τ( ) ( )t h x h kTk
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t

= −
=

∞

∑∫2
00

f d
.

(5.25)

is.the.excess.phase,.h.is.the.modulation.index,.{xk}.is.the.data.symbol.sequence,.hf(t).is.the.frequency.
shaping.pulse,.and.T.is.the.baud.period..The.CPM.waveform.can.be.written.in.the.standard.form

.
�s t A b t nT

n
n( ) ( , )= −∑ x

.
(5.26)

where
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(5.27)

xn =.(xn,.xn−1,.. . .,.x0),.and.we.have.assumed.an.initial.phase.θ0.=.0..CPM.waveforms.have.the.following.
properties:

•. The.data.symbols.are.chosen.from.the.alphabet.{±1,.±3,.. . .,.±(M.−.1)},.where.M.is.the.modulation.
alphabet.size.and.M.is.even.

•. h.is.the.modulation.index.and.is.directly.proportional.to.the.peak.and/or.average.frequency.devia-
tion.from.the.carrier..The.instantaneous.frequency.deviation.from.the.carrier.is

.
f t t

t h x h t kTk
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0
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φ

.
(5.28)

•. hf(t).is.the.frequency.shaping.function,.which.is.zero.for.t.<.0.and.t.>.LT,.and.normalized.to.have.
an.area.equal.to.1/2..Full.response.CPM.has.L.=.1,.while.partial.response.CPM.has.L.>.1.

5.5.1 Minimum Shift Keying

Minimum.shift.keying.(MSK).is.a.special.form.of.binary.CPM.(xk.∈.{−1,.+1}).that.uses.a.rectangular.
frequency.shaping.pulse.hf(t) =.(1/2T)uT(t),.and.a.modulation.index.h.=.1/2..In.this.case,
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e
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2 20
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.
(5.29)

where.uT(t).=.u(t).-.u(t.-.T).and.u(t).is.the.unit.step.function.
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The.MSK.waveform.can.be.described.by.the.phase.trellis.diagram.shown.in.Figure.5.7.which.plots.the.
time.behavior.of.the.excess.phase

.
φ

π π( ) .t x x t nT
Tk

k

n

n= +
−

=

−

∑2 2
0

1

.
(5.30)

At.the.end.of.each.symbol.interval.the.excess.phase.ϕ(t).takes.on.values.that.are.integer.multiples.of.π/2..
Since.excess.phases.that.differ.by.integer.multiples.of.2π.are.indistinguishable,.the.values.taken.by.ϕ(t).
at.the.end.of.each.symbol.interval.belong.to.the.finite.set.{0,.π/2,.π,.3π/2}.

An.interesting.property.of.MSK.can.be.observed.from.the.MSK.bandpass.waveform..The.bandpass.
waveform.on.the.interval.[nT,(n.+.1)T].can.be.obtained.from.Equation.5.29.as
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(5.31)

Observe.that.the.MSK.bandpass.waveform.has.one.of.two.possible.frequencies.in.each.baud.interval

.
f f T f f TL c U cand= − = +

1
4

1
4 .

(5.32)

depending.on.the.data.symbol.xn..The.difference.between.these.two.frequencies.is.fU.−.fL.=.1/(2T)..This.
is.the.minimum.frequency.separation.to.ensure.orthogonality.between.two.cophased.sinusoids.of.dura-
tion.T.and,.hence,.the.name.minimum.shift.keying.

Another.interesting.representation.for.MSK.waveforms.can.be.obtained.by.using.Laurent’s.decompo-
sition.[3].to.express.the.MSK.complex.envelope.in.the.quadrature.form

.
�s t A b t nT

n

( ) ( , ),= −∑ 2 xn

.
(5.33)

where

. b t h t T h tn n n( , ) ( ) ( )x = − ++x x� �2 1 2a aj . (5.34)
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FIGURE 5.7 Phase-trellis.for.MSK.
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and.where.xn n n= +( , )x x� �2 1 2 ,

. x x� �
2 2 1 2n n nx= − . (5.35)

. x x� �
2 1 2 2 1n n nx+ += − . (5.36)

. x� − =1 1 . (5.37)

and
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2 2

.
(5.38)

The.sequences,.{ }x� 2n .and.{ }x� 2 1n+ ,.are.independent.binary.symbol.sequences.taking.on.values.from.the.set.
{−1,.+1}..The.symbols.x� 2n.and.x� 2 1n+ .are.transmitted.on.the.quadrature.branches.with.a.half-sinusoid.(HS).
amplitude.shaping.pulse.of.duration.2T.s.and.an.offset.of.Ts..Hence,.MSK.is.equivalent.to.offset.quadra-
ture.amplitude.shift.keying.(OQASK).with.HS.amplitude.pulse.shaping..This.linear.representation.of.
MSK.is.useful.in.practice.for.linear.detection.of.MSK.waveforms.

To.obtain.the.power.density.spectrum.of.MSK,.we.observe.from.Equation.5.34.that.the.MSK.base-
band.signal.has.the.quadrature.form

.
�s t A b t nT

n
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.
(5.39)

where

. b t h t T h tn n n( , ) ( ) ( )x = − ++x x� �
2 1 2a aj . (5.40)
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xn n n= +( , )x x� �
2 1 2 .is.a.sequence.of.odd–even.pairs.assuming.values.from.the.set.{±1,.±1},.and.T.is.the.bit.

period..The.Fourier.transform.of.Equation.5.40.is
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Since.the.data.sequence.is.zero-mean.and.uncorrelated,.the.MSK.psd.is

.
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The.Fourier.transform.of.the.HS.pulse.in.Equation.5.38.is

.
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(5.44)
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Hence,.the.power.spectrum.becomes
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The.PSD.of.MSK.is.plotted.in.Figure.5.10..Observe.that.an.MSK.signal.has.fairly.large.sidelobes.com-
pared.to.π/4-QPSK.with.a.truncated.square.root.raised.cosine.pulse.(cf..Figure.5.4).

5.5.2 Gaussian Minimum Shift Keying

The.MSK.power.spectrum.has.a.relatively.broad.main.lobe.and.slow.roll-off.of.side.lobes..A.more.com-
pact.power.spectrum.can.be.achieved.by.low-pass.filtering.the.MSK.modulating.signal

.
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prior.to.FM.as.shown.in.Figure.5.8..Such.filtering.suppresses.the.higher-frequency.components.in.x(t).
thus.yielding.a.more.compact.power.spectrum..GMSK.is.a.special.type.of.partial.response.CPM.that.
uses.a.low-pass.premodulation.filter.having.the.transfer.function.[4]
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where.B.is.the.3.dB.bandwidth.of.the.filter..It.is.apparent.that.H(..f  ).is.shaped.like.a.Gaussian.probability.
density. function.with.mean. f.=.0.and,.hence,. the.name.“Gaussian”.MSK..Convolving.the.rectangular.
pulse
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with.the.corresponding.filter.impulse.response.h(t).yields.the.frequency.shaping.pulse
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g(t)
h(t) FM

modulator
s(t)x(t)

FIGURE 5.8 Premodulation.filtered.MSK..The.MSK.modulating.signal.is.low-pass.filtered.to.remove.the.high-
frequency.components.prior.to.FM.
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where
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.
σ

π
2

2 2
2

4
=

ln
( )

.
BT .

(5.50)

Figure.5.9.plots.the.GMSK.frequency.shaping.pulse.(truncated.to.5T.and.time.shifted.by.2.5T.to.yield.a.
causal.pulse). for.various.normalized.premodulation.filter.bandwidths.BT..The.popular.GSM.cellular.
standard.uses.GMSK.with.BT.=.0.3.

The.power.density.spectrum.of.GMSK.is.quite.difficult.to.obtain,.but.can.be.computed.by.using.pub-
lished.methods.[5]..Figure.5.10.plots.the.power.density.spectrum.for.BT.=.0.2,.0.25,.and.0.3,.obtained.
from.K..Wesolowski.(private.comm.,.1994)..Observe.that.the.spectral.sidelobes.are.greatly.reduced.by.
the.Gaussian.low-pass.filter.

5.6 orthogonal Frequency Division Multiplexing

Orthogonal.frequency.division.multiplexing.(OFDM).is.a.block.modulation.scheme.where.data.symbols.are.
transmitted.in.parallel.on.orthogonal.subcarriers..A.block.of.N.data.symbols,.each.of.duration.Ts,.is.con-
verted.into.a.block.of.N.parallel.data.symbols,.each.of.duration.T.=.NTs..The.N.parallel.data.symbols.modu-
late.N.subcarriers.that.are.spaced.in.frequency.1/T.Hz.apart..The.OFDM.complex.envelope.is.given.by

.
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where
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FIGURE 5.9 GMSK.frequency.shaping.pulse.for.various.normalized.premodulation.filter.bandwidths.BT.
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n.is.the.block.index,.k.is.the.subcarrier.index,.N.is.the.number.of.subcarriers,.and.x x x xn n n nN
= …

−
{ , , , }

0 1 1
.

is.the.data.symbol.block.at.epoch.n..The.data.symbols.xnk
.are.usually.chosen.from.a.QAM.or.PSK.signal.

constellation,.although.any.2-D.signal.constellation.can.be.used..The.1/T.Hz.frequency.separation.of.the.
subcarriers.ensures.that.the.corresponding.subchannels.are.mutually.orthogonal.regardless.of.the.ran-
dom.phases.that.are.imparted.by.the.data.modulation.

A.cyclic.extension.(or.guard.interval).is.usually.added.to.the.OFDM.waveform.in.Equations.5.51.and.
5.52.to.combat.delay.spread..The.cyclic.extension.can.be.in.the.form.of.either.a.cyclic.prefix.or.a.cyclic.
suffix..With.a.cyclic.suffix,.the.OFDM.complex.envelope.becomes

.
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where.αgT.is.the.length.of.the.guard.interval.and.�s t( ).is.defined.in.Equations.5.51.and.5.52..The.OFDM.
waveform.with.cyclic.suffix.can.be.rewritten.in.the.standard.form
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and.Tg.=.(1.+.αg)T.is.the.OFDM.symbol.period.with.the.addition.of.the.guard.interval..Likewise,.with.a.
cyclic.prefix,.the.OFDM.complex.envelope.becomes
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FIGURE 5.10 Power.density.spectrum.of.MSK.and.GMSK.
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and
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5.6.1 FFt implementation of oFDM

A.key.advantage.of.using.OFDM.is.that.the.baseband.modulator.can.be.implemented.by.using.an.inverse.
discrete-time.Fourier.transform.(IDFT)..In.practice,.an.inverse.fast.Fourier.transform.(IFFT).algorithm.
is.used.to.implement.the.IDFT..Consider.the.OFDM.complex.defined.by.Equations.5.51.and.5.52..During.
the.interval.nT.≤.t.≤.(n.+.1)T,.the.complex.envelope.has.the.form
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Now.suppose.that.the.complex.envelope.in.Equation.5.58.is.sampled.at.synchronized.Ts.second.inter-
vals.to.yield.the.sample.sequence

.
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Observe.that.the.vector.Xn n m
NX

m
= =

−{ } 0
1.is.the.IDFT.of.the.vector.A A xn n k

N
k

x = =
−{ } 0

1..In.contrast.to.conven-
tional.notation,.the.lower-case.vector.Axn.is.used.to.represent.the.coefficients.in.the.frequency.domain,.
while.the.upper-case.vector.Xn.is.used.to.represent.the.coefficients.in.the.time.domain.

As.mentioned.earlier,.a.cyclic.extension.(or.guard.interval).is.usually.added.to.the.OFDM.waveform.
as.described.in.Equations.5.54.and.5.55.to.combat.delay.spread..When.a.cyclic.suffix.is.used,.the.corre-
sponding.sample.sequence.is
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where.G.is.the.length.of.the.guard.interval.in.samples,.and.(m)N.is.the.residue.of.m.modulo.N..This.gives.
the.vector.Xn n m

N GX
m

g g= =
+ −{ } 0

1,.where.the.values.in.the.first.and.last.G.coordinates.of.the.vector.Xn
g.are.the.

same..Likewise,.when.a.cyclic.prefix.is.used,.the.corresponding.sample.sequence.is
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This.yields.the.vector.Xn n m G
NX

m
g g= =−

−{ } 1 ,.where.again.the.first.and.last.G.coordinates.of.the.vector.Xn
g.are.

the.same..The.sample.duration.after.insertion.of.the.guard.interval,.Ts
g ,.is.compressed.in.time.such.that.

( )N G T NT+ =s
g

s.
The.OFDM.complex.envelope.can.be.generated.by.splitting.the.complex-valued.output.vector.Xm.into.

its.real.and.imaginary.parts,.ℜ(Xn).and.ℑ( )Xn ,.respectively..The.sequences.{ ( )}ℜ Xnm
.and.{ ( )}ℑ Xnm

.are.
then.input.to.a.pair.of.balanced.digital-to-analog.converters.(DACs).to.generate.the.real.and.imaginary.
components. �s tI ( ). and. �s tQ( ),. respectively,. of. the. complex. envelope. �s t( ),. during. the. time. interval.
nT.≤.t.≤.(n.+.1)T..As.shown.in.Figure.5.11,.the.OFDM.baseband.modulator.consists.of.an.IFFT.opera-
tion,.followed.by.guard.interval.insertion.and.digital-to-analog.conversion.

It.is.instructive.to.realize.that.the.waveform.generated.by.using.the.IDFT.OFDM.baseband.modulator.
is. not. exactly. the. same. as. the. waveform. generated. from. the. analog. waveform. definition. of. OFDM..
Consider.for.example,.the.OFDM.waveform.without.a.cyclic.guard.in.Equations.5.51.and.5.52..The.ana-
log.waveform.definition.uses.the.rectangular.amplitude.shaping.pulse.uT(t).that.is.strictly.time.limited.
to.T.seconds..Hence,.the.corresponding.power.spectrum.will.have.infinite.bandwidth,.and.any.finite.
sampling.rate.of.the.complex.envelope.will.necessarily.lead.to.aliasing.and.imperfect.reconstruction.

5.6.2 Power Spectrum of oFDM

To.compute.the.power.spectrum.of.OFDM,.recall.that.the.OFDM.waveform.with.guard.interval.is.given.
by.Equations.5.54.and.5.55..The.data.symbols.xnk

,.k.=.0,.. . ..,N.−.1.that.modulate.the.N.subcarriers.are.
assumed.to.have.zero.mean,.variance.σx k nx2 21 2= / [ ],E | | ,.and.they.are.mutually.uncorrelated..In.this.case,.
the.psd.of.the.OFDM.waveform.is

.
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FIGURE 5.11 .Block. diagram. of. IDFT-based. baseband. OFDM. modulator. with. guard. interval. insertion. and.
digital-to-analog.conversion.
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and
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Substituting.Equation.5.66.into.Equation.5.65.along.with.T.=.NTs.yields.the.result
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The.OFDM.PSD.is.plotted.in.Figure.5.12.for.N.=.16,.αg.=.0.25.
It.is.interesting.to.examine.the.OFDM.power.spectrum,.when.the.OFDM.complex.envelope.is.gener-

ated.by.using.an.IDFT.baseband.modulator.followed.by.a.balanced.pair.DACs.as.shown.in.Figure.5.11..
The.output.of.the.IDFT.baseband.modulator.is.given.by.{ } { },Xg g= Xm n ,.where.m.is.the.block.index.and
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FIGURE 5.12 .PSD.of.OFDM.with.N =.16,.αg.=.0.25.
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The.power.spectrum.of.the.sequence.{Xg}.can.be.calculated.by.first.determining.the.discrete-time.auto-
correlation.function.of.the.time-domain.sequence.{Xg}.and.then.taking.a.discrete-time.Fourier.trans-
form.of.the.discrete-time.autocorrelation.function..The.PSD.of.the.OFDM.complex.envelope.with.ideal.
DACs.can.be.obtained.by.applying.the.resulting.power.spectrum.to.an.ideal.low-pass.filter.with.a.cutoff.
frequency.of.1 2/ Hzs

g( )T .
The.discrete-time.autocorrelation.function.of.the.sequence.{Xg}.is

.
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Taking.the.discrete-time.Fourier.transform.of.the.discrete-time.autocorrelation.function.in.Equation.
5.70.gives
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Finally,.we.assume.that.the.sequence.{ } { },Xg g= Xm n .is.passed.through.a.pair.of.ideal.DACs..The.ideal.DAC.
is.a.low-pass.filter.with.cutoff.frequency.1 2/ g( )Ts ..Therefore,.the.OFDM.complex.envelope.has.the.PSD
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Figure.5.13.plots.the.PSD.for.N.=.16.and.G.=.4.
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FIGURE 5.13 PSD.of.IDFT-based.OFDM.with.N.=.16,.G.=.4.
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Finally,.we.note.that.the.PSD.plotted.in.Figure.5.13.assumes.an.ideal.DAC..A.practical.DAC.with.a.
finite-length.reconstruction.filter.will.introduce.sidelobes.into.the.spectrum..We.note.that.sidelobes.are.
an.inherent.feature.of.the.continuous-time.OFDM.waveform.in.Equations.5.54.and.5.55.due.to.the.use.
of.rectangular.amplitude.pulse.shaping.on.the.subcarriers..However,.sidelobes.are.introduced.into.the.
waveform.generated.with.the.IDFT.implementation.by.the.nonideal.(practical).DAC.

5.7 Summary and conclusions

A.variety.of.modulation.schemes.are.employed.in.digital.communication.systems..Wireless.modulation.
schemes.in.particular.must.have.a.compact.power.density.spectrum,.while.at.the.same.time.providing.a.
good.bit.error.rate.performance.in.the.presence.of.channel.impairments.such.as.cochannel.interference.
and.fading..This.chapter.has.presented.a.variety.of.modulation.schemes.along.with.their.power.spectra.
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6.1 introduction

Error.control.coding.is.a.branch.of.communication.engineering.that.addresses.the.problem.of.how.to.
make.digital.transmission.more.reliable—how.to.recover.uncorrupted.data.at.the.receiver.even.in.the.
presence.of.significant.corruption.of.the.transmitted.signal.

The.modern.genesis.of.error.control.coding.has.its.roots.in.the.post–World.War.II.work.of.Claude.
Shannon. (who. proved. the. existence. of. “good. codes”. but. did. not. indicate. how. to. find. them. [1]). and.
Marcel.Golay.and.Richard.Hamming.(who.published.the.first.explicit.descriptions.of.“error.correcting.
codes”.based.on.parity.checks.[2,3]).

Error.control.codes.make.digital. transmission.more.reliable.by. the.careful. introduction.of.redun-
dancy.into.the.transmitted.signal..The.simplest.example.of.such.a.scheme.might.be.one.in.which.every.
data.bit.to.be.conveyed.to.the.receiver.is.transmitted.three.times—that.is,.a.logical.“1”.would.be.trans-
mitted. as. “111”. and. a. logical. “0”. as. “000.”. The. redundancy. introduced. by. repeating. each. bit. can. be.
exploited.at.the.receiver.to.make.errors.in.the.estimated.data.less.likely—by,.for.instance,.making.a.deci-
sion.on.each.of.the.three.bits.individually.and.then.taking.a.“vote”.of.the.three.decisions.to.arrive.at.an.
estimate.of.the.associated.data.bit..In.such.a.scheme,.as.long.as.not.more.than.one.bit.is.corrupted.out.of.
every.three-bit.“codeword,”.the.receiver.will.correctly.decode.the.data;.thus,.this.is.a.(very.simple).one-
error correcting code.

Error.control.schemes.can.be.broadly.classified.into.two.categories:

•. Forward. error. control. (FEC). codes,. in. which. sufficient. redundancy. is. incorporated. into. the.
.“forward”.(transmitter-to-receiver).transmission.to.enable.the.receiver.to.recover.the.data.well.
enough.to.meet.the.requirements.of.the.application.

•. Automatic.repeat.request.(ARQ),.in.which.enough.redundancy.is.incorporated.into.the.forward.
transmission.to.enable.the.receiver.to.detect.the.presence.of.corruption—but.not.enough.to.reliably.
estimate. the. data. from. the. (corrupted). received. signal.. ARQ. schemes. employ. a. retransmission.
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strategy.in.which.the.receiver.alerts.the.transmitter.(via.an.“ACK/NACK”.protocol.on.a.feedback.
channel).of.the.need.to.retransmit.the.corrupted.data.

A.classic.depiction.of.a.digital.communication.system.employing.FEC.is.shown.in.Figure.6.1..Data.
generated. by. the. source. is. first. compressed. by. a. source. encoder—tasked. with. removing. redundancy.
to produce.an.efficient.binary. representation.of. the.data—and. then.passed. through. the.error. control.
(or “channel”).encoder,.which.adds.redundancy.to.enable.robust.recovery.by.the.error.control.(or.“channel”).
decoder.at.the.receiver..These.seemingly.conflicting.operations—removing.redundancy.only.to.then.add.
redundancy—are. required. because. the. “natural”. redundancy. that. occurs. in. (for. instance). speech. or.
video.signals.is.not.sufficiently.structured.that.it.can.be.exploited.at.the.receiver.as.effectively.as.the.well-
structured.redundancy.introduced.by.the.error.control.encoder.

Figure.6.1.suggests.that.error.control.is.carried.out.solely.at.the.physical.layer,.which.is.not.the.case..Most.
notably,.when.ARQ.is.employed,.the.retransmission.function.is.part.of.the.processing.at.the.(data).link.layer.

The.rest.of.this.chapter.discusses.a.multitude.of.error.control.techniques.that.have.been.implemented.
in.mobile.communication.systems..While.there.are.many.different.approaches,.all.error.control.schemes.
have. this. in.common:.They.add.structure. to. the. transmitted.signal. in.a.way. that. limits.what.can.be.
transmitted,.compared.with.uncoded.transmission..In.a.coded.system,.there.are.only.certain.signals.
that.are.valid.and.can.thus.be.transmitted;.since.the.receiver.knows.what.those.valid.signals.are,.it.can.
use.that.knowledge.to.select.the.valid.sequence.that.is.“most.like”.what.it.observes..From.another.per-
spective,.coding.exaggerates.the.differences.between.distinct.data.sequences.in.their.transmitted.form,.
making.it.easier.to.discern.one.from.the.other.at.the.receiver.

6.2 Block codes

Classic. error. control. codes. can. be. split. into. block codes. and. convolutional codes.. In. this. section,. we.
explain.block.codes.

6.2.1 the Fundamentals of Binary Block codes

The.very.simple.code.described. in. the. introduction—in.which.“1”. is. transmitted.as.“111”.and.“0”.as.
“000”—is.called.a.block code..It.is.given.this.name.because.a.block.of.data—in.this.case,.one.bit—is.rep-
resented.with.another.(longer).block.of.transmitted.bits—in.this.case,. three.bits..The.two.valid.3-bit.
sequences—“000”.and.“111”—are.called.the.codewords.of.this.code,.and.its.blocklength.is.n.=.3..We.refer.
to.this.as.a.rate-1/3.code.because.there.is.one.data.bit.for.every.three.encoded.(or.transmitted).bits.

Source Source
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Channel
encoder Modulator Analog

signal

Analog
signal

Bits (“hard decisions”)
or numbers (“soft decisions”)

Channel

BitsBits

Bits

Discrete
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continuous
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Destination Source
decoder

Channel
decoder Demodulator

FIGURE 6.1 The. communication. theorist’s. “coat. of. arms,”. wherein. the. error. control. (or. “channel”). encoder.
introduces.redundancy.that.is.then.exploited.by.the.channel.decoder.to.enhance.data.integrity.in.the.presence.of.
channel.noise.
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Generalizing,.an.(n,.k).binary.block.code.is.one.in.which.k.data.bits.are.represented.with.an.n-bit.
codeword;.thus,.there.are.2k.different.codewords,.each.n.bits.long,.where.n.>.k..The.rate.of.the.resulting.
code.is.R.=.k/n.data.bits.per.encoded.bit.

As.noted.above,.error.control.codes.make.it.easier.to.differentiate.between.different.“valid”.transmit-
ted.signals..With.regard.to.block.codes,.this.property.is.captured.(to.first.order).by.the.code’s.minimum 
distance,.which.is.defined.as.the.fewest.number.of.coordinates.in.which.two.codewords.differ..(So.the.
trivial.code.in.the.introduction.is.a.(3,1).code.with.a.minimum.distance.of.dmin.=.3,.because.every.pair.
of.codewords—and.there.are.only.two.codewords—differ.in.at.least.three.coordinates.).The.Hamming 
distance.between.any.two.n-tuples.is.defined.as.the.number.of.coordinates.in.which.they.differ,.and.the.
Hamming weight.of.a.particular.vector.is.the.number.of.its.nonzero.components.

As.a.slightly.less.simple.example,.consider.the.(n.=.7,.k.=.4).Hamming.code.below.

0000.→.0000000. 0100.→.0100101. 1000.→.1000110. 1100.→.1100011
0001.→.0001111. 0101.→.0101010. 1001.→.1001001. 1101.→.1101100
0010.→.0010011. 0110.→.0110110. 1010.→.1010101. 1110.→.1110000
0011.→.0011100. 0111.→.0111001. 1011.→.1011010. 1111.→.1111111

Here,.“0010.→.0010011”.(for.instance).means.that.the.data.4-tuple.“0010”.is.represented.with.the.7-bit.
codeword. “0010011.”. There. are. 24.=.16. codewords,. each. of. length. n.=.7,. and. the. rate. of. this. code. is.
R.=.4/7.data.bits.per.encoded.bit..Moreover,.careful.inspection.reveals.that.every.pair.of.codeword.dif-
fers.in.at.least.dmin.=.3.places,.so.this.is.a.code.with.a.minimum.distance.of.three.

The.significance.of.a.block.code’s.minimum.distance.is.most.clear.if.we.think.in.terms.of.the.decoder..
Suppose. that. a. codeword. is. transmitted. and. that. each. bit. has. independent. probability. p. of. being.
“flipped”—that.is,.of.being.sufficiently.corrupted.that.a.transmitted.“1”.is.misinterpreted.by.the.receiver.
as.a.“0”.or.vice.versa..Then,.assuming.that.p.<.1/2,.most.bits.should.be.received.correctly,.and.so.the.
most. likely. transmitted. codeword. is. the. one. that. disagrees. with. the. received. signal. in. the. fewest.
.coordinates—that.is,.the.“closest”.codeword.in.terms.of.Hamming.distance..A.decoder.that.estimates.
data.based.on.this.principle.is.called.a.minimum distance—or.maximum-likelihood.(ML)—decoder..
ML.decoding.is.optimal,.assuming.that.the.data.are.a.sequence.of.independent,.identically.distributed.
bits,.each.equally.likely.to.be.a.“1”.or.a.“0.”

As.an.example,.suppose.that.the.codeword.c.=.[1011010].is.transmitted.but.y.=.[1010010].is.received,.
with.a.single.error. in.the.fourth.coordinate.. If.you.compare.y. to.every.codeword,.you.find.that. the.
codeword.closest.to.y.is,.in.fact,.c.=.[1011010];.thus,.the.ML.decoder’s.estimate.of.the.transmitted.code-
word. (and. the. associated. data). is,. in. fact,. correct.. In. contrast,. if. c.=.[1011010]. is. transmitted. but.
y′.=.[1011001]. is. received—the. last. two. bits. are. “flipped”—then. the. closest. codeword. to. y′. is.
c′.=.[1001001],.which.means.that.the.ML.decoder.will.assume.that.c′.was.transmitted.and.will.estimate.
the.associated.data.to.be.(the.incorrect).“1001”.rather.than.(the.correct).“1011”—that.is,.there.will.be.a.
decoding error.

A.t-error correcting binary block code.is.one.for.which.minimum.distance.decoding.will.yield.a.cor-
rect.estimate.of.the.transmitted.codeword.provided.no.more.than.t.errors.have.occurred;.thus,.a.t-error.
correcting.code.must.have.the.property.that,.if.you.“flip”.any.set.of.t.or.fewer.bits.in.any.codeword.c,.
the.resulting.vector.is.still.“closer”.to.c—that.is,.disagrees.in.fewer.places—than.to.any.other.codeword..
This. leads. to. the. relationship:. A. t-error. correcting. code. must. have. a. minimum. distance. dmin. that.
satisfies

. d tmin 2 1≥ + .

Equivalently,.a.code.with.minimum.distance.dmin.can.correct.up.to.t.=.⎣(dmin.−.1)/2⎦.errors,.where.“⎣⋅⎦”.
indicates.the.floor.function.
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A.close.examination.of.the.16.codewords.in.the.above.(7,4).Hamming.code.reveals.at.least.two.more.
properties.worth.noting:

•. If.you.add.any.two.codewords.together—here,.“add”.means.component-wise.XOR—then.you.get.
another.codeword..In.the.language.of.mathematics,.the.code.forms.a.linear vector space.over.the.
binary.field.{0,1},.and.so.we.say.this.is.a.linear code..One.consequence.of.linearity.is.that.the.code’s.
minimum.distance.is.equal.to.its.minimum.nonzero.codeword.weight.

•. The.first.k.=.4.bits.of.every.codeword.are.identical.to.the.associated.k.data.bits..In.the.language.of.
coding,.the.encoder.is.systematic.on.the.first.k.positions.

Linear. codes. are. useful. because. their. algebraic. structure. enables. simpler. decoding. and. simpler.
analysis...Moreover,.there.are.matrices.associated.with.a.linear.block.code.that.facilitate.the.encoding.
and.decoding.procedures..The.generator matrix.for.an.(n,.k).binary.block.code.is.a.k.×.n.matrix.G.with.
binary.entries.such.that.its.rows.form.a.basis.for.the.code—that.is,.the.code.is.equal.to.the.set.of.all.sums.
(or.“linear.combinations”).of.the.rows.of.G..This.is.expressed.mathematically.as.C.=.{c:.c.=.xG.for.some.
x.∈.{0,1}k}..A.generator.for.the.above.(7,4).code.is.given.by

.

G =

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

1 0 0 0 1 1 0
0 1 0 0 1 0 1
0 0 1 0 0 1 1
0 0 0 1 1 1 1

.

Similarly,.a.parity.check.matrix.for.an.(n,k).binary.code.is.an.(n.–.k).×.n.binary.matrix.whose.rows.
form.a.basis.for.the.null space.of.the.code—that.is,.H.is.a.parity.check.matrix.for.a.code.C.if.and.only.if.
C.=.{c:.c.∈.{0,1}n,.cHT.=.0},.where.0.is.the.(n.–.k)-tuple.with.all.zero.entries..The.parity.check.matrix.for.
the.(7,4).code.above.is.given.by

.

H =

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

1 1 0 1 1 0 0
1 0 1 1 0 1 0
0 1 1 1 0 0 1

.

Note.that.the.rows.of.the.parity.check.matrix.describe.the.parity.constraints.that.must.be.satisfied.by.
every.codeword..For.example,.the.first.row.of.H.above.indicates.that.the.first,.second,.fourth,.and.fifth.bits.
in.every.codeword.must.have.even.parity—that.is,.must.contain.an.even.number.of.1’s;.the.other.two.rows.
of.H.indicate.two.other.parity.constraints.that.must.be.satisfied.by.every.codeword..More.generally,.the.
(n.–.k).rows.of.a.parity.check.matrix.describe.(n.−.k).parity.constraints.that.characterize.the.code.

The.generator.and.parity.check.matrices.are.used.in.the.encoding.and.decoding.operations,.respec-
tively.. With. regard. to. encoding,. the. data. vector. x.∈.{0,1}k. is. mapped. onto. the. associated. codeword.
c.=.xG..With.regard.to.decoding,.let.y.∈.{0,1}n.denote.a.(possibly.corrupted).received.binary.n-tuple—
that.is,.assume.that.codeword.c.was.transmitted.but.y.=.x.+.e.was.received,.where.e.∈.{0,1}n.is.the.a.noise.
vector..Then,.a.typical.“first.step”.in.the.decoding.process.is.to.compute.the.syndrome.s.associated.with.
the.received.vector:

. s y c e c e e= = + = + =H H H H HT T T T T( ) .

The.syndrome.s.is.computed.from.the.received.vector.y.but.depends.only.on.the.error.e—not.on.the.
transmitted.codeword..The.syndrome.for.a.binary.code.is.a.binary.(n.–.k)-tuple—that.is,.s.∈.{0,1}n−k—
and.in.syndrome decoding.the.syndrome.s.is.first.computed,.and.from.s.an.estimate.of.the.error.vector.e.
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is.formed..(Of.course,.once.the.error.vector.is.estimated.it.is.trivial.to.estimate.the.transmitted.codeword.
by.subtracting.the.error.estimate.from.the.received.vector.)

There.is.a.one-to-one.relationship.between.correctable.error.patterns.and.syndromes;.for.every.syn-
drome.s,.there.are.many.possible.choices.of.e.satisfying.s.=.eHT,.but.the.decoder.is.capable.of.correcting.
exactly.one.of.them..This.observation—coupled.with.the.observation.that.a.t-error.correcting.code.can.
correct.(at.least).every.error.pattern.affecting.t.or.fewer.bits—leads.to.the.following.bound,.called.the.
Hamming bound:
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Any. binary. (n,k). t-error. correcting. linear. code. must. have. parameters. that. satisfy. the. Hamming.
bound;. codes. that. satisfy. the. Hamming. bound. with. equality. are. called. perfect codes.. Similarly,. the.
Singleton bound. states. that. any. (n,k). code. with. minimum. distance. dmin. must. have. parameters. that.
satisfy

. d n kmin 1≤ − + .

Codes.that.satisfy.the.Singleton.bound.with.equality.are.called.maximum distance separable codes.
The. advantage. of. syndrome. decoding. lies. in. how. it. reduces. the. dimensionality. of. the. decoding.

problem...The.job.of.the.decoder.is.to.find.the.codeword.c.that.is.closest.to.the.received.vector.y;.without.
using.the.code’s.structure,.this.could.be.done.(in.theory,.if.not.in.practice).with.a.table.containing.2n.
entries:.the.received.vector.y.is.used.as.an.index.into.the.table,.and.the.associated.entry.contains.the.
codeword.closest.to.y..However,.if.we.first.compute.s.=.yHT.we.can.now.use.s.as.an.index.into.a.table.
containing.the.2n−k.correctable.error.patterns..For.a.(63,57).Hamming.code,.this.reduces.the.required.
table.from.one.containing.263.=.9.22.×.1018.entries.to.one.containing.only.26.=.64.entries..Of.course,.for.
many.practical.codes.this.reduction.in.dimensionality.still.leaves.a.formidable.problem:.A.(1023,923).
10-error.correcting.code.produces.a.100-bit.syndrome,.still.far.too.large.for.a.brute-force.approach.

The.(7,4).code.used.throughout.this.section.is.a.Hamming code—one.of.a.class.of.codes.presented.by.
Richard. Hamming. in. 1950..More. generally,. a.Hamming. code. is. an. (n.=.2r.−.1,.k.=.2r.−.1.−.r).binary.
linear.block.code.for.any.choice.of.r.=.2,3,4,.…...Hamming.codes.are.single-error.correcting.codes.with.
minimum.distance.dmin.=.3..The.Hamming.code.with.blocklength.n.=.2r.−.1.is.constructed.using.a.parity.
check.matrix.with.columns.that.are.the.2r.−.1.distinct.non-all-zero.binary.r-tuples.

It.is.possible.to.extend.a.Hamming.code.by.adding.one.additional.redundant.bit.to.every.codeword.to.
guarantee. that. every. codeword. has. even. parity—that. is,. an. even. number. of. ones.. This. converts. the.
(2r.−.1,. 2r.−.1.−.r). code. into. a. (2r,. 2r.−.1.−.r). extended. code—for. example,. the. (7,4). Hamming. code.
becomes.the.(8,4).extended.Hamming.code..Extending.the.code.in.this.way.increases.the.minimum.
distance.of.the.code.from.dfree.=.3.to.dfree.=.4..This.additional.minimum.distance.can.be.exploited.to.add.
a.new.capability—to.not.only.correct.any.single.error.but.also.simultaneously.detect.(without.miscor-
recting).any.double.error..More.generally,.a.block.code.is.capable.of.correcting.t.errors.and.simultane-
ously.detecting.e.≥.t.errors.provided.its.minimum.distance.satisfies.dmin.≥.t.+.e.+.1.

6.2.2 Reed–Solomon codes

The.single-error.correcting.Hamming.codes.used.to.illustrate.coding.basics.in.the.last.section.were.the.
first.practical.“error.correcting.codes.”.The.development.of.a.general.technique.for.constructing.t-error.
correcting. codes. for. t.>.1. took. another. decade—until. the. unveiling. of. BCH codes. [4,5]. and. Reed–
Solomon codes.[6].in.1959.and.1960..Reed–Solomon.codes.continue.to.be.used.today.in.a.wide.array.of.
wireless.(and.other).applications,.so.we.briefly.describe.their.structure.
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A.Reed–Solomon.code.is.a.nonbinary code,.meaning.that.each.codeword.from.a.Reed–Solomon.code.
with.blocklength.n.consists.of.n.nonbinary.symbols..An.(n,k).Reed–Solomon.code.with.minimum.distance.
dmin.protects.k.data.symbols.by.adding.n − k.redundant.symbols.such.that.every.pair.of.codewords.differs.in.
at.least.dmin.symbols..Moreover,.the.symbols.are.drawn.from.a.nonbinary.field,.briefly.explained.below.

A.“field”.is.a.set.with.two.operations—addition.and.multiplication—that.satisfy.the.“usual”.commu-
tative,.associative,.and.distributive.properties.and.also.contain.additive.and.multiplicative.identities.as.
well.as.additive.inverses.and.(for.nonzero.elements).multiplicative.inverses..(The.set.of.real.numbers.
form.a.field.under.the.usual.notions.of.addition.and.multiplication,.as.do.the.set.of.complex.numbers;.
the.set.of.all.integers.do.not.because.there.are.no.multiplicative.inverses.).A.finite field.(or.Galois.field).is.
a.field.with.a.finite.number.of.elements;.for.instance,.the.binary.field—containing.just.the.elements.{0,1},.
with.addition.and.multiplication.performed.modulo.two—is.a.finite.field.

Let.GF(q).denote.a.field.with.q.elements;.then.it.is.possible.to.construct.the.field.GF(pm).for.any.prime.
number.p.and.any.positive.integer.m,.and.it.is.impossible.to.construct.a.field.with.q.elements.if.q.is.not.a.
power.of.a.prime..To.construct.the.field.GF(p).for.prime.p,.the.field.consists.of.the.integers.{0,1,2,.. . .,.
p.−.1}.and.both.addition.and.multiplication.are.performed.modulo.p..To.construct.the.field.GF(pm).for.
m.>.1.requires.more.subtlety;.the.field.elements.of.GF(pm).are.the.polynomials.of.degree.at.most.m.−.1,.
with.coefficients.drawn.from.GF(p)..There.are.pm.such.polynomials,.and.if.addition.and.multiplication.
are.defined.appropriately,.then.the.resulting.structure.is.a.field..Here,.“appropriately”.means.that.addi-
tion.is.performed.in.the.“usual”.polynomial.fashion,.component-wise.modulo.p,.while.multiplication.is.
performed. in.polynomial. fashion,.but. the. result. is. reduced.modulo.π(x),.where.π(x). is.an. irreducible.
polynomial.with.coefficients.in.GF(p).of.degree.exactly.m..An.irreducible.polynomial.is.one.that.cannot.
be.factored;.it.is.analogous.among.polynomials.to.a.prime.number.among.integers.

For.details.on.the.construction.of.finite.fields,.the.reader.is.referred.to.any.textbook.on.error.control.
coding.or.modern.algebra..What.is.important.to.understand.now.is.that.each.field.element.of.GF(pm).
can.be.represented.as.a.symbol.made.up.of.m.digits.drawn.from.{0,1,2,. . .,.p.−.1}—that.is,.the.m.coeffi-
cients.of.the.field.element.polynomial.

In.practice,.Reed–Solomon.codes.are.designed.over.GF(2m),.so.each.symbol.in.a.Reed–Solomon.code-
word.can.take.one.of.2m.values.and.is.represented.as.an.m-bit.symbol..Of.particular.interest.are.Reed–
Solomon.codes.over.GF(256),.because.256.=.28.and.therefore.each.codeword.from.an.(n,k).Reed–Solomon.
code.over.GF(256).is.n.bytes.long—with.k.data.bytes.and.n.– k.redundant.bytes.and.each.byte.consisting.
of.eight.bits..Such.a.code.has.256k.codewords,.and.the.rate.is.R.=.k/n.data.bytes.per.encoded.byte.

An. (n,k). Reed–Solomon. code. over. GF(q). has. blocklength. n.=.q.−.1. and. minimum. distance.
dmin.=.n.–.k.+.1..(So.Reed–Solomon.codes.are.maximum distance separable.codes.as.defined.in.Section 6.3.).
Such.a.code.is.specified.by.its.parity.check.matrix:
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Here,.α.is.a.primitive element.of.the.field.GF(q)..That.means.that.all.of.the.nonzero.elements.of.GF(q).
can.be.written.as.powers.of.α—that.is,.GF(q).=.{0,.α0.=.1,.α1,.α2,.α3,.. . .,.αq−2}..As.with.binary.linear.codes,.
the.parity.check.matrix.for.an.(n,k).Reed–Solomon.code.is.an.(n.– k).×.n.array,.so.in.H.above,.we.have.
r.=.n.– k.

The.integer.j.in.the.above.description.of.H.is.often.(but.not.always).set.to.j.=.1..If.we.think.of.the.compo-
nents.of.a.codeword.c =.[c0,.c1,.c2,.. . . ,.cn−1].as.representing.the.coefficients.of.a.polynomial.c(x).=.c0.+.c1x.+.c
2x2.+.···.+.cn−1xn−1,.then.the.relationship.cHT.=.0.is.equivalent.to.the.relationship.c(αj).=.c(αj+1).=.c(αj+2).= ···.
=.c(αj+r−1).=.0..This.suggests.an.equivalent.definition.for.Reed–Solomon.codes:.For.a.fixed.integer.j.and.a.
fixed. redundancy. r.=.n. – k,. an. (n.=.q.−.1,. k.=.n –. r). Reed–Solomon. code. over. GF(q). consists. of. all.
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.polynomials.over.GF(q).of.degree.n.−.1.or.less.that.have.r.consecutive.powers.of.a.primitive.element.α.as.
roots:.αj, αj+1,.αj+2,.. . .,.αj+r−1..Such.a.code.has.a.minimum.distance.dmin.=.r.+.1.and.so.is.capable.of.correcting.
all.error.patterns.affecting.not.more.than.⎣  r/2⎦.symbols.

A.few.observations.complete.our.discussion.on.Reed–Solomon.codes:

•. While,.strictly.speaking,.a.Reed–Solomon.code.over.GF(q).has.a.blocklength.n.=.q.−.1,.it.is.pos-
sible.to.shorten.a.Reed–Solomon.code—or.any.other.code,.for.that.matter—by.arbitrarily.setting.
some.(say.s).of.the.k. information.symbols.to.zero.and.then.simply.not.transmitting.them;.as.a.
result,.an.(n,k).code.with.minimum.distance.dmin.is.transformed.into.an.(n.–.s,.k.–.s).code.with.
minimum.distance.at most dmin..(For.Reed–Solomon.codes,.the.minimum.distance.of.the.short-
ened.code.is.unchanged.).For.example,.the.advanced.television.systems.committee.(ATSC).stan-
dard.for.terrestrial.digital.television.broadcast.employs.a.(207,187).shortened.Reed–Solomon.code.
over.GF(256)..It.is.obtained.by.shortening.the.(255,235).Reed–Solomon.code;.the.resulting.code.
adds.r.=.20.bytes.of.redundancy.to.k.=.187.bytes.of.data.in.a.way.that.guarantees.the.correction.of.
up.to.t.=.10.byte.errors.in.any.codeword.

•. Because.Reed–Solomon.codes.are.organized.on.a.symbol.(rather.than.bit).basis,.they.are.well.
suited.to.correcting.bursty errors—that.is,.errors.highly.correlated.in.time..To.illustrate:.A.burst.
of.(say).15.corrupted.bits.can.affect.no.more.than.three.8-bit.symbols.and.so.can.be.corrected.
with.a.relatively.modest.3-error.correcting.Reed–Solomon.code.over.GF(256)..This.effective-
ness.with.regard.to.bursty.noise.can.be.enhanced.through.the.use.of.interleaving—that.is,.by.
interspersing.the.symbols.from.different.codewords.among.each.other,.thereby.spreading.out.
the.effect.of.the.error.burst.over.multiple.codewords..(Example:.If.a.code.over.GF(256).is.inter-
leaved.to.depth.three,.then.that.same.15-bit.error.burst.would.affect.at.most.one.symbol.in.each.
of.three.different.codewords,.and.therefore.it.would.be.ameliorated.by.an.even.simpler.1-error.
correcting.code.)

6.2.3 coding Gain, Hard Decisions, and Soft Decisions

The.benefits.of.channel.coding.are.typically.expressed.in.terms.of.a.coding gain—an.indication.of.how.
much.the.transmitted.power.can.be.reduced.in.a.coded.system.without.a.loss.in.performance,.relative.to.
an.uncoded.system..Coding.gain.depends.not.only.on.the.code.that.is.used.but.also.on.whether.hard-
decision decoding.or.soft-decision decoding.is.employed.

In. hard-decision. decoding,. the. demodulator. makes. a. “hard. decision”. about. each. transmitted. bit;.
those.decisions.are.then.conveyed.to.the.FEC.decoder.which.corrects.any.errors.made.by.the.demodula-
tor..In.soft-decision.decoding,.the.FEC.decoder.is.provided.not.with.hard.decisions.it.must.accept.or.
correct,.but.rather.with.“soft”.information.that.reflects.the.“confidence”.with.which.the.demodulator.
would.make.such.a.decision.

As.an.example,.consider.binary.phase.shift.keying.(BPSK).modulation.in.the.presence.of.additive.
white.Gaussian.noise.(AWGN)..For.each.transmitted.bit,.the.receiver.observes.a.matched.filter.output.Y.
of.the.form.Y E Z= ± + ,.where.the.sign.of. E .indicates.whether.the.transmitted.bit.is.a.“0”.or.“1,”.E.
is.the.energy.of.the.transmitted.pulse,.and.Z.is.a.0-mean.Gaussian.random.variable.with.variance.N0/2..
In.a.hard-decision.system,.the.demodulator.estimates.the.transmitted.bit.based.on.whether.Y.is.positive.
or.negative,.and.it.then.passes.that.estimate.to.the.decoder..When.soft-decision decoding.is.employed,.the.
FEC.decoder.gets.direct.access.to.the.“soft.information”.contained.in.the.unquantized.(or.very.finely.
quantized). Y.. More. generally,. in. soft-decision. decoding,. the. channel. decoder. is. given. access. to. the.
demodulator’s.matched.filter.outputs—typically.quantized.to.several.bits.of.precision.

To. compare. coded. and. uncoded. transmission,. the. signal-to-noise. ratio. is. typically. expressed. as.
Eb/ N0,.where.Eb.is.the.average energy per data bit..If.the.(average).energy.of.each.transmitted.pulse.is.E,.
and.each.pulse.conveys.(on.average).R.data.bits,.then.Eb.=.E/R..Displaying.performance.as.a.function.of.
Eb/N0.facilitates.a.fair(er).comparison.because.it.includes.the.energy.penalty.that.FEC.codes.pay.to.trans-
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mit.their.redundancy..However,.these.comparisons.are.not.wholly.fair.because.they.do.not.address.the.
bandwidth.penalty.that.FEC.can.incur.for.a.fixed.modulation.scheme;.for.instance,.in.transmitting.data.
over. a. BPSK-modulated. channel,. using. a. (7,4). Hamming. code. requires. 75%. more. bandwidth. than.
uncoded. transmission,.because. the. transmitted.bits. (including.redundancy).must.be.sent.75%.faster.
after.encoding.if.the.data.are.to.be.delivered.just.as.fast.as.in.the.uncoded.case..The.question.of.how.to.
design.codes.without.bandwidth.expansion.is.addressed.in.Section.6.6.

Figure.6.2.shows.the.performance.of.the.simple.(7,4).Hamming.code.assuming.BPSK.modulation.and.
an.AWGN.channel..It.includes.the.performance.with.both.hard-decision.and.soft-decision.decoding,.
and. uncoded. transmission. is. included. for. comparison.. Observe. that. hard-decision. decoding. of. the.
Hamming.code.provides.approximately.0.45.dB.of.coding.gain.over.uncoded.transmission.at.a.bit.error.
rate.of.10−5,.while.soft-decision.decoding.offers.an.additional.1.4.dB.of.gain..These.coding.gains.mean.
that.coded.transmission.requires.only.90%.(resp.,.65%).of.the.transmitted.power.required.for.uncoded.
transmission.to.obtain.a.bit.error.rate.(BER).of.10−5.when.hard-decision.(resp.,.soft-decision).decoding.
is.used.

As.a.rule.of.thumb,.at.high.signal-to-noise.ratio.(SNR),.there.is.approximately.a.2.dB.gain.associated.
with.soft-decision.decoding,.compared.to.hard-decision.decoding.[7]..However,.soft-decision.decoding.
of.algebraically.constructed.block.codes.is.computationally.complex;.indeed,.it.was.shown.in.Reference.
8.that.optimal.(ML).soft-decision.decoding.of.Reed–Solomon.codes.is.NP-hard,.although.suboptimal.
algorithms.that.exploit.soft.information.remain.a.subject.of.considerable.research.interest.[9]..(ML.soft-
decision. decoding. selects. as. its. estimate. of. the. transmitted. codeword. the. one. that. minimizes. the.
Euclidean.distance.between.the.received.signal.and.the.modulated.codeword.)

The.formidable.challenge.of.exploiting.soft.information.in.the.decoding.of.block.codes.is.one.reason.
why. other. FEC. techniques. have. evolved—techniques. that. are. more. accommodating. to. soft-decision.
decoding..One.of.the.most.fundamental.of.those.other.techniques.is.convolutional.coding.

6.3 convolutional codes

Convolutional.codes.first.appeared.in.a.1955.paper.by.Peter.Elias.[10]..Their.popularity.in.practical.digi-
tal.communication.systems.came.about.largely.because.of.the.discovery.in.1968.of.a.well-suited.soft-
decision.decoding.algorithm—the.Viterbi.algorithm.
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FIGURE 6.2 The.bit.error.rate.of.a.(7,4).Hamming.code—with.hard-decision.and.soft-decision.decoding—com-
pared.with.uncoded.transmission.for.a.BPSK-modulated.AWGN.channel.
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6.3.1 the Fundamentals of convolutional codes

While.an.(n,k).binary.block.code.assigns.a.discrete.n-bit.codeword.to.every.discrete.k-bit.data.block,.an.
(n,k).binary.convolutional code.is.one.in.which.a.“sliding.block.encoder”.is.used.to.generate.n.encoded.
sequences. based. on. k. data. sequences.. As. a. simple,. illustrative. example,. consider. the. convolutional.
encoder. in.Figure.6.3..Here,. the.binary.data.sequence.{x1,.x2,.x3,. . . .}. is.used.to.generate. the.encoded.
sequences.{ , , , }( ) ( ) ( )y y y1

0
2
0

3
0   … .and.{ , , }( ) ( ) ( )y y y1

1
2
1

3
1  ,… .according.to.these.rules:

 y x x y x x xk k k k k k k
( ) ( ) .0

2
1

1 2= + = + +− − −and  

(As. before,. “.+.”. indicates. the. binary. XOR. operation.). Thus,. this. is. a. (2,1). convolutional. encoder.
because. it. accepts. k.=.1. binary. sequence. as. an. input. and. produces. n.=.2. binary-encoded. sequences..
More. generally,. an. (n,k). convolutional encoder. is. a. k-input,. n-output,. time-invariant,. linear,. causal,.
finite-state.binary.sequential.circuit.

Just.as.linear.block.codes.have.generator.and.parity.check.matrices,.so.do.convolutional.codes..These.
representations.employ.the.D-transform.of.a.binary.sequence:.The.D-transform.of.the.binary.sequence.{b0,.
b1,.b2,.. . .}.is.given.by.B(D).=.b0.+.b1D.+.b2D2.+.. . ...Then,.a.convolutional.encoder.takes.k.data.sequences—
represented.by.x =.[x1(D),.x2(D),.. . .,.xk(D)],.where.xi(D).is.the.D-transform.of.the.ith.data.sequence—and.
produces.n.encoded.sequences,.represented.by.y.=.[y1(D),.y2(D),.. . .,.yn(D)];.the.generator.matrix.G.for.such.
an.encoder.is.a.k.×.n.matrix.with.entries.that.are.rational.functions.in.D.such.that.y =.xG..For.example,.the.
generator.of.the.convolutional.encoder.shown.in.Figure.6.3.is.given.by.G =.[1.+.D2.1.+.D.+.D2].

Convolutional.encoders.are.finite-state machines..At.any.point.in.time,.a.convolutional.encoder.is.in.
a.particular.“state”.determined.by.its.memory.values;.the.encoder.then.accepts.k.input.bits.(one.from.
each.of. the.k.data.sequences).and.produces.an.n-bit.output.while. transitioning. to.a.new.state..This.
behavior.is.captured.by.a.state diagram;.the.state.diagram.associated.with.the.encoder.in.Figure.6.3.is.
shown. in.Figure.6.4a..The.state.of. this.particular.encoder. is.determined.by. the.previous. two. input.
bits—that.is,.when.the.encoder.accepts.input.bit.xi,.it.is.in.the.state.determined.by.xi−1.and.xi−2,.because.
there.are.ν.=.2.memory.elements.in.the.encoder;.thus,.this.is.a.4-state.encoder..In.general,.a.convolu-
tional.encoder.with.ν.bits.of.memory.has.2ν.states,.and.ν.is.referred.to.as.the.code’s.constraint length,.
an..indicator.of.the.code’s.complexity..In.Figure.6.4a,.each.of.the.four.states.is.represented.by.a.node.in.a.
directed.graph;.the.branches.between.the.nodes.indicate.the.possible.transitions,.and.the.label.“x/y(1).y(2)”.
denotes.the.input.(x).that.causes.the.transition.along.with.the.two-bit.output.(y(1).y(2)).that.results.

An.alternative.representation.of.a.convolutional.encoder.is.the.trellis.diagram—a.graph.that.includes.
the.same.state.and.transition.information.as.the.state.diagram.but.also.includes.a.time.dimension..The.
trellis.diagram.for.the.(2,1).convolutional.encoder.under.consideration.is.shown.in.Figure.6.4b;.it.shows,.
for.instance,.that.when.the.encoder.is.in.state.1.(corresponding.to.xi−1.=.1,.xi−2.=.0).then.an.input.of.“0”.
(resp.,.“1”).will.cause.a.transition.to.state.2.(resp.,.3).and.produce.an.output.of.“01”.(resp.,.“10”).

{xk}

{yk
(0)}

{yk
(1)}

+

+

FIGURE 6.3 An.encoder.for.a.(2,1).convolutional.code;.the.generator.is.G.=.[1.+.D2.1.+.D.+.D2].
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The.free distance.of.a.convolutional.code.is.the.minimum.Hamming.distance.between.any.two.valid.
encoded.sequences;.like.the.minimum.distance.of.a.block.code,.the.free.distance.of.a.convolutional.code.
indicates.how.“far.apart”.two.distinct.encoded.sequences.are.guaranteed.to.be..Moreover,.because.of.the.
assumed.linearity.of.convolutional.codes,.the.free.distance.of.a.code.is.equal.to.the.minimum.Hamming.
weight. of. any. sequence. that. diverges. from. the. all-zero. sequence. and. then. remerges.. This. is. seen. in.
Figure.6.5,.where.it.is.shown.that.the.convolutional.code.with.generator.G.=.[1.+.D2.1.+.D.+.D2].has.a.
minimum.distance.of.dfree.=.5.

6.3.2 the Viterbi Algorithm

In.1967,.Dr..Andrew.Viterbi.published.a.paper.[11].in.which.he.presented.an.“asymptotically.optimum.
decoding.algorithm”.for.convolutional.codes—an.algorithm.that.transformed.how.digital.communica-
tion.systems.were.designed.

The.Viterbi.algorithm.as.applied.to.the.decoding.of.convolutional.codes.is.best.understood.as.finding.
the.“best.path”.through.the.code.trellis..Referring.to.Figures.6.4b.and.6.5,.every.branch.in.the.trellis.
corresponds.to.the.encoding.of.k.data.bits.and.the.transmission.of.n.channel.bits;.thus,.there.are.2kL.
paths.of.length.L.through.the.trellis—that.is,.2kL.paths.made.up.of.L.branches—that.start.in.a.particular.
state.at.a.particular.point.in.time..Finding.the.“best.path”.through.a.brute.force.approach.would.quickly.
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1/11 1/11 1/11

0/01 0/01 0/01
1/10 1/10 1/10

0/11 0/11 0/11
1/00 1/00 1/00

0/10 0/10 0/10

1/01 1/01 1/013

2

1

0
State

FIGURE 6.5 Two.paths.through.the.trellis.illustrating.that.the.free.distance.of.the.code.is.dfree.=.5.
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FIGURE 6.4 (a).The.state.diagram.and.(b).trellis.diagram.of.the.convolutional.encoder.from.Figure.6.2.
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become.unwieldy.for.even.moderate.values.of.L,.since.it.would.require.comparing.an.observed.signal.of.
length.L.with.2kL.candidate.paths.

The.key.insight.of.the.Viterbi.algorithm.is.this:.The.relevant.metrics—that.is,.the.relevant.measures.
of.what.constitutes.the.“best.path”—are.additive.over.the.length.of.the.received.sequence,.and.so.when.
two.paths.“merge”.into.the.same.state,.only.one.path—the.best.one.entering.that.state—can.remain.a.
candidate.for.the.title.of.“best.path.”.So,.instead.of.keeping.track.of.2kL.candidate.paths.of.length.L,.we.
need.to.retain.only.2ν—one.for.each.of.the.2ν.states,.because.only.the.best.path.entering.each.state.is.a.
“survivor.”

The.ML.metric.is.the.log-likelihood.function;.if.x.is.transmitted.and.y.is.received,.then.log[p(y|x)].
reflects.how.likely.y.is.to.have.been.produced.by.x..Note.that.if.the.channel.is.“memoryless”—that.is,.
each.successive.transmission.is.affected.independently.by.the.channel.noise—then.p(y|x).=.Π.p(yi|xi).
and.the.metric.log[p(y|x)].=.Σ.log[p(yi|xi)].is.indeed.additive..For.additive.Gaussian.noise,.maximizing.
this.metric.is.equivalent.to.minimizing.the.cumulative.squared.Euclidean.distance.between.x.and.y.

6.4 turbo codes

At.the.1993.International.Conference.on.Communications.in.Geneva,.Switzerland,.a.groundbreaking.
new.approach.to.error.control.coding.was.unveiled.[12]..In.a.paper.titled.“Near.Shannon.Limit.Error.
Correcting.Coding.and.Decoding:.Turbo.Codes”.by.Berrou,.Glavieux,.and.Thitimajshima,.the.authors.
demonstrated.good.performance—a.bit.error.rate.of.10−5—with.a.rate-1/2.code.at.an.Eb/N0.value.of.only.
0.7.dB.on.the.BPSK-modulated.AWGN.channel..That.is.only.0.5.dB.away.from.the.Eb/N0.limit.mandated.
by.Shannon’s.capacity.result.for.BPSK-modulated.signaling.

The.approach.taken.in.Reference.12.(and.in.the.follow-up.journal.paper.[13]).was.to.use.parallel.con-
catenated.convolutional.encoders.with.an.iterative.decoder.structure—an.approach.widely.referred.to.
as.turbo (de-)coding.

The.now-classic.structure.of.a.turbo.encoder.is.shown.in.Figure.6.6..Two.encoders—both.recursive.
systematic. convolutional. encoders—are. placed. in. parallel.. The. same. input. data. are. applied. to. both.
encoders—to.the.first.encoder.in.unaltered.form.and.to.the.second.encoder.after.it.has.passed.through.
an.interleaver.π..The.“job”.of.the.interleaver.is.to.change.the.order.in.which.the.bits.are.encoded.in.a.
pseudo-random—that.is,.random-looking.but.deterministic—fashion.

The.encoder.unveiled. in. the.1993.paper. is. shown. in.Figure.6.7;. it.uses. two.rate-1/2.convolutional.
encoders,.each.with.generator.G.=.[1(1.+.D4)/(1.+.D.+.D2.+.D3.+.D4)]..The.encoder.thus.produces.three.
bitstreams—one.consisting.of.the.systematic.data.bits.and.two.parity.streams,.one.formed.by.the.origi-
nal. data,. and. the. other. formed. by. the. interleaved. data.. As. such,. this. is. a. rate-1/3. code;. however,. in.
References.11.and.12,.half.of.the.parity.bits.are.“punctured”.(i.e.,.not.transmitted)—alternately.from.the.
first.parity.stream.and.then.the.second—to.bring.the.rate.of.the.code.up.to.R.=.1/2.

Input
data

Systematic
bits

First
parities

Encoder 1

Encoder 2π Second
parities

FIGURE 6.6 The.structure.of.a.turbo.encoder.
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A.decoder.for.such.a.turbo.code.is.shown.in.Figure.6.8..The.two.constituent.decoders.correspond.to.the.
two.constituent.encoders,.and.they.are.used.iteratively..Each.decoder.has.three.inputs—(1).the.received.
channel.values.corresponding.to.the.systematic.(data).bits;.(2).the.received.channel.values.corresponding.
to.the.parity.(redundant).bits;.and.(3).a priori.values.for.the.systematic.bits..The.a priori.values.represent.
the.initial.probabilities.assigned.to.the.systematic.bits.by.the.decoder,.and.they.are.provided.in.the.itera-
tive.framework.by.the.other.decoder..Heuristically,.each.decoder.is.provided.with.the.channel.values.it.
needs.plus.a.“first.estimate”.of.the.data—that.is,.for.each.systematic.bit,.a.probability.that.that.bit.is.“1.”.
The.decoder.then.produces.its.own.estimate.of.the.data.probabilities.and.passes.them.on.to.the.other.
decoder—which.uses.them.as.its.“first.estimate.”.In.this.way,.the.two.decoders.(ideally).make.increasingly.
better.estimates.of.the.data.

The.algorithm.used.by.each.decoder.is.the.Bahl-Cocke-Jelinek-Raviv.(BCJR).algorithm.[14],.a.maxi-
mum a posteriori.(MAP).decoding.algorithm.for.convolutional.codes..Unlike.ML.decoding,.in.which.
noisy.values.y.are.observed.and.the.estimate.of.the.data.x.is.the.value.maximizing.p(y|x),.a.MAP.decoder.
observes.y.and.chooses.as.its.estimate.of.x.the.value.maximizing.p(x|y);.such.a.decoder.requires.not.only.
a.probabilistic.description.of.the.channel.(which.is.all.that.is.required.for.an.ML.decoder).but.also.the.a 
priori.probabilities.on.x—something.that,.in.a.turbo.decoder,.is.provided.by.the.partner.decoder.
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+

+
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x1(k)

x2(k)

FIGURE 6.7 The.turbo.encoder.from.the.1993.ICC.paper.[10].
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FIGURE 6.8 The.structure.of.a.turbo.decoder..Here,.ys.indicates.the.received.systematic.values.while.yp,1.and.yp,2.

represent.the.received.values.corresponding.to.the.first.and.second.parity.sequences,.respectively.
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Regarding. the. “first. estimates”. that. each. BCJR. decoder. produces. (and. that. are. used. by. the. other.
decoder.as.a priori.probabilities):.These.are.labeled.“Extrinsic”.in.Figure.6.8,.and.they.must.be.computed.
in.a.way.that.removes.(to.the.extent.possible).the.transfer.of.information.to.a.decoder.that is already 
using that information..As.noted.above,.each.decoder.uses.three.inputs:.systematic.values,.parity.values,.
and.a priori.values..However,.the.other.decoder.already.has.access.to.two.of.those—the.systematic.val-
ues. and. the. a priori. values. (which. were. produced. by. the. other. decoder. as. extrinsic. information)..
Therefore,.the.effect.of.the.systematic.values.and.the.a priori.values.must.be.removed.from.each..decoder’s.
“first.estimate”.before.it.is.passed.as.extrinsic.information.to.the.other.decoder..(For.details.on.how.this.
is.accomplished,.see,.for.example,.[15].or.[16].)

The.algorithm.stops.either.after.a.maximum.number.of.iterations.or.when.some.“stopping.condition”.
indicates.to.the.decoder.that.the.data.have.been.correctly.decoded..At.that.point,.Decoder.2.produces.its.
estimate.of.the.data—and.it.does.so.without.removing.the.effects.of.the.systematic.and.a priori.informa-
tion.as.it.does.when.passing.extrinsic.information..That.is,.Decoder.2.bases.its.final.decisions.on.the.
a posteriori probabilities.(APP).it.computes.for.each.systematic.bit.

The.performance.of. the.1993.ICC.turbo.code. is. shown. in.Figure.6.9..The. improvement. in.perfor-
mance.as.the.number.of.iterations.increases.is.vast;.after.only.18.iterations,.a.BER.of.10−5.is.obtained.at.
a.signal-to-noise.ratio.of.only.0.7.dB—just.a.half.dB.above.the.limit.implied.by.the.capacity.theorem.for.
BPSK-modulated.AWGN.channels..Also.notable.is.the.“error.floor”—the.sharp.reduction.in.the.slope.of.
the.BER.curve.at.BER.values.below.10−5..This.phenomenon.had.not.been.observed.with.conventional,.
“pre-turbo”. codes. and. was. not. initially. understood. by. early. turbo. researchers.. Subsequent. research.
showed.that.the.impressive.“waterfall”.performance.of.turbo.codes.is.due.to.“spectral.thinning”—that.
is,.a.reduction.in.the.multiplicity.of. low-weight.turbo.codewords—while. the.error.floor. is.due.to.the.
(relatively.small).minimum.distance.of.turbo.codes.
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Turbo.codes.represented.a.breakthrough.in.channel.coding..Their.startling.performance..demonstrated.
that.the.lessons.of.Shannon—that.good.codes.should.have.long.blocklengths.and.appear.“random”—are.
still.valid,.but.it.also.provided.a.new.insight:.That.very.long.codes.could.be.made.practical.by.employing.
suboptimal. iterative. decoding. techniques.. All. these. lessons. were. present. in. the. next. coding. “break-
through”—low-density.parity.check.(LDPC).codes.

6.5 Low-Density Parity check codes

LDPC.codes.were.originally.proposed.by.Dr..Robert.Gallagher.in.the.early.1960s.[17],.but.it.took.more.
than.30.years—and.the.maturation.of.high-speed.digital.processing.technology—for.them.to.be.recog-
nized.as.a.practical.and.powerful.solution.for.many.channel.coding.applications..Indeed,.it.was.only.in.
the.aftermath.of.the.discovery.of.turbo.codes.that.the.key.elements.of.LDPC.codes—long,.random-like.
codewords.made.practical.by.an.iterative.decoding.algorithm—were.“rediscovered”.and.fully.appreci-
ated.[18].

LDPC.codes.are.block.codes.with.a.parity.check.matrix.with.a.“low.density”.of.ones—that.is,.rela-
tively.few.ones..While.there.is.no.precise.definition.of.what.constitutes.“low.density”—typically,.we.take.
it.to.mean.that.the.fractions.of.nonzero.components.in.each.row.and.each.column.are.very.small—the.
decoder.complexity.increases.with.the.number.of.ones.in.the.parity.check.matrix,.so.keeping.the.density.
of.ones.low.is.what.makes.LDPC.codes.practical.

As.a.simple.example,.consider.the.parity.check.matrix.given.by

.

H =

⎡

⎣

⎢
⎢
⎢
⎢

1 1 1 1 0 0 0 0 0 0
1 0 0 0 1 1 1 0 0 0
0 1 0 0 1 0 0 1 1 0
0 0 1 0 0 1 0 1 0 1
0 0 0 1 0 0 1 0 1 1
⎢⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥

.

(This.matrix.actually.contains.a.relatively.high.density.of.ones,.but.it.suffices.to.introduce.the.neces-
sary.terminology.and.concepts.)

The.above.parity.check.matrix. illustrates.a.particular.kind.of.LDPC.code,.called.a.regular.LDPC.
code,.because.every.row.of.the.matrix.and.every.column.of.the.matrix.contains.the.same.number.of.
ones..An.(wc,.wr).regular.LDPC.code.is.one.for.which.the.associated.parity.check.matrix.has.wc.ones.in.
every.column.and.wr.ones.in.every.row;.thus,.each.code.bit.is.involved.in.wc.parity.constraints.and.each.
parity.constraint.involves.wr.bits..It.is.easy.to.show.that.the.rate.R.of.an.(wc,.wr).LDPC.code.satisfies.
R w wc r≤ −1 ( )/ ,.where.the.quantity. ʹ = −R w wc r1 ( )/ .is.called.the.design rate.of.an.(wc,.wr).LDPC.code.

Associated.with.an.LDPC.code. is.a.Tanner graph.with.two.classes.of.nodes—check.nodes.and.bit.
nodes;.if.the.parity.check.matrix.is.m.rows.by.n.columns,.then.there.are.m.check.nodes.(one.for.each.
parity.check).and.n.bit.nodes.(one.for.each.codeword.bit).in.the.graph..An.edge.connects.a.check.node.
with.a.bit.node.if.and.only.if.the.bit.participates.in.the.associated.parity.check..The.Tanner.graph.for.the.
(2,4).regular.LDPC.code.with.parity.check.matrix.H.above.is.shown.in.Figure.6.10.

The.significance.of.the.Tanner.graph.is.that.it.provides.a.“map”.to.the.decoding.algorithm.that.is.typi-
cally.used.with.LDPC.codes—an.algorithm.called.belief propagation.or.message passing..The.details.of.
the.belief.propagation.algorithm.can.be.found.in.any.textbook.on.coding.theory.(e.g.,.[15,19]),.but.what.
follows.is.a.brief.overview.

•. The.decoding.algorithm.is.iterative,.with.each.iteration.consisting.of.two.phases:.In.the.first.phase.
of.an.iteration,.every.bit.node.sends.a.“message”.to.every.check.node.connected.to.the.bit.node.via.
the.Tanner.graph;.in.the.second.phase,.every.check.node.similarly.sends.a.message.to.each.of.the.
bit.nodes.to.which.it.(the.check.node).is.connected.
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•. The.messages.passed.from.bit.nodes.to.check.nodes.and.from.check.nodes.to.bit.nodes.are.called.
extrinsic. information—“extrinsic”. meaning. that. we. do. not. pass. to. a. node. information. that.
recently.originated.at.that.node.

•. Let.qij.denote.a.message.passed.from.bit.node.i.to.check.node.j.in.a.given.round..Then,.qij.is.the prob-
ability.that.the.transmitted.bit.value.associated.with.node.i.is.“1,”.given.the.received.channel.value.
and.given.all.of.the.extrinsic.information.that.was.passed.to.bit.node.i.in.the.previous.iteration,.
with.the.exception.of.the.extrinsic.information.that.was.passed.to.bit.node.i.from.check.node.j.

•. Let.rji.denote.a.message.passed.from.check.node.j.to.bit.node.i..Then,.rji.is.the.probability.that.the.
parity.check.constraint.described.by.check.node.j.is.satisfied,.given.that.the.transmitted.bit.value.
associated.with.node.i.is.“1”.and.given.all.the.extrinsic.information.passed.to.check.node.j.from.
the.other.bit.nodes.(except.for.bit.node.i).in.the.previous.round.

•. At.the.end.of.each.iteration,.the.APP.distribution.for.each.bit.node.can.be.computed.based.on.the.
associated.channel.output.value.as.well.as.the.messages.passed.to.the.node.during.that.iteration..
An.estimate.for.each.bit.can.be.made.at.that.point.based.on.the.APP.value—that.is,.an.estimate.of.
“1”.if.that.is.the.more.likely.value,.an.estimate.of.“0”.otherwise.

•. The.algorithm.continues.until.either.a.fixed.number.of.iterations.have.been.completed.or.some.
“stopping.condition”.has.been.met—for.example,.if.the.hard.estimates.produced.by.the.APP.dis-
tributions.at.the.end.of.an.iteration.satisfy.all.the.parity.constraints.required.by.the.code.

Figure.6.11.shows. the.dependencies.of.messages.flowing. into.and.out.of.a.check.node. f0;. in.keep-
ing with.the.notion.that.only.“extrinsic”.information.is.passed.to.a.node,.the.message.that.f0.sends.to.X0.
depends.on.the.messages.f0.received.from.X1,.X2,.and.X3.but.not X0—and.similarly.for.the.other..messages.
passed.by.f0..Similarly,.Figure.6.12.shows.the.dependencies.of.messages.flowing.into.and.out.of.bit.node.
X0;.here,.Y0.corresponds.to.the.matched-filter.channel.output.corresponding.to.the.value.of.X0.

Check nodes

Bitnodes

FIGURE 6.10 The.bipartite.graph.for.the.(2,4)-regular.LDPC.code.with.parity.check.matrix.given.by.H.
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The.algorithm.as.outlined.above.involves.the.passing.of.messages.that.represent.probabilities,.or.like-
lihood.values;.in.practice,.it.is.common.to.carry.out.the.algorithm.in.the.log.domain,.so.the.messages.
become. log-likelihood.ratios. (LLRs). that.are.either.positive.or.negative—that. is,. the.sign.of. the.LLR.
.indicates.whether.the.associated.random.variable.is.more.likely.to.be.“1”.or.“0,”.and.the.magnitude.of.
the.LLR.reflects. the.confidence.of. that.assertion..Executing.the.algorithm.in.the. log.domain.has.the.
advantage. of. turning. costly. multiplications. into. less. costly. additions. and. also. enhancing. numerical.
stability.

Figure.6.13.demonstrates.the.performance.of.three.different.(6,3)-regular.LDPC.codes.(each.of.design.
rate.0.5).over.a.BPSK-modulated.AWGN.channel..The.advantage.of.increasing.the.code’s.blocklength.is.
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FIGURE 6.12 The.dependencies.of.messages.passed.to.and.from.a.bit.node.X0.in.message-passing.decoding.of.
LDPC.codes.
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apparent;.for.a.bit.error.rate.of.10−5,.increasing.the.blocklength.from.n.=.2000.to.n.=.200,000.provides.
almost.a.full.decibel.of.coding.gain.

The.results.in.Figure.6.13.show.LDPC.performance.that.is.still.significantly.worse.than.what.is.prom-
ised.by.Shannon.and.information.theory;.the.capacity.of.the.BPSK-modulated.AWGN.channel.tells.us.
that.there.exists.a.rate-1/2.code.that.can.perform.arbitrarily.well.at.Eb/N0.=.0.184.dB—more.than.a.full.dB.
less.than.the.SNR.required.for.the.n.=.200,000.LDPC.code.to.attain.a.bit.error.rate.of.10−5..To.get.good.
performance.at.lower.SNR.values.requires.the.use.of.irregular.LDPC.codes—that.is,.codes.with.parity.
check.matrices.with.a.nonconstant.number.of.ones.in.every.row.and.column;.indeed,.by.optimizing.the.
degree profiles.that.characterize.the.densities.of.ones.in.the.matrix’s.rows.and.columns,.it.is.possible.to.get.
good.performance.within.a.few.hundredths.of.a.dB.from.the.limit.imposed.by.capacity.[20].

6.6 coding and Bandwidth-efficient Modulation

The.bandwidth.of. a. communication.channel. imposes. limits.on.how.rapidly.one.can. signal.over. the.
channel..Specifically,.the.results.of.Nyquist.dictate.that.it.is.impossible.to.transmit.more.than.W.two-
dimensional.symbols.per.second.over.a.W.Hz.bandpass.channel.without.incurring.intersymbol.interfer-
ence.(ISI).at.the.receiver.

While.Nyquist.tells.us.we.cannot.send.more.than.W.symbols.per.second,.it.is.still.possible.to.improve.
the.data.rate.over.a.W.Hz.channel.by.conveying.more.information.with.each.symbol—that.is,.by.using.
bandwidth-efficient modulation.. In.uncoded.transmission,.a.symbol.constellation.with.M = 2b. symbols.
conveys.b.bits.with.every.symbol;.Figure.6.14.shows.symbol.constellations.with.M.=.4,.8,.and.16.symbols,.
corresponding.to.b.=.2,.3,.and.4.bits.per.symbol;.these.constellations.are.called.quaternary.phase-shift.key-
ing.(QPSK),.octal.phase-shift.keying.(8-PSK),.and.16-ary.quadrature.amplitude.modulation.(16-QAM).

A.brief.explanation.of.what.these.constellations.represent:.Each.symbol.has.an.associated.b-bit.label;.
therefore,.the.transmission.of.each.symbol.is.equivalent.to.the.transmission.of.b.bits..But.what.does.it.
mean.to.“transmit”.a.symbol?.Think.of.the.constellations.in.Figure.6.14.as.lying.in.the.complex.plane,.
so.the.“x-coordinate”.of.each.symbol.represents.its.real.part.and.the.“y-coordinate”.its.imaginary.part..
Then,.to.transmit.the.sequence.of.symbols.[s0,.s1,.s2,.. . .].means.to.transmit.the.signal.c(t),.where

.
c t s p t iT f t s p t iT f ti

i
s i s( ) Re[ ] ( )cos( ) Im[ ] ( )sin( ).= − − −∑ 2 20 0π π

The.orthogonality.of.the.two.sinusoids.creates,.in.essence,.two.channels;.the.in-phase channel.that.
carries.the.real.part.of.each.transmitted.symbol.and.the.quadrature channel.that.carries.the.imaginary.
part..The.pulse.p(t).is.used.to.shape.the.spectrum.of.the.transmitted.signal,.and.these.pulses.are.trans-
mitted.every.Ts.seconds,.each.pulse.weighted.by.the.appropriate.symbol.coordinate..Raised cosine pulses.
are.often.used.in.this.context;.a.raised.cosine.pulse.with.rolloff.parameter.α.(0.≤.α.≤.1).results.in.a.trans-
mitted.signal.with.a.bandwidth.of.(1.+.α)/Ts.Hz..Thus,.uncoded.M-ary.transmission.provides.a.band-
width.efficiency.of.γ.=.log2(M)/(1.+.α).bits/s/Hz.

FIGURE 6.14 Three.constellations.for.bandwidth-efficient.modulation:.QPSK,.8-PSK,.and.16-QAM.
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While. channel. coding. for. power-limited. applications. (e.g.,. space. communications). yielded. useful.
results.as.early.as.the.mid-1960s,.the.application.of.channel.coding.to.bandlimited.environments.(such.
as.the.telephone.channel).came.much.later..The.reason:.the.straightforward.application.of.binary.codes.
to.larger,.“denser”.symbol.constellations—that.is,.by.designing.good.binary.codes.and.then.mapping.
them.via.Gray.mapping*.to.the.larger.constellation—yielded.relatively.poor.results.

With.hindsight,.the.reason.for.the.disappointing.performance.is.obvious..The.performance.of.a.digi-
tal.communication.system.is,.to.first.order,.determined.by.how.“far.apart”.two.different,.valid.transmit-
ted.symbol.sequences.are.required.to.be;.the.more.“unlike”.two.sequences.are.from.one.another,.the.less.
likely.the.receiver.is.to.mistake.one.for.the.other..Here,.the.“distance”.of.one.sequence.from.another.is.
given.by.the.square.root.of.the.cumulative.squared.Euclidean.distance.between.the.symbols—that.is,.the.
distance.between.the.sequence.of.symbols.[s0,.s1,.s2,.. . .].and.the.sequence.[r0,.r1,.r2,.. . .].is. ∑ −i i is r| |2 ..
However,.encoding.data.with.good.binary.codes.and.then.“throwing.the.encoded.bits.over.a.wall”.to.be.
modulated.does.not.result.in.a.system.with.good.Euclidean.distance.properties.

In. the. late. 1970s,. Gottfried. Ungerboeck. [21]. of. IBM. unveiled. trellis coded modulation. (TCM),. a.
.technique. for. jointly.designing. the.coding.and.modulation. functions. to.enhance.Euclidean.distance.
properties;.TCM.is.still.employed.in.wireline.and.wireless.systems.today..Another.approach.to.band-
width-efficient.coding,.bit-interleaved coded modulation.(BICM),.was.originally.developed.to.improve.
performance.over.fading.(mobile).communication.channels.[22].but.has.since,.with.the.advent.of.capac-
ity-approaching.codes.such.as.turbo.and.LDPC.codes,.been.shown.to.be.useful.in.a.variety.of.applica-
tions..The.next.two.subsections.describe.TCM.and.BICM.

6.6.1 trellis-coded Modulation

TCM.is.best.explained.via.a.(now.classic).example..Suppose.one.wishes.to.convey.two.information.bits.
per.transmitted.symbol—a.goal.that.is.realizable.with.uncoded.transmission.using.QPSK.modulation..
TCM.teaches.that,.to.apply.coding.to.such.a.system,.one.doubles.the.constellation.size—to.8-PSK—and.
then.uses.the.structure.of.a.convolutional.encoder.to.ensure.that.only.certain.sequences.are.valid.and.
can.thus.be.transmitted.

This.approach.is.illustrated.in.Figure.6.15..Two.information.bits.are.passed.through.a.rate-2/3.convo-
lutional.encoder.to.produce.the.three.bits.[y2y1y0]..This.convolutional.encoder.is.not.“good”.in.the.sense.
that.it.has.a.large.free.distance;.indeed,.its.free.distance.is.trivially.one..Rather,.the.output.of.the.encoder.
is.interpreted.as.the.label.of.the.transmitted.symbol,.and.the.combination.of.the.encoder.with.the.“natu-
ral”.(rather.than.Gray).mapping.produces.an.encoder-plus-modulator.with.better.Euclidean.distance.
properties. than.uncoded.QPSK..Specifically,. this.scheme.provides.an.asymptotic.(high-SNR).coding.
gain.of.approximately.3.dB.in.AWGN.compared.to.uncoded.QPSK,.meaning.that.the.coded.system.need.
transmit.only.half.as.much.power.as.the.uncoded.system.and.still.have.the.same.performance.

To.understand.the.TCM.encoder.in.Figure.6.15,.it.is.informative.to.look.at.the.state.transition.dia-
gram..Because.the.encoder.has.ν.=.2.memory.elements,.this.is.a.four-state.encoder..Moreover,.because.
only.one.of.the.two.input.bits.is.passed.through.the.encoder—the.other.is.uncoded—there.are.parallel.
transitions.between.states..For.example,.if.the.encoder.is.in.state.“00”.then.an.input.of.either.“01”.or.“11”.
will.cause.a.transition.to.state.“10”;.because.the.first.bit.is.uncoded,.it.has.no.effect.on.the.state.transition..
Finally,. observe. that. the. two. transmitted. symbols. corresponding. to. these. two. parallel. transitions—
symbols.S2.and.S6—are.maximally.far.apart.

These.observations.lead.to.an.illuminating.interpretation.of.the.encoder.in.Figure.6.15:.The.encoded.bits.
[y1y0].select.a.sequence.of.subsets.of.the.symbol.constellation—in.this.example,.there.are.four.such.subsets:.
{s0,s4},.{s1,s5},.{s2,s6},.and.{s3,s7}—and.then.the.uncoded.bit.is.used.to.select.one.of.the.symbols.from.the.
subset..Thereby,.the.sequence.of.two-bit.inputs.selects.a.sequence.of.8-PSK.symbols.that.are.transmitted.

*. In.Gray.mapping,.labels.are.assigned.to.two-dimensional.symbols.so.that.adjacent.symbols.have.labels.that.differ.in.a.
single.bit..In.this.way,.the.most.common.symbol.detection.errors.result.in.a.single.bit.error.
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This.approach.is.generalized.in.Figure.6.16.to.describe.a.system.in.which.k.information.bits.are.con-
veyed.with.every.transmission.of.a.symbol.from.a.constellation.with.2k+1.elements—i.e.,.the.constellation.
size.is.doubled.over.what.is.required.for.uncoded.transmission..In.this.figure,.k.data.bits.enter.the.encoder.
during.each.symbol.period;.m.of.them.are.coded.while.k–m.of.them.are.uncoded..The.m.coded.bits.are.
passed.through.a.rate-m/(m + 1).convolutional.encoder.to.produce.m + 1.bits.that.form.part.of.the.label.
of.the.transmitted.codeword;.the.k–m.uncoded.bits.form.the.rest.of.the.k.+.1-bit.label..In.this.way,.the.
output.of.the.convolutional.encoder.selects.a.sequence.of.constellation.subsets—there.are.2m+1.such.sub-
sets,.and.they.each.contain.k–m.symbols—while.the.uncoded.bits.select.the.transmitted.symbol.from.
each.subset.thus.selected..(Applying.this.notation.to.the.example.in.Figure.6.15,.we.have.k = 2.and.m = 1.)

The.2m+1.subsets.(each.with.2k–m.symbols).should.be.designed.to.be.as.“sparse”.as.possible;.the.mini-
mum.Euclidean.distance.between.symbols. in.each.subset.should.be.maximized..This. is.because.two.
information.sequences.that.differ.in.a.single.uncoded.bit.will.be.encoded.to.symbol.sequences.that.are.
at.least.dmin,uncoded.apart,.where.dmin,uncoded.is.the.minimum.Euclidean.distance.within.a.(sparse).subset..
On.the.other.hand,.two.information.sequences.that.differ.in.coded.bit(s).will.benefit.from.the.structure.
of.the.convolutional.encoder;.the.convolutional.encoder.guarantees.that.the.sequence.of.(partial).labels.
it. produces. will. yield. a. sequence. of. subsets. that. are. sufficiently. different. to. guarantee. a. cumulative.
Euclidean.distance.of.dmin,coded..Thus,.the.overall.scheme.produces.a.guaranteed.minimum.Euclidean.
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FIGURE 6.15 A.trellis-coded.modulation.(TCM).scheme.employing.8-PSK.to.convey.two.information.bits.per.
symbol.
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difference.of.dmin.=.min{dmin,coded,.dmin,uncoded}. in. the.two.sequences.of. transmitted.symbols.associated.
with.two.different.information.sequences.

TCM.has.been.widely.extended.beyond.the.simple.approach.outlined.here.[15,16]..Examples.of.those.
extensions.include:

•. The.design.of.multidimensional.trellis.codes,.in.which.the.symbol.constellation.is.not.two-dimen-
sional.but.rather.2M-dimensional.for.some.integer.M.>.1..The.2M-dimensional.space.is.obtained.
by.concatenating.M.successive.two-dimensional.spaces.created.by.the.in-phase/quadrature.repre-
sentation.of.M.symbol.intervals..The.advantage.of.higher-dimensional.codes.comes.from.the.fact.
that.it.is.possible.to.more.efficiently.“pack”.symbols.in.higher.dimensions.

•. The.design.of.rotationally invariant trellis.codes,.which.enable.the.receiver.to.recover.the.trans-
mitted.data.even.when.the.symbol.constellation.is.rotated—a.phenomenon.that.occurs.when.the.
receiver.loses.carrier.synchronization.and.is.unable.to.acquire.an.absolute.phase.reference.

6.6.2 Bit-interleaved coded Modulation

While. TCM. employs. an. integrated. approach. to. coding. and. modulation,. BICM. takes. a. partitioned.
approach—but.with.the.addition.of.a.bit-interleaver.between.the.encoder.and.the.modulator.

In.an.early.paper.by.Zehavi.[22],.BICM.was.motivated.by.the.fading.present.in.mobile.communication.
channels..In.the.fully interleaved Rayleigh fading channel,.it.is.assumed.that.each.transmitted.symbol.is.
affected.independently.by.Raleigh.fading;.this.is.quite.different.from.the.block Rayleigh fading channel.in.
which.the. fading. is.assumed.to.be.(approximately).constant.over.some.specified.blocklength,. typically.
determined.by.vehicle.speed.and.carrier.frequency.*.The.performance.of.a.coded.digital.communication.
system.over.the.fully.interleaved.Rayleigh.fading.channel.is.affected.most.strongly.by.its.diversity order—
that.is,.by.the.minimum.number.of.distinct.modulation.symbols.between.two.valid.transmitted.sequences;.
this.is.quite.different.from.the.cumulative.squared.Euclidean.distance.metric.that.determines.performance.
over.a.nonfading.AWGN.channel—and.which.motivated.TCM..Zehavi’s.approach,.illustrated.in.Figure.
6.17.with.a.rate-2/3.convolutional.code,.was.to.carry.out.“bit-interleaving”..between.the.encoder.and.the.
decoder.to.“spread.out”.the.bits.so.that.every.bit-difference.in.the.convolutional.encoder’s.output.produced.
exactly.one.corresponding.symbol-difference.in.the.transmitted.sequence;.this.leads.to.a.diversity.order.
equal.to.the.minimum.Hamming.distance.of.the.convolutional.encoder—the.optimal.value.

Subsequent.research.on.BICM.[23].indicated.that.very.little.capacity.is.lost.(for.both.fading.and AWGN.
channels).by.restricting.the.encoder.to.one.of.the.type.from.[22]—that.is,.by.using.bit.interleaving.to.
create.independent,.binary-input.equivalent.channels.and.then.applying.capacity-approaching.codes.to.
those. channels.. This. realization,. coupled. with. the. concurrent. development. of. capacity-approaching.

*. The.fully.interleaved.Rayleigh.fading.channel.can.be.realized.by.symbol-interleaving.a.block-wise.(or.correlated).fading.
channel.to.sufficient.depth.that.the.fades.from.one.symbol.to.the.next.appear.independent.
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FIGURE 6.17 Block. diagram. of. the. rate-2/3. 8-PSK. BICM. encoder.. (From. Zehavi,. E.,. IEEE Transactions on 
Communications,.40(5),.873–884,.1992.)
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binary.codes.such.as.LDPC.and.turbo.codes,.has.led.to.the.widespread.adoption.of.the.BICM.architec-
ture—a.binary.encoder.followed.by.a.bit.interleaver.followed.by.a.dense.Gray-mapped.symbol.constel-
lation—for.bandwidth-efficient.communication.

6.7 Automatic Repeat Request

All.the.approaches.to.error.control.described.in.this.chapter.up.to.this.point.have.been.examples.of.FEC..
This.means.that.the.redundancy.incorporated.into.the.transmitted.signal.is.designed.to.provide.enough.
robustness.against.channel.noise.that.the.information-bearing.sequence.can.be.recovered.at.the.receiver.
well.enough.to.meet.the.application’s.requirements.without.any.retransmissions.

For.some.applications,.it.is.wasteful.to.provide.such.a.high.level.of.robustness.because.the.channel.con-
ditions.are.usually.so.benign.that. the.redundancy.is.unneeded..For.such.applications,.when.a.“reverse.
channel”—a.channel.from.the.receiver.to.the.transmitter—is.available,.an.ARQ.approach.is.appropriate.

In.an.ARQ.protocol,.the.receiver.does.not.attempt.to.recover.the.encoded.data.in.the.presence.of.cor-
ruption;.rather,. it. simply.detects. the.corruption.and,.when.upon.finding. it,. requests. that. the.data.be.
retransmitted..Thus,.an.ARQ.protocol.requires.two.elements:.a.means.for.error detection.and.a.retrans-
mission strategy.

Error.detection. is. typically.carried.out.using.an.error-detecting.code..A.class.of.codes.commonly.
used.for.this.purpose.is.the.cyclic redundancy check.(CRC).codes..CRC.codes.are.(n,k).block.codes—that.
is,.codes.with.k.data.bits.and.n-k.redundant.bits—wherein.the.redundancy.is.used.to.only.detect.the.
presence.of.errors.rather.than.correct.them,.as.described.in.Section.6.2..For.instance,.CRC-12.is.a.code.
that. adds.12.bits.of. redundancy. to.a.data.packet. to. create.an.n-bit. codeword,.where.n.≤.2047;. these.
12 bits.of.redundancy.guarantee.that.12.different.parity.constraints.are.satisfied.across.the.codeword..
This.code.has.a.minimum.distance.of.dmin.=.4,.so,.provided.no.more.than.three.bit.errors.occur.in.the.
codeword,.the.resulting.syndrome.(see.Section.6.2).will.be.nonzero,.flagging.a.corrupted.packet.

A.wide.variety.of.CRC.codes.are.used.in.mobile.communication.standards..For.example,.the.3GPP.
cellular.standard.alone.employs.four.different.CRC.codes—codes.with.three.bits.of.redundancy,.six.bits.
of.redundancy,.eight.bits,.and.fourteen.bits—in.its.various.modes.

Retransmission.strategies.require.that.the.receiver.informs.the.transmitter.whether.or.not.it.has.reli-
ably.received.a.particular.packet.or.frame*;.this.is.done.by.transmitting.an.“ACK”.(a.positive.acknowl-
edgment.for.an.apparently.uncorrupted.frame).or.a.“NACK”.(a.negative.acknowledgement.for.a.corrupt.
frame)..The.transmitted.frames.typically.include.a.header.that.contains.a.packet.identification.number;.
these.ID.numbers.allow.the.receiver.to.indicate.which.frames.have.(and.have.not).been.reliably.received..
Moreover,.frames.that.have.been.neither.ACKed.nor.NACKed.within.a.specified.“timeout”.duration.are.
treated.as.if.they.were.negatively.acknowledged.

Retransmission.strategies.come.in.at.least.three.different.flavors,.corresponding.to.different.trade-offs.
between.complexity.and.efficiency.

Stop-and-Wait.is.the.simplest.retransmission.strategy..It.requires.that.a.transmitter,.upon.sending.a.
frame,.wait.until.that.frame.is.acknowledged.before.it.sends.(or.resends).another..Thus,.the.protocol.
proceeds. in. a. “ping. pong”. fashion.with. the. transmitter. and. receiver. alternately. sending. frames. and.
acknowledgments.(see.Figure.6.18)..Stop-and-Wait.thus.does.not.require.a.full-duplex.channel—that.is,.
it.does.not.require.simultaneous.transmission.in.each.direction—and,.compared.with.more.sophisti-
cated.approaches,.it.requires.minimal.storage.and.processing.at.both.the.transmitter.and.the.receiver..
However,.this.simplicity.comes.at.a.cost.in.throughput;.because.most.channels.are.in.fact.full-duplex.
and.Stop-and-Wait.does.not.exploit.this.capability,.the.transmitter.is.sitting.idle,.waiting.for.acknowl-
edgments,.when.it.could.be.formatting.and.transmitting.additional.frames.

*. In.this.chapter,.we.use.the.terms.“packet”.and.“frame”.interchangeably..Both.terms.refer.to.a.data.unit.that.typically.
includes.user-supplied.“payload”.data.as.well.as.CRC.redundancy.and.an.identification.number.
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Go-Back-N.is.a.retransmission.strategy.designed.to.address.the.inefficiency.of.Stop-and-Wait..In.a.
communication.link.implementing.the.Go-Back-N.strategy,.the.transmitter.does.not.have.to.wait.for.a.
request.before.sending.another.packet..Rather,.the.transmitter.is.permitted.to.send.all.of.the.packets.in.
a.“window”.maintained.at.the.transmitter..When.the.first.(earliest).packet.in.the.window.is.ACKed,.the.
transmitter.“slides”.the.window.one.position,.dropping.the.acknowledged.packet.and.adding.a.new.
one.which.it.then.transmits;.conversely,.if.a.NAK.is.received.for.that.first.packet.in.the.window,.the.
transmitter.“backs.up”.and.resends.all.the.packets.in.the.window,.beginning.with.the.corrupt.packet.

More.specifically,. suppose.that. the. transmitter.has.received.an.ACK.for.Packet. i..Then,.under. the.
Go-Back-N.protocol,.the.transmitter.may.send.Packets.i.+.1.through.i.+.N.without.receiving.another.
ACK;.however,.the.transmitter.must.receive.an.ACK.for.Packet.i.+.1.before.transmitting.Packet.i.+.N.+.1.
(see.Figure.6.19).
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FIGURE 6.18 Timeline.for.a.Stop-and-Wait.ARQ.protocol.
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Go-Back-N.is.often.referred.to.as.a.sliding window.protocol.because.the.transmitter.maintains.a.slid-
ing.window.of.“active”.frames—that.is,.up.to.N.frames.that.have.been.transmitted.but.have.not.yet.
been.acknowledged..It.should.be.clear.that.the.Stop-and-Wait.strategy.is.simply.a.Go-Back-1.strategy.

Finally,.the.Go-Back-N.protocol.is.clearly.still.not.as.efficient.as.it.could.be;.when.a.frame.is.corrupted.
under.the.Go-Back-N.protocol,.all.the.frames.that.were.transmitted.after.the.bad.frame.was.sent.and.
before.it.was.negatively.acknowledged.must.be.retransmitted.as.well—as.many.as.N.−.1.frames.in.addi-
tion.to.the.corrupt.frame..These.discarded.frames.may.have,.in.fact,.been.received.error-free;.they.are.
discarded.only.because.they.followed.too.closely.on.the.heels.of.a.corrupt.frame.

Selective-Repeat.ARQ.overcomes.this.inefficiency..In.the.Select-Repeat.protocol,.the.transmitter.does.
not. retransmit. the. contents. of. the. entire. window. when. an. NAK. is. received;. rather,. the. transmitter.
resends.only.the.frame.“selected”.as.corrupt.by.the.receiver..Selective-Repeat.is.typically.implemented.
as.a.sliding.window.protocol,.just.like.Go-Back-N..This.means.that,.when.Frame.i.is.ACKed,.Frames.
i.+.1. through. i.+.N. (but. not. Frame. i.+.N.+.1). may. be. transmitted. before. Frame. i.+.1. is. positively.
acknowledged..Once.Frame.i.+.1.is.ACKed,.all.the.“oldest”.frames.in.the.window.that.have.been.posi-
tively.acknowledged.are.considered.complete.and.are.shifted.out.of.the.window;.the.same.number.of.
new.frames.are.shifted.into.the.window.and.are.transmitted.

This.process.is.illustrated.in.Figure.6.20..Here,.Frame.i.is.received.intact.and.Frame.i.+.1.is.corrupt;.
however,.in.the.Selective-Repeat.strategy,.Frames.i.+.2.and.i.+.3—the.two.frames.sent.after.Frame.i.+.1.
was.sent.but.before.it.was.negatively.acknowledged—are.not.discarded.at.the.receiver.(and.resent.by.the.
transmitter).but.instead.are.accepted,.assuming.they.are.not.corrupt.

Finally,.it.should.be.noted.that.hybrid ARQ.(HARQ).schemes.[24,25]—containing.elements.of.both.FEC.
and.ARQ—have.also.found.applications.in.mobile.communication.systems..Hybrid.ARQ.schemes.employ.
FEC.codes.to.make.a.“first.attempt”.to.decode.a.frame;.if.that.attempt.is.unsuccessful,.then.some.kind.of.
retransmission.is.employed..Hybrid.ARQ.schemes.are.typically.classified.into.one.of.two.approaches:

•. In.a.type-I.hybrid.ARQ.system,.a.conventional.FEC.code.(of.the.type.described.in.Sections.6.2–6.6).
is.used. in.each. frame.. If. the.decoder.can.successfully. recover. the. frame,. then. it.does.so.. If. the.
decoder. cannot. successfully. recover. the. frame—something. typically. ascertained. by. using. an.
“outer”.error.detection.code.that.checks.the.results.of. the.“inner”.FEC.code—then.the.receiver.
requests.a.retransmission.of.that.same.frame.

•. In.a.type-II.hybrid.system,.what.is.retransmitted.is.not.a.copy.of.the.same.(encoded).frame.that.
failed. to.decode.on. the.first.attempt,.but.rather.additional. redundant.parity.check.bits. for. the.
same.data..In.this.way,.the.receiver.can.observe.a.single.(noisy).codeword.from.a.longer,.more.
powerful.code.spread.out.over.two.frames.
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FIGURE 6.20 Timeline.for.a.Selective-Repeat.ARQ.protocol.
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7.1 introduction

The.field.of.information.theory.has.its.origin.in.Claude.Shannon’s.1948.paper,.“A.Mathematical.Theory.
of.Communication.”.Shannon’s.motivation.was. to.study.“[The.problem].of. reproducing.at.one.point.
either.exactly.or.approximately.a.message.selected.at.another.point.”.In.this.chapter,.we.will.be.con-
cerned.only.with.Shannon’s.original.problem..One.should.keep.in.mind.that.information.theory.is.a.
growing.field.of.research.whose.profound.impact.has.reached.various.areas.such.as.statistical.physics,.
computer.science,.statistical.inference,.and.probability.theory..For.an.excellent.treatment.of.informa-
tion.theory.that.extends.beyond.the.area.of.communication,.we.recommend.Cover.and.Thomas.(1991)..
For. the. reader. who. is. strictly. interested. in. communication. problems,. we. also. recommend. Gallager.
(1968),.Blahut.(1987),.and.McEliece.(1977).

7.2 the communication Problem

A.rather.general.diagram.for.a.(point-to-point).communication.system.is.shown.in.Figure.7.1.
The.source.might.be.digital.(e.g.,.a.data.file).or.analog.(e.g.,.a.video.signal)..Since.an.analog.source.can.

be. sampled.without. loss.of. information.and.without. loss.of. .generality,.we.consider.only.discrete-time.
sources.and.model.them.as.discrete-time.stochastic.processes.

The.channel.could.be.a.pair.of.wires,.an.optical.fiber,.a.radio.link,.and.so.on..The.channel.model.speci-
fies.the.set.of.possible.channel.inputs.and,.for.each.input,.specifies.the.output.process..Most.real-world.
channels.are.waveform.channels,.meaning.that.the.input.and.output.sets.are.sets.of.waveforms..It. is.
often.the.case.that.the.communication.engineer.is.given.a.waveform.channel.with.a.modulator.and.a.
demodulator..In.a.satellite.communication.system,.the.modulator.might.be.a.phase-shift.keying.modu-
lator. whose. input. alphabet.v. is. the. set. {0,. 1};. the. channel. might. be. modeled. by. the. additive. white.
Gaussian. noise. channel,. and. the. demodulator. attempts. to. output. a. guess. (perhaps. incorrect). of. the.
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modulator.input..In.this.case,.the.modulator.output.alphabet.w.equals.v..In.more.sophisticated.cases,.
where.|w|.>.|v|.and.|.|.denotes.the.number.of.elements.in.the.enclosed.set,.the.digital.data..demodulator.
can.also.furnish.information.about.the.reliability.of.the.decision..Either.way,.one.would.consider.the.
modulator.and.the.demodulator.as.part.of.the.channel..If.the.statistics.of.the.channel.output.at.a.given.
time.depend.only.on.the.value.of. the.corresponding.position.of.the. input.sequence,. the.channel. is.a.
discrete. memoryless. channel. (DMC).. This. is. an. important. class. of. channel. models. that. will. receive.
particular.attention.in.this.chapter..Even.if.the.modulator.and.the.demodulator.are.not.given,.assuming.
that.the.bandwidth.of.the.waveform.channel.is. limited,.one.can.always.use.the.sampling.theorem.to.
convert.a.waveform.channel.into.a.channel.with.discrete-time.input.and.output.

The.destination.is.merely.a.place.holder.to.remind.us.that.the.user.has.some.expectation.concerning.
the.quality.of.the.reproduced.signal..If.the.source.output.symbols.are.elements.of.a.finite.set,.the.destina-
tion.may.specify.a.maximum.value.for.the.probability.of.error..Otherwise,.it.may.specify.a.maximum.
distortion.computed.according.to.some.specified.criterion.(e.g.,.mean.square.error).

It.is.generally.assumed.that.the.source,.the.channel,.and.the.destination.are.given.and.fixed..On.the.
other. hand,. the. communication. engineer. usually. is. completely. free. to. design. the. encoder. and. the.
decoder.to.meet.the.desired.performance.specifications.

An.important.result.of.information.theory.is.that,.without.loss.of.optimality,.the.encoder.in.Figure 7.1.
can.be.decomposed.into.two.parts:.a.source.encoder.that.produces.a.sequence.of.binary.data.and.a.chan-
nel.encoder,.as.shown.in.Figure.7.2..Similarly,.the.decoder.may.be.split.into.a.channel.decoder.and.a.
source.decoder.

The.objective.of.the.source.encoder.is.to.compress.the.source,.that.is,.to.minimize.the.average.number.
of.bits.necessary. to.represent.a.source.symbol..The.most. important.questions.concerning.the.source.
encoder.are.the.following:.What.is.the.minimum.number.of.bits.required.(on.average).to.represent.a.
source.output.symbol?.How.do.we.design.a.source.encoder.that.achieves.this.minimum?.These.ques-
tions.will.be.considered.here..It.turns.out.that.the.output.of.an.ideal.source.encoder.is.a.sequence.of.
independent.and.uniformly.distributed.binary.symbols..The.purpose.of.the.channel.encoder/decoder.
pair.is.to.create.a.reliable.bit.pipe.for.the.binary.sequence.produced.by.the.source.encoder..Here,.the.
most.important.question.is.whether.or.not.it.is.possible.to.design.such.an.encoder/decoder.pair..This.
question.will.also.be.considered.in.some.detail..The.fact.that.we.can.split.the.encoder.into.two.parts.as.
described.is.important..First,.it.allows.us.to.study.the.source.and.the.channel.separately.and.to.assume.
that.they.are.connected.by.a.binary.interface..Second,.it.tells.us.that.for.a.given.channel,.we.may.design.
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Source
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Binary
data

Channel
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FIGURE 7.2 Block.diagram.of.an.encoder.and.a.decoder,.each.split.into.two.parts.

Source Encoder

Channel Noise

DecoderDestination

FIGURE 7.1 Block.diagram.of.a.communication.system.
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the.channel.encoder.and.the.channel.decoder.to.maximize.the.rate.of.the.resulting.(virtually.error-free).
bit.pipe.without.having.to.know.the.nature.of.the.source.that.will.use.it.

7.3 Source coding for Discrete-Alphabet Sources

We.start.by.considering.the.simplest.possible.source,.namely,.a.discrete-time.discrete-alphabet.mem-
oryless. information. source. modeled. by. a. random. variable. X. taking. values. on. a. finite. alphabet. χ.. A.
(binary.source).code C.for.X.is.a.mapping.from.χ.into.the.set.of.finite.length.binary.sequences.called.
codewords..Such.a.code.can.be.represented.by.a.binary.tree,.as.shown.in.the.following.example.

Example 7.1

Let.X.take.on.values.in.{1,.2,.3,.4,.5,.6,.7}..A.possible.binary.code.for.X.is.given.by.the.(ordered).
set.of.binary.sequences.{1,.010,.011,.0000,.0001,.0010,.0011}..The.corresponding.tree.is.shown.in.
Figure.7.3..Note.that.the.codeword.corresponding.to.a.given.source.output.symbol.is.the.label.
sequence.from.the.root.to.the.node.corresponding.to.that.symbol.

In.Example.7.1,.source.output.symbols.correspond.to.leaves.in.the.tree..Such.a.code.is.called.
prefix free.since.no.codeword.is.the.prefix.of.another.codeword..Given.a.concatenation.of.code-
words.of.a.prefix-free.code,.we.can.parse.it. in.a.unique.way.into.codewords..Codes.with.this.
property. are. called. uniquely decodable.. Although. there. are. uniquely. decodable. codes. which.
are.not.prefix.free,.we.will.restrict.our.attention.to.prefix-free.codes,.as.it.can.be.shown.that.the.
performance.of.general.uniquely.decodable.codes.is.no.better.than.that.of.prefix-free.codes.(see.
Cover.and.Thomas.(1991)).

For.each.i.in.χ,.let.C(i).be.the.codeword.associated.with.the.symbol.i,.let.li.be.its.length,.L.≡.maxi.
li,.and.let.pi.be.the.probability.that.X.=.i..A.complete.binary.tree.of.depth.L.has.2L.leaves..To.each.
leaf.at.depth.l,.l.≤.L,.of.the.binary.code.tree.(which.is.not.necessarily.complete),.there.corresponds.
2L−l.leaves.at.depth.L.of.the.corresponding.complete.tree.(obtained.by.extending.the.binary.code.
tree)..Further,.any.two.distinct.leaves.in.the.code.tree.have.distinct.associated.leaves.at.depth.L.in.
the.complete.binary.tree..Hence,.summing.up.over.all.leaves.of.the.code.tree.(all.codewords),.we.get

.
2 2 2 1L L l l

i

i i≥ ⇔ ≤− −∑ ∑
i

The.right-hand.side.is.called.the.Kraft inequality.and.is.a.necessary.condition.on.the.code-
word.lengths.of.any.prefix-free.code..Conversely,.for.any.set.of.codeword.lengths.satisfying.the.
displayed.inequality,.we.can.construct.a.prefix-free.code.having.codeword.lengths.li.(start.with.a.
complete.binary.tree.of.sufficient.length;.to.each.li.associate.a.node.in.this.tree.at.level.li.and.make.
this.node.a.leaf.by.deleting.all.of.its.descendants)..The.problem.of.finding.the.best.source.code.
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FIGURE 7.3 Example.of.a.code.tree.



118 Mobile Communications Handbook

then.reduces.to.that.of.finding.a.set.of.lengths.that.satisfies.the.Kraft.inequality.and.minimizes.
the.average.codeword.lengths.L*.=.∑ilipi..Such.a.code.is.called.optimal.

To.any.source.X.with.probabilities.pi,.we.associate.the.quantity.H(X),.which.we.call.entropy.
and.which.is.defined.as

.
H X p pi i( ) log= −∑

i

Usually,.we.take. the.base.of. the. logarithm.to.be.2,. in.which.case. the.units.of.entropy.are.
called.bits.

It.is.straightforward.to.show.by.means.of.Lagrange.multipliers.that.if.we.neglect.the.integer.
constraint.on.li,.the.minimization.of.L*.subject.to.the.Kraft.inequality.yields.l pi i

* log= −⎡⎢ ⎤⎥ ..This.
noninteger.choice.of.codeword.lengths.yields

.
L p l p p H Xi i

i
i i

i

* * log ( )= = − =∑ ∑

On.the.other.hand,. the.(not.necessarily.optimal). integer.choice. l pi i
* log= −⎡⎢ ⎤⎥ . satisfies.the.

Kraft.inequality.and.yields.an.expected.codeword.length

.
L C p p p p p H Xi i

i
i i i

ii

( ) log log ( )= −⎡⎢ ⎤⎥ ≤ − + = +∑ ∑∑ 1

Hence,.we.have.the.following.theorem.

Theorem 7.1

The average length L*.of the optimal prefix-free code for the random variable X satisfies H(X) ≤ L* ≤ H(X) + 1.

Example 7.2

Let.X.be.a.random.variable.that.takes.on.the.values.1.and.0.with.probabilities.θ.(0.≤.θ.≤.1).and.
1.−.θ,.respectively..Then,.H(X).=.h(θ),.where.h(θ).=.−θ. log.θ.−.(1.−.θ).log.(1.−.θ)..The.function.
h(θ).is.called.the.binary entropy function..In.particular,.it.can.be.shown.that.h(θ).≤.1.with.equal-
ity.if.and.only.if.q.=.(1/2)..More.generally,.if.X.takes.on.|χ|.values,.H(X).≤.log.|χ|.with.equality.if.
and.only.if.X.is.uniformly.distributed.

A.simple.algorithm.that.generates.optimal.prefix-free.codes.is.the.Huffman.algorithm,.which.
can.be.described.as.follows:

Step 1..Reindex.to.arrange.the.probabilities.in.decreasing.order,.p1.≥.p2.≥.. . ..≥.pm.
Step 2..Form.a.subtree.by.combining.the.last.two.probabilities.pm−1.and.pm.into.a.single.node.

of.weight.p′m.=.pm−1.+.pm.
p′m−1 = pm−1 + pm    

pmpm−1
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Step 3..Recursively.execute.steps.1.and.2,.decreasing.the.number.of.nodes.each.time,.until.a.
single.node.is.obtained.

Stpe 4..Use.the.tree.constructed.above.to.assign.codewords.

Example 7.3

As.in.Example.7.1,.let.X.take.on.the.values.{1,.2,.3,.4,.5,.6,.7}..Assume.their.corresponding.prob-
abilities.are.{0.4,.0.1,.0.1,.0.1,.0.1,.0.1,.0.1}..Figure.7.4.shows.the.steps.in.the.construction.of.the.
Huffman code..For.simplicity,.probabilities.are.not.shown..The.final.tree.is.given.in.Example.7.1.

Given.a.block.of.n.random.variables.X1, . . . ,.Xn,.with.joint.distribution.p(X1, . . . ,.Xn),.their.entropy.as

.

H X X p x x p x xn
x

n n
xx n

( , , ) ( ,..., )log ( ,..., )1 1 1

1 2

… �= −∑ ∑∑

Note.that.for.the.special.case.of.n.independent.random.variables,.we.have.H(X1,.. . .,.Xn).=.nH(X)..
This.agrees.with.the.intuitive.notion.that.if.it.takes.H(X).bits.to.encode.one.source.output.symbol,.
it.should.take.nH(X).bits.to.encode.n. independent.output.symbols..For.a.sequence.of.random.
variables.X1,.X2,.. . .,.Xn,.we.define.Hn.=.(1/n)H(X1,.. . .,.Xn)..If.X1,.X2,.. . .,.Xn.is.a.stationary.random.
process,.as.n.goes.to.infinity,.Hn.converges.to.a.limit.H∞.called.the.entropy rate.of.the.process.

Applying.Theorem.7.1.to.blocks.of.random.variables,.we.obtain

.
H L

n H nn n≤ < +
* 1

In.the.special.case.that.the.process.X1,.X2,.. . .,.Xn.is.stationary,.the.left.and.the.right.side.will.
both.tend.to.H∞.as.n.→.∞..This.shows.that.by.encoding.a.sufficiently.large.number.of.source.out-
put.symbols.at.a.time,.one.can.get.arbitrarily.close.to.the.fundamental.limit.of.H∞.bits.per.symbol.

7.4 Universal Source coding

The.Huffman.algorithm.produces.optimal.codes,.but.it.requires.knowing.the.statistics.of.the.source..It.
is. a. surprising. fact. that. there. are. source. coding. algorithms. that. are. asymptotically. optimal. without.
requiring.prior.knowledge.of.the.source.statistics..Such.algorithms.are.called.universal.source.coding.
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FIGURE 7.4 (a)–(e). Corresponds. to. the. steps. in. the. construction. of. a. Huffman. code. for. X. as. explained. in.
Example 7.3.
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algorithms..The.best-known.universal.source.coding.algorithm.is.the.Lempel–Ziv.algorithm,.which.has.
been.implemented.in.various.forms.on.computers.(as.PKZIP.command.for.Windows-.and.Linux-based.
systems)..There.are.two.versions.of.the.Lempel–Ziv.algorithm:.the.LZ77,.see.Ziv.and.Lempel.(1977),.and.
the.LZ78,.see.Ziv.and.Lempel.(1978)..We.will.describe.the.basic.idea.of.the.LZ77.

Consider.the.sequence.X1,.X2,.. . .,.Xk.taking.values.in.{a,.b,.c},.shown.in.Figure.7.5,.and.assume.that.the.
first.w.letters.(w.=.6.in.our.example).are.passed.to.the.decoder.with.no.attempt.at.compression..At.this.point.
the.encoder.identifies.the.longest.string.Xw+1,.Xw+2,.. . .,.Xw+L.such.that.a.copy,.Xw−p+1,.. . .,.Xw−p+L,.begins.(but.
not.necessarily.ends).in.the.portion.of.data.already.available.to.the.decoder..In.our.example,.this.string.is.
aabaa,.L.=.5,.and.p.=.3;.see.Figure.7.5..Next,.the.encoder.transmits.a.binary.representation.of.the.pair.(L,.p).
as.this.is.sufficient.for.the.decoder.to.reconstruct.Xw+1,.. . .,.Xw+L..At.this.point,.the.procedure.can.be.repeated.
with.w.replaced.by.w.+.L..There.are.two.exceptions:.the.first.occurs.when.Xw+l.is.a.new.letter.that.does.not.
appear.in.Xl,.. . .,.Xw;.the.second.exception.occurs.when.it.is.more.efficient.to.encode.Xw+1,.. . .,.Xw+L.directly.
than.to.encode.(L,.p)..In.order.to.handle.such.special.cases,.the.algorithm.has.the.option.of.encoding.a.sub-
string.directly,.without.attempt.at.compression..It.is.surprising.that.the.Lempel–Ziv.algorithm.is.asymptoti-
cally.optimal.for.all.finite.alphabet.stationary.ergodic.sources..This.has.been.shown.in.Wyner.and.Ziv.(1994).

7.5 Rate Distortion theory

So.far.we.have.assumed.that.X.is.a.discrete.alphabet.and.that.the.decoder.must.be.able.to.perfectly.recon-
struct.the.source.output..Now.we.drop.both.assumptions.

Let.X1,.X2,.. . ..be.a.sequence.of.independent.identically.distributed.random.variables..Let.χ.denote.the.
source.alphabet.and.ϒ.be.a.suitably.chosen.representation.alphabet.(where.ϒ.is.not.necessarily.equal.to.χ)..
A.distortion measure.is.a.function.d:.χ.×.ϒ.→.R+..The.most.common.distortion.measures.are.the.Hamming 
distortion dH.and.the.squared error.distortion.dE.defined.as.follows:
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Such. a. single-letter. distortion. measure. can. be. extended. to. a. distortion. measure. on. n-tuples. by.
defining

.
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The.encoder.maps.an.n-length.source.output.Xn.to.an.index.U.∈.{1,.2,.. . .,.2 nR⎢⎣ ⎥⎦},.where.R.denotes.the.
number.of.bits.per. source. symbol. that.we.are.allowed.or.willing. to.use..The.decoder.maps.U. into.an.
n-tuple. Yn,. called. the. representation. of. Xn.. We. will. call. U. together. with. the. associated. encoding. and.
decoding.function.a.rate distortion code..Let.f.be.the.function.that.maps.Xn.to.its.representation.Yn,.that.

k 1 2 3 4 5 6 7 8 9 10 11 12

a b c a a b a a b a a cXk

FIGURE 7.5 Encoding.procedure.of.the.Lempel–Ziv.algorithm.
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is,.f.is.the.mapping.describing.the.concatenation.of.the.encoding.and.the.decoding.function..The.expected.
distortion.D.is.then.given.by

.
D p x d x f xn n n

xn

= ∑ ( ) ( , ( ))

The.objective.is.to.minimize.the.average.number.of.bits.per.symbol,.denoted.by.R,.for.a.given.average.
distortion.D..What.is.the.minimum.R?

Definition 7.1

The.rate.distortion.pair.(R,.D).is.said.to.be.achievable.if.there.exists.a.rate.distortion.code.of.rate.R.with.
expected.distortion.D..The.rate distortion function R(D).is.the.infimum.of.rates.R.such.that.(R,.D).is.
achievable.for.a.given.D.

Entropy.played.a.key.role.in.describing.the.limits.of.lossless.coding..When.distortion.is.allowed,.a.
similar.role.is.played.by.a.quantity.called.mutual.information.

Definition 7.2

Given.the.random.variables.X.and.Y.with.their.respective.distributions.p(x),.p(y),.and.p(x,.y),.the.mutual 
information I.(X;.Y).between.X.and.Y.is.defined.as

.
I X Y p x y p x y

p x p y
x X y Y

( ; ) ( , )log ( , )
( ) ( )=

∈ ∈
∑ ∑

This.definition.can.be.extended.to.blocks.of.random.variables.Xn.and.Yn.by.replacing.p(x),.p(y),.and.
p(x,.y).with.their.higher-dimensional.counterparts..We.can.now.state.the.fundamental.theorem.of.rate.
distortion.theory..For.its.proof,.see.Cover.and.Thomas.(1991).

Theorem 7.2

The rate distortion function for an independent identically distributed source X with distribution p(x) and 
distortion function d(x, y) is

.
R D I X Y

p y x p x p y x d x y Dx y
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=
∑ ≤

The.rate.distortion. functions. for.a.binary source. that.outputs.1.with.probability.θ. and.Hamming.
distortion.and.for.a.Gaussian source.of.variance.σ2.and.squared.error.distortion.are.as.follows:
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These.two.functions.are.plotted.in.Figure.7.6.
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Some.insight.can.be.gained.by.considering.the.extreme.values.of.both.RB(D).and.RG(D)..Assume.that.
X1,.X2,.. . ..is.a.sequence.of.independent.and.identically.distributed.binary.random.variables.and.let.θ.be.
the.probability.that.Xi.=.1..Without.loss.of.generality,.we.may.assume.that.θ.≥.1.−.θ..If.we.let.Yn.=.(0,. . .,0).
regardless.of.Xn,.the.expected.Hamming.distortion.equals.θ..Hence,.it.must.be.true.that.RB(D).=.0.for.
D.≥.θ..On. the.other.hand,.D.=.0.means. that. the.reproduction.Yn.must.be.a.perfect.copy.of.Xn..From.
Theorem.7.1.and.Example.7.2.we.know.that.this.means.RB(0).=.H(X).=.h(q)..Similar.considerations.hold.
for.RG(D)..It.is.interesting.to.observe.that.RG(D).tells.us.that.if.we.are.allowed.to.use.R.bits.per.symbol.to.
describe.a.sequence.of.independent.Gaussian.random.variables.with.variance.σ2,.then.we.need.to.accept.
a.mean.squared.error.of.σ22-2R.

7.6 channel coding

Now,.we.consider.the.fundamental.limit.for.the.amount.of.information.that.can.be.transmitted.through.
a.noisy.channel.and.discuss.practical.methods.to.approach.it..For.simplicity,.we.assume.that.the.channel.
can.be.modeled.as.a.DMC,.defined.as.follows:

A.DMC.is.a.system.consisting.of.an.input.alphabet.χ,.an.output.alphabet.ϒ,.and.a.collection.of.prob-
ability.mass.functions.p(y|x),.one.for.each.x.∈.χ..A.specific.DMC.will.be.denoted.by.(χ,.p(y|x),.ϒ).

An.(M,.n).channel.code.for.the.DMC.(X,.p(y|x),.Y).consists.of.the.following:

. 1.. An.index.set.{1,.2,.. . .,.M}

. 2.. An.encoding.function.Xn:.{1,.2,.. . .,.M}.→.Xn,.yielding.codewords.Xn(1),.Xn(2),. . .,.Xn(M).(the.set.of.
codewords.is.called.the.code book)

. 3.. A.decoding.function.g:.Yn.→.{1,2,.. . .,.M},.which.is.a.deterministic.rule.that.assigns.a.guess.to.each.
possible.received.vector.

The.most.important.figures.of.merit.for.a.channel.code.for.a.DMC.are.the.maximal probability of 
error,.defined.by

.
λ( )

{ , , , }
max { ( ) ( )}n

i M

n n npr g Y i X X i≡ ≠ =
∈ 1 2 …

|

and.the.transmission rate

.
R M

n=
log bits/channel use

It.makes.sense.to.define.the.rate.in.this.way.since.the.M.codewords.can.be.labeled.with.log.M.bits..
Hence,.each.time.we.transmit.a.codeword,.we.actually.transmit.log.M.bits.of.information..Since.it.takes.

RB(D) RG(D)

0

1

0
DD

h(q)

min(θ, 1 – θ) σ2/4 σ2

FIGURE 7.6 Examples.of.rate.distortion.functions.
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n.uses.of. the.channel. to. transmit.one.codeword,. the.resulting. information.rate. is. (log.M)/n.bits.per.
channel.use.

For.a.given.DMC,.a.rate.R.is.said.to.be.achievable.if,.for.any.desired.probability.of.error.Pe.and.suffi-
ciently. large.block. length.n,. there.exists.a. 2nR n⎡⎢ ⎤⎥( ), .code.for. that.DMC.with.maximal.probability.of.
error.λ(n).≤.Pe.

The.operational capacity.of.a.DMC.is.the.supremum.of.all.achievable.rates..One.would.expect.that.
determining.the.operational.capacity.would.be.a.formidable.task..One.of.the.most.remarkable.results.of.
information.theory.is.a.relatively.easy-to-compute.way.to.determine.the.operational.capacity.

We.define.the.information channel capacity.of.a.DMC.(χ,.p(y|x),ϒ).as

.
C I X Y

p x
≡ max ( ; )

( )

where. the.maximum. is. taken. over.all.possible. input. distributions. p(x)..As.we. will. show. in. the.next.
example,.it.is.straightforward.to.compute.the.information.channel.capacity.for.many.DMCs.of.interest..
Shannon’s.channel.coding.theorem.establishes.that.the.information.channel.capacity.equals.the.opera-
tional.channel.capacity.

7.6.1 theorem (Shannon’s channel coding theorem)

For.a.DMC,.the.information.channel.capacity.equals.the.operational.channel.capacity,.that.is,.for.every.
rate.R.<.C,.there.exists.a.sequence.of. 2nR n⎡⎢ ⎤⎥( ), .codes.for.the.DMC.with.maximum.probability.of.error.
λ(n).→.0..Conversely,.for.any.sequence.of. 2nR n⎡⎢ ⎤⎥( ), .for.codes,.this.DMC.with.the.property.that.λ(n).→.0,.
the.rate.R.must.satisfy.R.≤.C.

This.is.perhaps.the.most.important.result.of.information.theory..In.order.to.shed.some.light.on.the.
interpretation.of.mutual.information.and.to.provide.an.efficient.way.to.determine.C,.it.is.convenient.to.
rewrite.I(X;.Y).in.terms.of.conditional.entropy..Given.two.random.variables.X.and.Y.with.joint.probabil-
ity.mass.function.p(x,.y),.marginal.probability.mass.function.p(x).=.∑y.p(x,.y),.and.conditional.probabil-
ity.mass.function.p(x|y).=.p(x,.y)/p(y),.we.define.the.conditional.entropy.of.X.given.that.Y.=.y.as

.
H X Y y p x y p x y

x

( ) ( )log ( )| | |= = −∑

Its.average.is.the.conditional.entropy.of.X.given.Y,.denoted.by.H(X|Y).and.defined.as

.
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Recall.that.for.the.discrete.variable.X.with.probability.mass.function.p(x),.H(X).is.the.average.number.
of.binary.symbols.necessary.to.describe.X..Now,.let.X.be.the.random.variable.at.the.input.of.a.DMC.and.
let.Y.be.the.output..The.knowledge.that.Y.=.y.changes.the.probability.mass.function.of.the.channel.input.
from.p(x).to.p(x|y).and.its.entropy.from.H(X).to.H(X|Y.=.y)..According.to.our.previous.result,.H(X|Y.=.y).
is.the.average.number.of.bits.necessary.to.describe.X.after.the.observation.that.Y.=.y..Since.H(X).is.the.
average.number.of.bits.needed.to.describe.X.(without.knowledge.of.Y),.H(X).–.H(X|Y.=.y).is.the.average.
amount.of.information.about.X.acquired.by.the.observation.that.Y.=.y,.and

. H X H X Y( ) ( )− |
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is.the.average.amount.of.information.about.X.acquired.by.the.observation.of.Y..One.can.easily.verify.
that.the.latter.expression.is.another.way.to.write.I(X;.Y)..Moreover,

. I X Y H X H X Y H Y H Y X I Y X( ; ) ( ) ( ) ( ) ( ) ( ; )= − = − =| |

Hence,.the.amount.of.information.that.Y.gives.about.X.is.the.same.as.the.amount.of.information.that.
X.gives.about.Y..For.this.reason,.I(X;.Y).is.called.the.mutual.information.between.X.and.Y.

7.6.2 example (Binary Symmetric channel)

Let.X.=.{0,.1},.Y.=.{0,.1},.and.p(y|x).=.p.when.x.≠.y.and.1.–.p.otherwise..This.DMC.can.be.conveniently.
depicted.as.in.Figure.7.7..For.obvious.reasons.it.is.called.the.binary symmetric channel.(BSC).

For.the.BSC,.we.bound.the.mutual.information.by

.
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where.the.last.inequality.follows.because.Y.is.a.binary.random.variable.(see.Example.7.2)..Equality.is.
achieved.when.the.input.distribution.is.uniform.since.in.this.case.the.output.distribution.is.also.uni-
form..Hence,.the.information.capacity.of.a.BSC.with.parameter.p.is

. C h p= −1 ( ) [bits/channel use]

This.function.is.plotted.in.Figure.7.8.

7.7 Simple Binary codes

Shannon’s.channel.coding.theorem.promises.the.existence.of.block.codes.that.allow.us.to.transmit.reli-
ably. through.an.unreliable.channel.at.any.rate.below.the.channel.capacity..Unfortunately,. the.codes.
constructed.in.all.known.proofs.of.this.fundamental.result.are.impractical.in.that.they.do.not.exhibit.
any.structure.which.can.be.employed.for.an.efficient.implementation.of.the.encoder.and.the.decoder..
This.is.an.important.issue,.as.good.codes.must.have.long.block.lengths.and,.hence,.a.large.number.of.
codewords..For.these.codes,.simple.table.lookup.encoding.and.decoding.procedures.are.not.feasible..The.
search.for.good.and.practical.codes.has.led.to.the.development.of.coding.theory..Although.powerful.
block.codes.are,.in.general,.described.by.sophisticated.techniques,.the.main.idea.is.simple..We.collect.a.
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p
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1 – p 0

1 1 – p 1

FIGURE 7.7 Discrete.memoryless.channel.with.crossover.probability.p.
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number.k.of.information.symbols.which.we.wish.to.transmit,.we.append.r.check.symbols,.and.transmit.
the.entire.block.of.n.=.k.+.r.channel.symbols..Assuming.that.the.channel.changes.a.sufficiently.small.
number.of.symbols.within.an.n-length.block,.the.r.check.symbols.may.provide.the.receiver.with.suffi-
cient.information.to.detect.and/or.correct.the.errors.

Traditionally,. good. codes. have. been. constructed. by. sophisticated. algebraic. schemes.. More. recent.
code.construction.techniques.are.inspired.by.Shannon’s.original.work..The.idea.is.to.construct.the.code.
by.making.random.choices.on.a.suitably.defined.structure..A.key.property.of.the.structure.is.that.it.leads.
to.codes.that.may.be.decoded.using.powerful.iterative.techniques..We.will.demonstrate.these.two.quite.
distinct.concepts.by.simple.examples.

7.7.1 Hamming codes

For.any.positive.integer.m,.there.is.a.Hamming.code.with.parameters.k.=.2m.−.m.−.1.and.n.=.2m.−.1..To.
illustrate,.we.consider.the.k,.n.=.7.Hamming.code..All.operations.will.be.done.modulo.2..Consider.the.
set.of.all.nonzero.binary.vectors.of.length.m.=.3..Arrange.them.in.columns.to.form.the.matrix

.

H =

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

1 0 1 0 1 0 1
0 1 1 0 0 1 1
0 0 0 1 1 1 1

The.row.space.of.H.is.a.vector.space.of.binary.7-tuples.of.dimension.m.=.3..The.k.=.4,.n.=.7.Hamming.
code. is. the.null. space.of.H,. that. is,. the.vector. space.of.dimension.n.−.m.=.4. consisting.of.all.binary.
7-tuples.c.such.that.cHT.=.0..Hence,.it.contains.the.M.=.2k.=.16.codewords.shown.in.Table.7.1.and.its.rate.
is.R.=.(log.M)/n.=.4/7..If.c.is.transmitted.and.u.is.received,.the.error.is.the.unique.binary.n-tuple.e.such.
that.u.=.c.+.e,.where.addition.is.component-wise.modulo.2..The.decoder.performs.the.operation

. uH c H cH H eHT T T T= + = + =( )e e T

If.there.is.a.single.error.at.position.i,.that.is,.if.e.is.zero.except.for.the.ith.component.(which.is.one),.
uHT.is.the.ith.row.of.HT..This.tells.us.the.error.location..If.e.contains.2.ones.(channel.errors),.uHT.is.the.
sum.of.two.rows.of.HT..Since.this.cannot.be.zero,.two.channel.errors.are.detectable..They.are.not.cor-
rectable,.however,.since,.as.one.can.easily.verify.when.two.channel.errors.occur,.there.is.always.a.code-
word.that.agrees.with.the.received.word.in.n.−.1.positions..This.is.the.codeword.that.would.be.selected.
by. the. decoder. if. it. were. forced. to. make. a. decision. since. the. transmitted. codeword. agrees. with. the.

C
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FIGURE 7.8 Capacity.of.the.BSC.as.a.function.of.p.
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received.word.in.only.n.−.2.positions..A.simple.encoding.procedure.can.be.specified.as.follows:.let.G.be.
a.k.×.n.matrix.whose.rows.span.the.null.space.of.H..Such.a.matrix.is

.

G =

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

1 0 0 0 1 1 0
0 1 0 0 1 0 1
0 0 1 0 0 1 1
0 0 0 1 1 1 1

Then. an. information. k-tuple. a. can. be. mapped. into. a. codeword. c.=.aG. by. a. simple. matrix.
multiplication.

7.7.2 Low-Density Parity-check codes

Low-density.parity-check.(LDPC).codes.constitute.a.family.of.a.new.breed.of.coding.techniques.vari-
ably.described.as.“codes.on.graphs”.or.“iterative.coding.techniques.”.They.were.originally.introduced.by.
Gallager.in.his.thesis.in.1962.(see.Gallager.(1963)),.then.long.forgotten,.and.later.revived.in.the.wake.of.
the.discovery.of.turbo.codes.by.Berrou.et al..(see.Berrou.et al..1993,.MacKay.1999).

LDPC.codes.are.codes.which.possess.a.sparse.parity-check.matrix..Because.of.this.sparseness,.they.can.
be.decoded.very.efficiently.in.an.iterative.manner..Although.this.iterative.decoding.procedure.is,.in.general,.
suboptimal,.it.is.sufficiently.strong.to.allow.transmission.seemingly.arbitrarily.close.to.channel.capacity.

Example 7.4

Consider.the.code.represented.by.the.following.parity-check.matrix:

.

H =

⎛

⎝

⎜
⎜
⎜
⎜

1 1 1 0 1 1 1 0 0 0
0 0 1 1 1 1 1 1 0 0
0 1 1 0 1 0 0 1 1 1
1 0 0 1 0 1 0 1 1 1
1 1 0 1 0 0 1 0 1 1
⎜⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟

Note.that.each.row.contains.exactly.6.ones.and.that.each.column.contains.exactly.3.ones..
Such.a.code.is.referred.to.as.a.(3,.6)-regular.LDPC.code..A.convenient.graphical.representation.
of.this.code.is.given.by.means.of.the.bipartite.graph.shown.in.Figure.7.9a..This.graph.is.usually.
referred.to.as.Tanner.graph..In.this.graph,.each. left.node.(variable.node).corresponds.to.one.
column.of.the.parity-check.matrix.and.each.right.node.(check.node).corresponds.to.one.row.

TABLE 7.1 Codewords.of.the.(7,.4).Hamming.Code
0 0 0 0 0 0 0 1 0 0 0 1 0 1
0 0 0 1 0 1 1 1 0 0 1 1 1 0
0 0 1 0 1 1 0 1 0 1 0 0 1 1
0 0 1 1 1 0 1 1 0 1 1 0 0 0
0 1 0 0 1 1 1 1 1 0 0 0 1 0
0 1 0 1 1 0 0 1 1 0 1 0 0 1
0 1 1 0 0 0 1 1 1 1 0 1 0 0
0 1 1 1 0 1 0 1 1 1 1 1 1 1
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of.H..A.left.node.is.connected.to.a.right.node.if.and.only.if.the.corresponding.position.in.the.
parity-check.matrix.contains.a.1.

Let.(x.=.x0,.. . .,.x9).be.the.codeword.(0101001010)..Assume.that.we.transmit.x.over.a.binary.
erasure.channel.(BEC).and.that.the.received.word.is.y.=.(??01001?10).where.?.indicates.an.era-
sure..Rather.than.employing.a.maximum.likelihood.decoder,.we.will.use.the.iterative.decoding.
algorithm.described.in.Figures.7.9a–e..The.received.word.y.is.written.on.the.left.(y0.on.the.bot-
tom.and.ya.on.the.top)..We.start.by.passing.all.known.values.from.the.left.to.the.right.along.the.
corresponding.edges..We.next.accumulate.at.each.check.the.partial.sum.(mod.2).of.all.known.
values.and.delete.all.edges.along.which.messages.have.already.been.passed..The.result.is.shown.in.
Figure.7.9b,.where.a.black.box.indicates.a.partial.sum.equal.to 1..Now.note.that.check.node.one.
(the.second.from.the.bottom).has.received.already.all.values.except.for.the.one.from.the.erased.
bit.seven..Since,.by.the.code.constraints,.the.sum.of.all.values.must.be.equal.to.zero,.we.see.that.
we.can.deduce.the.value.of.variable.node.seven.to.be.equal.to.zero..This.value.can.now.again.be.
propagated.to.the.right.and.all.involved.edges.be.deleted..The.result.is.shown.in.Figure.7.9d..After.
one.more.iteration.all.erased.values.are.known.(Figure.7.9e).

As.we.can.see,.in.the.above.example.the.given.iterative.decoding.strategy.successfully.recovered.the.
erased.bits..This.might.seem.like.a.lucky.coincidence..Nevertheless,.it.has.been.shown.that.long.and.
suitably. defined. LDPC. codes. can. achieve. capacity. on. the. BEC. under. iterative. decoding. (see. Luby.
et al..1997).
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FIGURE 7.9 (a)–(e).Shows.the.iterations.of.the.decoding.algorithm.for.the.code.in.Example.7.4.and.transmission.
over.a.BEC.
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Even.more,.the.above.iterative.decoding.strategy,.suitably.extended,.can.be.used.to.transmit.reliably.
close.to.capacity.over.a.wide.array.of.channels.(see.Richardson.et al..2001).

7.7.3 Polar codes

Invented.in.2008.by.Erdal.Arikan.(see.Arikan.2009),.polar.codes.constitute.a.new.family.of.linear.codes..
The.original.construction.of.polar.codes.relies.on.a.different.intuition.than.the.construction.of.LDPC.
codes..Rather.than.focusing.on.the.parity-check.matrix,.a.probabilistic.phenomenon.called.“channel.
polarization”.is.used.to.guide.the.code.construction..We.next.explain.this.phenomenon.in.the.source.
setting,.which.is.also.called.the.“source.polarization.”

Let.X1.and.X2.be.two.i.i.d..Bernoulli(p).random.variables,.that.is,.binary.random.variables.which.take.
value.1.with.probability.p..The.total.entropy.of.(X1,.X2).is.2h(p)..Consider.now.taking.a.linear.transfor-
mation.of.(X1,.X2).over.the.binary.field,.to.obtain

. .
( , ) ( , ) .Y Y X X1 2 1 2

1 0
1 1

=
⎛

⎝⎜
⎞

⎠⎟

This.transformation.is.illustrated.in.Figure.7.10a..Since.the.matrix.above.is.invertible,.the.total.entropy.
of. (Y1,. Y2). equals. that. of. (X1,. X2),. namely. 2h(p).. However,. the. entropy. of. (Y1,. Y2). is. now. given. by.
H(Y1) + H(Y2|Y1),.since.Y1.and.Y2.are.not.independent.(this.is.the.chain.rule.formula).

Hence,.2h(p).=.H(Y1).+.H(Y2|Y1)..Note.that.H(Y1).≥.h(p),.since.Y1.is.obtained.by.processing.X1,.which.
has.entropy.h(p)..As.a.consequence,.H(Y2|Y1).≤.h(p)..This.means.that.Y1.is.now.more.entropic.than.X1,.
and.if.Y1.is.observed,.Y2.is.less.entropic.than.X2.(in.average.over.the.distribution.of.Y1)..In.other.words,.
out.of.two.equally.random.variables,.we.have.created.one.random.variable.which.has.more.entropy.and.
one.random.variable.which.has.less.entropy.upon.observing.the.other.variable..The.idea.behind.polar-
ization.is. to.then.repeatedly. iterate. this.procedure.to.create.events.which.become.eventually.all.very.
entropic.or.very.deterministic..The.iterated.scheme.is.illustrated.in.Figure.7.10b.

Mathematically,. if. n. is. a. power. of. two,. Xn. is. an. i.i.d.. Bernoulli(p). sequence,. and. if. Yn. is. given. by.
Yn.=.Xn Gn,.where

.
Gn

n

=
⎛

⎝⎜
⎞

⎠⎟

⊗1 0
1 1

2log ( )

,

and.where.� .denotes.the.Kronecker.product,.the.chain.rule.yields.nh p H X H Y Yn
i
n

i
i( ) ( ) ( )= = ∑ =
−

1
1| .and.

most.of.the.terms.H(Yi|Yi−1).become.close.to.either.0.or.1..Formally,.the.result.is.stated.as.follows.

Theorem 7.3

For any.ε.>.0,.|{i.=.1,.. . .,.n:.ε.≤.H(Yi|Yi−1).≤.1.–.ε}|.=.o(n).

Figure.7.11.illustrates.this.result.for.a.fixed.dimension,.showing.that.the.conditional.entropies.con-
centrate.around.0.and.1.except.for.a.small.fraction.of.indices.

This.result.suggests.a.simple.source.compression.scheme:.store.only.the.components.with.high.con-
ditional.entropy..Therefore,.only.about.nh(p).components.need.to.be.stored,.reaching.the.lowest.pos-
sible.compression.rate.prescribed.by.Shannon..One.more.argument.is.needed.to.establish.such.a.result.
rigorously..Since.the.decoding.is.done.sequentially.in.the.components,.one.needs.to.ensure.that.the.
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probability.of.error.in.decoding.a.component.is.small.compared.to.n.(to.prevent.error.propagation)..It.
turns.out.that.this.is.loosely.achieved,.as.the.error.probability.can.be.shown.to.be.roughly.exponential.
in.the.square.root.of.n.(see.Arikan.and.Telatar.2009)..Finally,.one.of.the.key.properties.of.this.compres-
sion.scheme.is.that.the.decoding.complexity.is.only.O(nlog(n))..This.follows.from.the.Kronecker.struc-
ture.of.Gn,.which.allows.the.use.of.a.divide-and-conquer.algorithm.for.the.decoding.
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FIGURE 7.10 (a).Circuit.for.G2..(b).Circuit.for.Gn.
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FIGURE 7.11 Plots.of.H(Yi|Yi−1).for.i.=.1,.. . .,.n.=.4096,.when.H(p).=.1/2.
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A.similar.phenomenon.holds.in.the.channel.setting..We.provide.next.a.simple.derivation.for.the.BSC.
channel..For.a.BSC.channel,.the.output.Yn.equals.the.input.xn.plus.a.random.sequence.Zn.which.is.i.i.d..
Bernoulli(p).(and.does.not.depend.on.xn).

By.applying.Gn. to.Yn,.one.obtains.Gn.Yn.=.Gn.xn.+.Gn.Zn..Note.that.wn.=.Gn.Zn. is.precisely.the.trans-
formed.sequence.studied.previously.in.the.source.polarization.and.the.components.of.wn.can.be.decom-
posed.into.two.sets:.the.high.and.low.conditional.entropy.components..By.arranging.Gn.xn.to.have.a.fixed.
value.known.to.the.decoder,.say.zero,.on.the.components.where.wn.has.nonnegligible.conditional.entropy,.
one.can.learn.these.components.and.hence.decode.the.entire.vector.wn.(as.in.the.source..polarization)..This.
allows.recovering.Zn,.hence.the.codeword.xn..Note.that.the.number.of.components.which.are.not.fixed.in.
xn.is.roughly.n(1.−.h(p)),.that.is,.this.scheme.achieves.the.capacity.of.the.BSC.channel.

This.coding.scheme.has.the.following.properties:

•. It.achieves.the.capacity.of.the.BSC.channel.(provably).
•. The.encoding.and.decoding.complexity.is.O(nlog(n)).
•. Its.construction.is.explicit.
•. Its.error.probability.is.O n( )2− β ,.for.any.β.<.1/2.

Indeed,.this.is.the.first.coding.scheme.that.has.such.remarkable.asymptotic.properties.over.the.BSC.
channel..The.generalization.of.the.method.to.arbitrary.binary.input.memoryless.channels.is.provided.in.
Arikan.(2009).
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Further Reading
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tion,.a.most.recommended.reading.is.Cover.and.Thomas.(1991)..For.readers.interested.in.continuous-
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be.found.in.Csiszár.and.Körner.(1981)..Other.excellent.readings.are.Blahut.(1987).and.McEliece.(1977)..
Most.results.in.information.theory.are.published.in.IEEE Transactions on Information Theory.
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8.1 introduction

When.the.mechanisms.of.fading.channels.were.first.modeled.in.the.1950s.and.1960s,.the.ideas.were.
primarily.applied.to.over-the-horizon.communications.covering.a.wide.range.of.frequency.bands..The.
3–30.MHz.high-frequency.(HF).band.is.used.for.ionospheric.communications,.and.the.300.MHz–3.GHz.
ultra-high-frequency. (UHF). and. 3–30.GHz. super-high-frequency. (SHF). bands. are. used. for. tropo-
spheric.scatter..Although.the.fading.effects.in.a.mobile.radio.system.are.somewhat.different.from.those.
in. ionospheric.and.tropospheric.channels,. the.early.models.are.still.quite.useful.to.help.characterize.
fading.effects. in.mobile.digital.communication.systems..This.chapter.addresses.Rayleigh.fading,.pri-
marily.in.the.UHF.band,.which.affects.mobile.systems.such.as.cellular.and.personal.communication.
systems.(PCS)..The.chapter.itemizes.the.fundamental.fading.manifestations,.types.of.degradation,.and.
methods.to.mitigate.the.degradation..Two.particular.mitigation.techniques.are.examined:.the.Viterbi.
equalizer.implemented.in.the.Global.System.for.Mobile.Communication.(GSM),.and.the.Rake.receiver.
used.in.CDMA.systems.built.to.meet.Interim.Standard-95.(IS-95).

8.2 the challenge of a Fading channel

In. the. study. of. communication. systems,. the. classical. (ideal). additive-white-Gaussian-noise. (AWGN).
channel,.with.statistically.independent.Gaussian.noise.samples.corrupting.data.samples.free.of.intersym-
bol.interference.(ISI),.is.the.usual.starting.point.for.understanding.basic.performance.relationships..The.
primary.source.of.performance.degradation.is.thermal.noise.generated.in.the.receiver..Often,.external.
interference.received.by.the.antenna.is.more.significant.than.the.thermal.noise..This.external.interference.
can.sometimes.be.characterized.as.having.a.broadband.spectrum.and.quantified.by.a.parameter.called.
antenna.temperature.[1]..The.thermal.noise.usually.has.a.flat.power.spectral.density.over.the.signal.band.
and.a.zero-mean.Gaussian.voltage.probability.density.function.(pdf)..When.modeling.practical.systems,.
the.next.step. is. the. introduction.of.bandlimiting.filters..The.filter. in.the.transmitter.usually.serves. to.
satisfy.some.regulatory.requirement.on.spectral.containment..The.filter.in.the.receiver.often.serves.the.
purpose.of.a.classical.“matched.filter”.[2].to.the.signal.bandwidth..Due.to.the.bandlimiting.and.phase-
distortion.properties.of.filters,.special.signal.design.and.equalization.techniques.may.be.required.to.miti-
gate.the.filter-induced.ISI.

If.a.radio.channel’s.propagating.characteristics.are.not.specified,.one.usually.infers.that.the.signal.
attenuation.versus.distance.behaves.as.if.propagation.takes.place.over.ideal.free.space..The.model.of.free.
space.treats.the.region.between.the.transmit.and.receive.antennas.as.being.free.of.all.objects.that.might.
absorb.or.reflect.radio.frequency.(RF).energy..It.also.assumes.that,.within.this.region,.the.atmosphere.
behaves.as.a.perfectly.uniform.and.nonabsorbing.medium..Furthermore,.the.earth.is.treated.as.being.
infinitely.far.away.from.the.propagating.signal.(or,.equivalently,.as.having.a.reflection.coefficient.that.is.
negligible)..Basically,.in.this.idealized.free-space.model,.the.attenuation.of.RF.energy.between.the.trans-
mitter.and.receiver.behaves.according.to.an.inverse-square.law..The.received.power.expressed.in.terms.
of.transmitted.power.is.attenuated.by.a.factor,.Ls(d),.where.this.factor.is.called.path loss.or.free space loss..
When.the.receiving.antenna.is.isotropic,.this.factor.is.expressed.as.[1]

.
L d d

s( ) = ⎛
⎝⎜

⎞
⎠⎟

4 2
π
λ .

(8.1)
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References.......................................................................................................164Bernard Sklar



135Rayleigh Fading Channels

In.Equation.8.1,.d.is.the.distance.between.the.transmitter.and.the.receiver,.and.λ.is.the.wavelength.of.
the.propagating.signal..For.this.case.of.idealized.propagation,.received.signal.power.is.very.predictable.

For.most.practical.channels,.where.signal.propagation.takes.place.in.the.atmosphere.and.near.the.
ground,.the.free-space.propagation.model. is. inadequate.to.describe.the.channel.and.predict.system.
performance.. In. a. wireless. mobile. communication. system,. a. signal. can. travel. from. transmitter. to.
receiver.over.multiple.reflective.paths;.this.phenomenon.is.referred.to.as.multipath propagation..The.
effect.can.cause.fluctuations.in.the.received.signal’s.amplitude,.phase,.and.angle.of.arrival,.giving.rise.
to.the.terminology.multipath fading..Another.name,.scintillation,.having.originated.in.radio.astron-
omy,.is.used.to.describe.the.multipath.fading.caused.by.physical.changes.in.the.propagating.medium,.
such.as.variations.in.the.density.of.ions.in.the.ionospheric.layers.that.reflect.high-frequency.(HF).radio.
signals..Both.names,.fading.and.scintillation,.refer.to.a.signal’s.random.fluctuations.or.fading.due.to.
multipath.propagation..The.main.difference.is.that.scintillation.involves.mechanisms.(e.g.,.ions).that.
are.much.smaller.than.a.wavelength..The.end-to-end.modeling.and.design.of.systems.that.mitigate.the.
effects.of.fading.are.usually.more.challenging.than.those.whose.sole.source.of.performance.degrada-
tion.is.AWGN.

8.3  Mobile Radio Propagation: Large-Scale Fading 
and Small-Scale Fading

Figure.8.1.represents.an.overview.of.fading.channel.manifestations..It.starts.with.two.types.of.fading.
effects. that. characterize. mobile. communications:. large-scale. fading. and. small-scale. fading.. Large-
scale.fading.represents.the.average.signal.power.attenuation.or.the.path.loss.due.to.motion.over.large.
areas..In.Figure.8.1,.the.large-scale.fading.manifestation.is.shown.in.blocks.1,.2,.and.3..This.phenom-
enon.is.affected.by.prominent.terrain.contours.(e.g.,.hills,.forests,.billboards,.and.clumps.of.buildings).
between.the.transmitter.and.receiver..The.receiver.is.often.represented.as.being.“shadowed”.by.such.
prominences..The.statistics.of.large-scale.fading.provide.a.way.of.computing.an.estimate.of.path.loss.as.
a.function.of.distance..This.is.described.in.terms.of.a.mean.path.loss.(nth-power.law).and.a.log-.normally.
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distributed. variation. about. the. mean.. Small-scale. fading. refers. to. the. dramatic. changes. in. signal.
amplitude.and.phase. that.can.be.experienced.as.a. result.of. small. changes. (as. small. as.a.half-wave-
length).in.the.spatial.separation.between.a.receiver.and.transmitter..As.indicated.in.Figure.8.1,.blocks.
4,.5,.and.6,.small-scale.fading.manifests.itself.in.two.mechanisms,.namely,.time-spreading.of.the.signal.
(or. signal. dispersion). and. time-variant. behavior. of. the. channel.. For. mobile. radio. applications,. the.
channel.is.time-variant.because.motion.between.the.transmitter.and.receiver.results.in.propagation.
path.changes..The.rate.of.change.of.these.propagation.conditions.accounts.for.the.fading.rapidity.(rate.
of.change.of.the.fading.impairments)..Small-scale.fading.is.also.called.Rayleigh.fading.because.if.the.
multiple.reflective.paths.are.large.in.number.and.there.is.no.line-of-sight.signal.component,.the.enve-
lope.of.the.received.signal.is.statistically.described.by.a.Rayleigh.pdf..When.there.is.a.dominant.non-
fading. signal. component. present,. such. as. a. line-of-sight. propagation. path,. the. small-scale. fading.
envelope.is.described.by.a.Rician.pdf.[3]..A.mobile.radio.roaming.over.a.large.area.must.process.signals.
that.experience.both.types.of.fading:.small-scale.fading.superimposed.on.large-scale.fading.

There. are. three. basic. mechanisms. that. impact. on. signal. propagation. in. a. mobile. communication.
system..They.are.reflection,.diffraction,.and.scattering.[3].

•. Reflection. occurs. when. a. propagating. electromagnetic. wave. impinges. upon. a. smooth. surface.
with.very.large.dimensions.compared.to.the.RF.signal.wavelength.(λ).

•. Diffraction.occurs.when.the.radio.path.between.the.transmitter.and.receiver.is.obstructed.by.a.
dense.body.with.large.dimensions.compared.to.λ,.causing.secondary.waves.to.be.formed.behind.
the.obstructing.body..Diffraction.is.a.phenomenon.that.accounts.for.RF.energy.traveling.from.
transmitter.to.receiver.without.a.line-of-sight.path.between.the.two..It.is.often.termed.shadowing.
because. the. diffracted. field. can. reach. the. receiver. even. when. shadowed. by. an. impenetrable.
obstruction.

•. Scattering. occurs. when. a. radio. wave. impinges. on. either. a. large. rough. surface. or. any. surface.
whose.dimensions.are.on.the.order.of.λ.or.less,.causing.the.reflected.energy.to.spread.out.(scatter).
in.all.directions..In.an.urban.environment,.typical.signal.obstructions.that.yield.scattering.are.
lampposts,.street.signs,.and.foliage.

Figure.8.1.may.serve.as.a.table.of.contents.for.the.sections.that.follow..We.will.examine.the.two.mani-
festations.of.small-scale.fading:.signal.time-spreading.(signal.dispersion).and.the.time-variant.nature.of.
the.channel..These.examinations.will.take.place.in.two.domains:.time.and.frequency,.as.indicated.in.
Figure.8.1,.blocks.7,.10,.13,.and.16..For.signal.dispersion,.we.categorize.the.fading.degradation.types.as.
being.frequency-selective.or. frequency-nonselective.(flat),.as. listed. in.blocks.8,.9,.11,.and.12..For. the.
time-variant.manifestation,.we.categorize.the.fading.degradation.types.as.fast-fading.or.slow-fading,.as.
listed.in.blocks.14,.15,.17,.and.18..The.labels.indicating.Fourier.transforms.and.duals.will.be.explained.
later.

Figure.8.2.illustrates.the.various.contributions.that.must.be.considered.when.estimating.path.loss.for.
a.link.budget.analysis.in.a.cellular.application.[4]..These.contributions.are

•. Mean.path.loss.as.a.function.of.distance,.due.to.large-scale.fading
•. Near-worst-case. variations. about. the. mean. path. loss. (typically. 6–10.dB). or. large-scale. fading.

margin
•. Near-worst-case.Rayleigh.or.small-scale.fading.margin.(typically.20–30.dB)

In.Figure.8.2,.the.annotations.“≈.1–2%”.indicate.a.suggested.area.(probability).under.the.tail.of.each.
pdf.as.a.design.goal..Hence,.the.amount.of.margin.indicated.is.intended.to.provide.adequate.received.
signal.power.for.approximately.98–99%.of.each.type.of.fading.variation.(large.and.small.scale).

A. received. signal. is. generally. described. in. terms. of. a. transmitted. signal. s(t). convolved. with. the.
impulse.response.of.the.channel.hc(t)..Neglecting.the.degradation.due.to.noise,.we.write

. r t s t h t( ) ( ) ( )= ∗ c . (8.2)
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where.-.denotes.convolution..In.the.case.of.mobile.radios,.r(t).can.be.partitioned.in.terms.of.two.com-
ponent.random.variables,.as.follows.[5]:

. r t m t r t( ) ( ) ( )= × 0 . (8.3)

where.m(t).is.called.the.large-scale-fading.component.and.r0(t).is.called.the.small-scale-fading.component..
m(t). is. sometimes.referred. to.as. the. local mean.or. log-normal fading.because. the.magnitude.of.m(t). is.
described.by.a.log-normal.pdf.(or,.equivalently,.the.magnitude.measured.in.decibels.has.a.Gaussian.pdf)..
r0(t).is.sometimes.referred.to.as.multipath.or.Rayleigh.fading..Figure.8.3.illustrates.the.relationship.between.
large-scale.and.small-scale.fading..In.Figure.8.3a,.received.signal.power.r(t).versus.antenna.displacement.
(typically.in.units.of.wavelength).is.plotted.for.the.case.of.a.mobile.radio..Small-scale.fading.superimposed.
on.large-scale.fading.can.be.readily.identified..The.typical.antenna.displacement.between.the.small-scale.
signal.nulls.is.approximately.half.wavelength..In.Figure.8.3b,.the.large-scale.fading.or.local.mean,.m(t),.has.
been.removed.in.order.to.view.the.small-scale.fading,.r0(t),.about.some.average.constant.power.

In.the.sections.that.follow,.we.enumerate.some.of.the.details.regarding.the.statistics.and.mechanisms.
of.large-scale.and.small-scale.fading.

8.3.1 Large-Scale Fading: Path-Loss Mean and Standard Deviation

For.the.mobile.radio.application,.Okumura.[6].made.some.of.the.earlier.comprehensive.path-loss.mea-
surements.for.a.wide.range.of.antenna.heights.and.coverage.distances..Hata.[7].transformed.Okumura’s.
data.into.parametric.formulas..For.the.mobile.radio.application,.the.mean.path.loss,.L dp( ),.as.a.function.
of.distance,.d,.between.the.transmitter.and.receiver.is.proportional.to.an.nth-power.of.d.relative.to.a.
reference.distance.d0.[3].

.
L d d

d

n

p( ) ∝ ⎛
⎝⎜

⎞
⎠⎟0 .

(8.4)
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FIGURE 8.2 Link.budget.considerations.for.a.fading.channel.
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L dp( ).is.often.stated.in.decibels,.as.shown.below.

.
L d L d n d

dsp( )( ) ( )( ) logdB dB  = +
⎛
⎝⎜

⎞
⎠⎟0

0
10

.
(8.5)

The.reference.distance.d0.corresponds.to.a.point.located.in.the.far.field.of.the.antenna..Typically,.the.
value.of.d0.is.taken.to.be.1.km.for.large.cells,.100.m.for.microcells,.and.1.m.for.indoor.channels..L dp( ).is.
the.average.path.loss.(over.a.multitude.of.different.sites).for.a.given.value.of.d..Linear.regression.for.a.
minimum.mean-squared.estimate.(MMSE).fit.of.L dp( ).versus.d.on.a.log–log.scale.(for.distances.greater.
than.d0).yields.a.straight.line.with.a.slope.equal.to.10.n.dB/decade..The.value.of.the.exponent.n.depends.
on. the. frequency,. antenna. heights,. and. propagation. environment.. In. free. space,. n.=.2,. as. seen. in.
Equation.8.1..In.the.presence.of.a.very.strong.guided.wave.phenomenon.(like.urban.streets),.n.can.be.
lower.than.2..When.obstructions.are.present,.n.is.larger..The.path.loss.Ls(d0).to.the.reference.point.at.a.
distance.d0.from.the.transmitter.is.typically.found.through.field.measurements.or.is.calculated.using.the.
free-space.path.loss.given.by.Equation.8.1..Figure.8.4.shows.a.scatter.plot.of.path.loss.versus.distance.for.
measurements.made.in.several.German.cities.[8]..Here,.the.path.loss.has.been.measured.relative.to.the.
free-space..reference.measurement.at.d0.=.100.m..Also.shown.are.straightline.fits.to.various.exponent.
values.

The.path.loss.versus.distance.expressed.in.Equation.8.5.is.an.average,.and.therefore.not.adequate.to.
describe.any.particular.setting.or.signal.path..It.is.necessary.to.provide.for.variations.about.the.mean.
since. the. environment. of. different. sites. may. be. quite. different. for. similar. transmitter–receiver.
.separations..Figure.8.4.illustrates.that.path-loss.variations.can.be.quite.large..Measurements.have.shown.
that.for.any.value.of.d,.the.path.loss.Lp(d).is.a.random.variable.having.a.log-normal.distribution.about.
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FIGURE 8.3 Large-scale.fading.and.small-scale.fading.
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the.mean.distant-dependent.value.L dp( ).[9]..Thus,.path.loss.Lp(d).can.be.expressed.in.terms.of.L dp( ).plus.
a.random.variable.Xσ,.as.follows.[3]:

.
L d L d n d

d Xsp( ) ( ) ( ) ( ) log ( ) dB  dB  dB= +
⎛
⎝⎜

⎞
⎠⎟
+0 10

0
10 σ

.
(8.6)

where.Xσ.denotes.a.zero-mean,.Gaussian.random.variable.(in.decibels).with.standard.deviation.σ.(also.
in.decibels)..Xσ.is.site.and.distance.dependent..The.choice.of.a.value.for.Xσ.is.often.based.on.measure-
ments;. it. is.not.unusual. for.Xσ. to.take.on.values.as.high.as.6–10.dB.or.greater..Thus,. the.parameters.
needed.to.statistically.describe.path.loss.due.to.large-scale.fading.for.an.arbitrary.location.with.a.specific.
transmitter–receiver.separation.are

•. The.reference.distance.d0

•. The.path-loss.exponent.n
•. The.standard.deviation.σ.of.Xσ

There.are.several.good.references.dealing.with.the.measurement.and.estimation.of.propagation.path.
loss.for.many.different.applications.and.configurations.[3,7–11].

8.3.2 Small-Scale Fading: Statistics and Mechanisms

When.the.received.signal.is.made.up.of.multiple.reflective.rays.plus.a.significant.line-of-sight.(nonfaded).
component,. the.envelope.amplitude.due. to. small-scale. fading.has.a.Rician.pdf,.and. is. referred. to.as.
Rician fading.[3]..The.nonfaded.component.is.called.the.specular component..As.the.amplitude.of.the.
specular.component.approaches.zero,.the.Rician.pdf.approaches.a.Rayleigh.pdf,.expressed.as
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where.r.is.the.envelope.amplitude.of.the.received.signal,.and.2σ2.is.the.predetection.mean.power.of.the.
multipath. signal.. The. Rayleigh-faded. component. is. sometimes. called. the. random,. scatter,. or. diffuse 
component..The.Rayleigh.pdf.results.from.having.no.specular.component.of.the.signal;.thus,.for.a.single.
link,. it. represents. the. pdf. associated. with. the. worst. case. of. fading. per. mean. received. signal. power..
For  the. rest. of. this. chapter,. it. is. assumed. that. loss. of. signal-to-noise. ratio. (SNR). due. to. fading. fol-
lows  the  Rayleigh. model. described.. It. will. also. be. assumed. that. the. propagating. signal. is. in. the.
UHF band, encompassing.present-day.cellular.and.PCS.frequency.allocations—nominally.1.and.2.GHz,.
respectively.

As.indicated.in.Figure.8.1,.blocks.4,.5,.and.6,.small-scale.fading.manifests.itself.in.two.mechanisms:

•. Time-spreading.of.the.underlying.digital.pulses.within.the.signal
•. A. time-variant. behavior. of. the. channel. due. to. motion. (e.g.,. a. receive. antenna. on. a. moving.

platform)

Figure.8.5.illustrates.the.consequences.of.both.manifestations.by.showing.the.response.of.a.multipath.
channel.to.a.narrow.pulse.versus.delay,.as.a.function.of.antenna.position.(or.time,.assuming.a.constant.
velocity.of.motion)..In.Figure.8.5,.we.distinguish.between.two.different.time.references—delay.time.τ.
and.transmission.or.observation.time.t..Delay.time.refers.to.the.time-spreading.manifestation.which.
results.from.the.fading.channel’s.nonoptimum.impulse.response..The.transmission.time,.however,. is.
related.to.the.antenna’s.motion.or.spatial.changes,.accounting.for.propagation.path.changes.that.are.
perceived.as.the.channel’s.time-variant.behavior..Note.that,.for.constant.velocity,.as.is.assumed.in.Figure.
8.5,.either.antenna.position.or.transmission.time.can.be.used.to.illustrate.this.time-variant.behavior..
Figure. 8.5a–c. shows. the. sequence. of. received. pulse-power. profiles. as. the. antenna. moves. through. a.
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FIGURE 8.5 Response.of.a.multipath.channel.to.a.narrow.pulse.versus.delay.as.a.function.of.antenna.position.
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.succession.of.equally.spaced.positions..Here,.the.interval.between.antenna.positions.is.0.4.λ,.where.λ.is.
the.wavelength.of.the.carrier.frequency..For.each.of.the.three.cases.shown,.the.response.pattern.differs.
significantly.in.the.delay.time.of.the.largest.signal.component,.the.number.of.signal.copies,.their.mag-
nitudes,.and.the.total.received.power.(area).in.the.received.power.profile..Figure.8.6.summarizes.these.
two.small-scale. fading.mechanisms,. the.two.domains.(time.or.time-delay.and.frequency.or.Doppler.
shift).for.viewing.each.mechanism.and.the.degradation.categories.each.mechanism.can.exhibit..Note.
that.any.mechanism.characterized. in. the. time.domain.can.be.characterized.equally.well. in. the. fre-
quency.domain..Hence,.as.outlined.in.Figure.8.6,.the.time-spreading.mechanism.will.be.characterized.
in.the.time-delay.domain.as.a.multipath.delay.spread.and.in.the.frequency.domain.as.a.channel.coher-
ence.bandwidth..Similarly,.the.time-variant.mechanism.will.be.characterized.in.the.time.domain.as.a.
channel.coherence.time.and.in.the.Doppler-shift.(frequency).domain.as.a.channel.fading.rate.or.Doppler.
spread.. These. mechanisms. and. their. associated. degradation. categories. will. be. examined. in. greater.
detail.in.the.sections.that.follow.

8.4  Signal time-Spreading Viewed in the time-Delay Domain: 
Figure 8.1, Block 7—the Multipath intensity Profile

A.simple.way.to.model.the.fading.phenomenon.was.introduced.by.Bello.[13].in.1963;.he.proposed.the.
notion.of.wide-sense.stationary.uncorrelated.scattering.(WSSUS)..The.model. treats. signal.variations.
arriving.with.different.delays.as.uncorrelated..It.can.be.shown.[4,13].that.such.a.channel.is.effectively.
WSS.in.both.the.time.and.frequency.domains..With.such.a.model.of.a.fading.channel,.Bello.was.able.to.
define.functions.that.apply.for.all.time.and.all.frequencies..For.the.mobile.channel,.Figure.8.7.contains.
four.functions.that.make.up.this.model.[4,13–16]..We.will.examine.these.functions,.starting.with.Figure.
8.7a.and.proceeding.counterclockwise.toward.Figure.8.7d.

In.Figure.8.7a,.a.multipath-intensity profile,.S(τ).versus.time.delay.τ.is.plotted..Knowledge.of.S(τ).helps.
answer.the.question,.“For.a.transmitted.impulse,.how.does.the.received.power.vary.as.a.function.of.time.
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delay,.τ?”.Here,.the.term.“time.delay”.is.used.to.refer.to.the.excess.delay..It.represents.the.signal’s.propa-
gation.delay.that.exceeds.the.delay.of.the.first.signal.arrival.at.the.receiver;.thus,.the.first.component.of.
the.received.signal.arrives.at.τ.=.0..For.a.typical.wireless.radio.channel,.the.received.signal.usually.con-
sists.of. several.discrete.multipath.components,. sometimes.referred. to.as.fingers..For. some.channels,.
such.as.the.tropospheric.scatter.channel,.received.signals.are.often.seen.as.a.continuum.of.multipath.
components. [14,16].. For. making. measurements. of. the. multipath. intensity. profile,. wideband. signals.
(impulses. or. spread. spectrum). need. to. be. used. [16].. For. a. single. transmitted. impulse,. the. time,. Tm,.
between.the.first.and.last.received.component.represents.the.maximum excess delay.of.the.channel,.dur-
ing.which.the.multipath.signal.power.falls.to.some.threshold.level.below.that.of.the.strongest.compo-
nent.. The. threshold. level. might. typically. be. chosen. at. 10. or. 20.dB. below. the. level. of. the. strongest.
component..Note,.that.for.an.ideal.system.(zero.excess.delay),.the.function.S(τ).would.consist.of.an.ideal.
impulse.with.weight.equal.to.the.total.average.received.signal.power.

8.4.1  Degradation categories due to Signal time-Spreading Viewed 
in the time-Delay Domain

In.a.fading.channel,.the.relationship.between.maximum.excess.delay.time,.Tm,.and.symbol.time,.Ts,.can.
be.viewed. in. terms.of. two.different.degradation.categories,. frequency-selective fading. and. frequency-
nonselective.or.flat fading,.as.indicated.in.Figure.8.1,.blocks.8.and.9,.and.Figure.8.6..A.channel.is.said.to.
exhibit. frequency-selective. fading. if. Tm.>.Ts.. This. condition. occurs. whenever. the. received. multipath.
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intensity.profile,.(b).spaced-frequency.correlation.function,.(c).spaced-time.correlation.function,.and.(d).doppler.
power.spectum.
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components.of.a.symbol.extend.beyond.the.symbol’s.time.duration..Such.multipath.dispersion.of.the.
signal.yields.the.same.kind.of.ISI.distortion.that.is.caused.by.an.electronic.filter..In.fact,.another.name.
for.this.category.of.fading.degradation.is.channel-induced ISI..In.the.case.of.frequency-selective.fading,.
mitigating.the.distortion.is.possible.because.many.of.the.multipath.components.are.resolvable.by.the.
receiver..Later,.several.such.mitigation.techniques.are.described.

A.channel.is.said.to.exhibit.frequency-nonselective.or.flat.fading.if.Tm.<.Ts..In.this.case,.all.the.received.
multipath.components.of.a.symbol.arrive.within.the.symbol.time.duration;.hence,.the.components.are.
not.resolvable..Here,.there.is.no.channel-induced.ISI.distortion,.since.the.signal.time.spreading.does.not.
result.in.significant.overlap.among.neighboring.received.symbols..There.is.still.performance.degrada-
tion.since.the.unresolvable.phasor.components.can.add.up.destructively.to.yield.a.substantial.reduction.
in.SNR..Also,.signals.that.are.classified.as.exhibiting.flat.fading.can.sometimes.experience.frequency-
selective.distortion..This.will.be.explained.later.when.viewing.degradation.in.the.frequency.domain,.
where.the.phenomenon.is.more.easily.described..For.loss.in.SNR.due.to.flat.fading,.the.mitigation.tech-
nique.called.for.is.to.improve.the.received.SNR.(or.reduce.the.required.SNR)..For.digital.systems,.intro-
ducing. some. form. of. signal. diversity. and. using. error-correction. coding. is. the. most. efficient. way. to.
accomplish.this.

8.5  Signal time-Spreading Viewed in the Frequency Domain: 
Figure 8.1, Block 10—the Spaced-Frequency 
correlation Function

A.completely.analogous.characterization.of.signal.dispersion.can.begin. in.the.frequency.domain..In.
Figure.8.7b,. the. function. |R(Δf)|. is. seen,.designated.a. spaced-frequency correlation function;. it. is. the.
Fourier.transform.of.S(τ)..R(Δf).represents.the.correlation.between.the.channel’s.response.to.two.signals.
as.a.function.of.the.frequency.difference.between.the.two.signals..It.can.be.thought.of.as.the.channel’s.
frequency.transfer.function..Therefore,.the.time-spreading.manifestation.can.be.viewed.as.if.it.were.the.
result.of.a.filtering.process..Knowledge.of.R(Δf).helps.answer. the.question,.“What. is. the.correlation.
between.received.signals.that.are.spaced.in.frequency.Δf.=.f1.–.f2?”.R(Δf).can.be.measured.by.transmit-
ting.a.pair.of.sinusoids.separated.in.frequency.by.Δf,.cross-correlating.the.two.separately.received.sig-
nals,.and.repeating.the.process.many.times.with.ever-larger.separation.Δf..Therefore,.the.measurement.
of.R(Δf).can.be.made.with.a.sinusoid.that.is.swept.in.frequency.across.the.band.of.interest.(a.wideband.
signal,.called.a.chirp)..The.coherence bandwidth,.f0.of.the.channel,.is.a.statistical.measure.of.the.range.of.
frequencies.over.which.the.channel.passes.all.spectral.components.with.approximately.equal.gain.and.
linear.phase..Thus,.the.coherence.bandwidth.represents.a.frequency.range.over.which.frequency.com-
ponents.have.a.strong.potential.for.amplitude.correlation..That.is,.a.signal’s.spectral.components.in.that.
range.are.affected.by.the.channel.in.a.similar.manner,.as.for.example,.exhibiting.fading.or.no.fading..
Note.that.f0.and.Tm.are.reciprocally.related.(within.a.multiplicative.constant)..As.an.approximation,.it.is.
possible.to.say.that

.
f T0

1
⊕

m .
(8.8)

The.maximum.excess.delay,.Tm,. is.not.necessarily. the.best. indicator.of.how.any.given.system.will.
perform.on.a.channel.because.different.channels.with.the.same.value.of.Tm.can.exhibit.very.different.
profiles.of.signal.intensity.over.the.delay.span..A.more.useful.measurement.of.delay.spread.is.most.often.
characterized.in.terms.of.the.root.mean.squared.(rms).delay.spread,.στ,.where

. σ τ ττ = −2 2( ) .
(8.9)
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τ .is.the.mean.excess.delay,.( )τ 2 .is.the.mean.squared,.τ2 .is.the.second.moment,.and.στ.is.the.square.root.
of.the.second.central.moment.of.S(τ).[3].

An.exact.relationship.between.coherence.bandwidth.and.delay.spread.does.not.exist,.and.must.be.
derived. from.signal. analysis. (usually.using. Fourier. techniques).of. actual. signal.dispersion.measure-
ments. in. particular. channels.. Several. approximate. relationships. have. been. described.. If. coherence.
bandwidth. is.defined.as. the. frequency. interval.over.which. the.channel’s.complex. frequency. transfer.
function.has.a.correlation.of.at.least.0.9,.the.coherence.bandwidth.is.approximately.[17]

.
f0

1
50≈
στ .

(8.10)

For.the.case.of.a.mobile.radio,.an.array.of.radially.uniformly.spaced.scatterers,.all.with.equal-magni-
tude.reflection.coefficients.but.independent,.randomly.occurring.reflection.phase.angles.[18,19].is.gen-
erally.accepted.as.a.useful.model.for.urban.surroundings..This.model.is.referred.to.as.the.dense-scatterer 
channel model..With.the.use.of.such.a.model,.coherence.bandwidth.has.similarly.been.defined.[18].for.a.
bandwidth.interval.over.which.the.channel’s.complex.frequency.transfer.function.has.a.correlation.of.at.
least.0.5.to.be

.
f0

0 276
=

.
στ .

(8.11)

The.ionospheric-effects.community.employs.the.following.definition

.
f0

1
2=
πστ .

(8.12)

A.more.popular.approximation.of.f0.corresponding.to.a.bandwidth.interval.having.a.correlation.of.at.
least.0.5.is.[3]

.
f0

1
5≈
στ .

(8.13)

8.5.1  Degradation categories due to Signal time-Spreading Viewed 
in the Frequency Domain

A.channel.is.referred.to.as.frequency-selective.if.f0.<.1/Ts.≈.W,.where.the.symbol.rate.1/Ts.is.nomi-
nally.taken.to.be.equal.to.the.signal.bandwidth.W..In.practice,.W.may.differ.from.1/Ts.due.to.system.
filtering. or. data. modulation. type. (quaternary. phase. shift. keying. (QPSK),. minimum. shift. keying.
(MSK),.etc.).[21]..Frequency-selective.fading.distortion.occurs.whenever.a.signal’s.spectral.compo-
nents.are.not.all.affected.equally.by.the.channel..Some.of.the.signal’s.spectral.components,.falling.
outside. the. coherence. bandwidth,. will. be. affected. differently. (independently). compared. to. those.
components.contained.within.the.coherence.bandwidth..This.occurs.whenever.f0.<.W.and.is.illus-
trated.in.Figure.8.8a.

Frequency-nonselective.or.flat-fading.degradation.occurs.whenever.f0.>.W..Hence,.all.of.the.signal’s.
spectral.components.will.be.affected.by.the.channel.in.a.similar.manner.(e.g.,.fading.or.no.fading);.this.
is.illustrated.in.(Figure.8.8b)..Flat.fading.does.not.introduce.channel-induced.ISI.distortion,.but.per-
formance.degradation.can.still.be.expected.due.to.the.loss.in.SNR.whenever.the.signal.is. .fading..In.
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order.to.avoid.channel-induced.ISI.distortion,.the.channel.is.required.to.exhibit.flat.fading.by.ensuring.
that

.
f W T0

1
> ≈

s .
(8.14)

Hence,.the.channel.coherence.bandwidth.f0.sets.an.upper.limit.on.the.transmission.rate.that.can.be.
used.without.incorporating.an.equalizer.into.the.receiver.

For.the.flat-fading.case,.where.f0.>.W.(or.Tm.<.Ts),.Figure.8.8b.shows.the.usual.flat.fading.pictorial.
representation..However,.as.a.mobile.radio.changes.its.position,.there.will.be.times.when.the.received.
signal.experiences.frequency-selective.distortion.even.though.f0.>.W..This.is.seen.in.Figure.8.8c,.where.
the.null.of.the.channel’s.frequency.transfer.function.occurs.at.the.center.of.the.signal.band..Whenever.
this.occurs,.the.baseband.pulse.will.be.especially.mutilated.by.deprivation.of.its.DC.component..One.
consequence.of.the.loss.of.DC.(zero.mean.value).is.the.absence.of.a.reliable.pulse.peak.on.which.to.estab-
lish.the.timing.synchronization,.or.from.which.to.sample.the.carrier.phase.carried.by.the.pulse.[18]..
Thus,.even.though.a.channel.is.categorized.as.flat.fading.(based.on.rms.relationships),.it.can.still..manifest.
frequency-selective.fading.on.occasions..It.is.fair.to.say.that.a.mobile.radio.channel,.classified.as.having.
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FIGURE 8.8 Relationships. between. the. channel. frequency. transfer. function.and.a. signal. with. bandwidth. W..
(a) Typical. frequency-selective. fading.case.( f0.<.W),. (b). typical.flat-fading.case.( f0.>.W),.and.(c).null.of.channel.
frequency-transfer.function.occurs.at.signal.band.center.( f0.>.W).
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flat.fading.degradation,.cannot.exhibit.flat.fading.all.the.time..As.f0.becomes.much.larger.than.W.(or.Tm.
becomes.much.smaller. than.Ts),. less. time.will.be. spent. in.conditions.approximating.Figure 8.8c..By.
comparison,.it.should.be.clear.that.in.Figure.8.8a,.the.fading.is.independent.of.the.position.of.the.signal.
band,.and.frequency-selective.fading.occurs.all.the.time,.not.just.occasionally.

8.6  typical examples of Flat Fading and Frequency-Selective 
Fading Manifestations

Figure.8.9.shows.some.examples.of.flat.fading.and.frequency-selective.fading.for.a.direct-sequence.spread-
spectrum.(DS/SS).system.[20,22]..In.Figure.8.9,.there.are.three.plots.of.the.output.of.a.pseudonoise.(PN).
code.correlator.versus.delay.as.a.function.of.time.(transmission.or.observation.time)..Each.amplitude.ver-
sus.delay.plot.is.akin.to.S(τ).versus.τ.shown.in.Figure.8.7a..The.key.difference.is.that.the.amplitudes.shown.
in.Figure.8.9.represent.the.output.of.a.correlator;.hence,.the.waveshapes.are.a.function.not.only.of.the.
impulse. response. of. the. channel. but. also. of. the. impulse. response. of. the. correlator.. The. delay. time. is.
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FIGURE 8.9 DS/SS.matched-filter.output.time-history.examples.for.three.levels.of.channel.conditions,.where.Tch.
is.the.time.duration.of.a.chip..(a).f0Tch.≈.1,.(b).f0Tch.=.0.25,.and.(c).f0Tch.≈.0.1.
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expressed.in.units.of.chip.durations.(chips),.where.the.chip.is.defined.as.the..spread-spectrum.minimal-
duration.keying.element..For.each.plot,.the.observation.time.is.shown.on.an.axis.perpendicular.to.the.
amplitude.versus.time-delay.plane..Figure.8.9.is.drawn.from.a.satellite-to-ground.communications.link.
exhibiting.scintillation.because.of.atmospheric.disturbances..However,.Figure.8.9.is.still.a.useful.illustra-
tion.of.three.different.channel.conditions.that.might.apply.to.a.mobile.radio.situation..A.mobile.radio.that.
moves.along.the.observation-time.axis.is.affected.by.changing.multipath.profiles.along.the.route,.as.seen.
in.the.figure..The.scale.along.the.observation-time.axis.is.also.in.units.of.chips..In.Figure.8.9a,.the.signal.
dispersion.(one.“finger”.of.return).is.on.the.order.of.a.chip.time.duration,.Tch..In.a.typical.DS/SS.system,.
the.spread-spectrum.signal.bandwidth.is.approximately.equal.to.1/Tch;.hence,.the.normalized.coherence.
bandwidth.f0Tch.of.approximately.unity.in.Figure.8.9a.implies.that.the.coherence.bandwidth.is.about.equal.
to.the.spread-spectrum.bandwidth..This.describes.a.channel.that.can.be.called.frequency-nonselective.or.
slightly.frequency-selective..In.Figure.8.9b,.where.f0Tch.=.0.25,.the.signal.dispersion.is.more.pronounced..
There.is.definite.interchip.interference,.and.the.coherence.bandwidth.is.approximately.equal.to.25%.of.the.
spread-spectrum. bandwidth.. In. Figure. 8.9c,. where. f0Tch.=.0.1,. the. signal. dispersion. is. even. more. pro-
nounced,.with.greater.interchip-interference.effects,.and.the.coherence.bandwidth.is.approximately.equal.
to.10%.of.the.spread-spectrum.bandwidth..The.channels.of.Figure.8.9b,c.can.be.categorized.as.moderately.
and.highly.frequency-selective,.respectively,.with.respect.to.the.basic.signaling.element,.the.chip..Later,.we.
show.that.a.DS/SS.system.operating.over.a.frequency-selective.channel.at.the.chip.level.does.not.necessar-
ily.experience.frequency-selective.distortion.at.the.symbol.level.

8.7  time Variance Viewed in the time Domain: Figure 8.1, 
Block 13—the Spaced-time correlation Function

Until.now,.we.have.described.signal.dispersion.and.coherence.bandwidth,.parameters.that.describe.the.
channel’s.time-spreading.properties.in.a.local.area..However,.they.do.not.offer.information.about.the.
time-varying.nature.of.the.channel.caused.by.relative.motion.between.a.transmitter.and.receiver,.or.by.
movement. of. objects. within. the. channel.. For. mobile. radio. applications,. the. channel. is. time. variant.
because.motion.between.the.transmitter.and.the.receiver.results.in.propagation-path.changes..Thus,.for.
a.transmitted.continuous.wave.(CW).signal,.as.a.result.of.such.motion,.the.radio.receiver.sees.variations.
in.the.signal’s.amplitude.and.phase..Assuming.that.all.scatterers.making.up.the.channel.are.stationary,.
then.whenever.motion.ceases,.the.amplitude.and.phase.of.the.received.signal.remain.constant;.that.is,.
the.channel.appears. to.be. time. invariant..Whenever.motion.begins.again,. the.channel.appears. time.
variant..Since.the.channel.characteristics.are.dependent.on.the.positions.of.the.transmitter.and.receiver,.
time.variance.in.this.case.is.equivalent.to.spatial.variance.

Figure.8.7c.shows.the.function.R(Δt),.designated.the.spaced-time correlation function;.it.is.the.auto-
correlation.function.of.the.channel’s.response.to.a.sinusoid..This.function.specifies.the.extent.to.which.
there.is.correlation.between.the.channel’s.response.to.a.sinusoid.sent.at.time.t1.and.the.response.to.a.
similar.sinusoid.sent.at.time.t2,.where.Δt.=.t2.–.t1..The.coherence time,.T0,.is.a.measure.of.the.expected.
time. duration. over. which. the. channel’s. response. is. essentially. invariant.. Earlier,. we. made. measure-
ments.of.signal.dispersion.and.coherence.bandwidth.by.using.wideband.signals..Now,.to.measure.the.
time-variant.nature.of.the.channel,.we.use.a.narrowband.signal..To.measure.R(Δt),.we.can.transmit.a.
single.sinusoid.(Δf.=.0).and.determine.the.autocorrelation.function.of.the.received.signal..The.function.
R(Δt).and.the.parameter.T0.provide.us.with.knowledge.about.the.fading.rapidity.of.the.channel..Note.
that.for.an.ideal.time-invariant channel.(e.g.,.a.mobile.radio.exhibiting.no.motion.at.all),.the.channel’s.
response.would.be.highly.correlated.for.all.values.of.Δt,.and.R(Δt).would.be.a.constant.function..When.
using. the. dense-scatterer. channel. model. described. earlier,. with. constant. velocity. of. motion,. and. an.
unmodulated.CW.signal,.the.normalized.R(Δt).is.described.as

. R t J kV t( ) ( )Δ Δ= 0 . (8.15)
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where.J0(⋅).is.the.zero-order.Bessel.function.of.the.first.kind,.V.is.velocity,.VΔt.is.distance.traversed,.and.
k.=.2π/λ.is.the.free-space.phase.constant.(transforming.distance.to.radians.of.phase)..Coherence.time.
can.be.measured.in.terms.of.either.time.or.distance.traversed.(assuming.some.fixed.velocity.of.motion)..
Amoroso.described.such.a.measurement.using.a.CW.signal.and.a.dense-scatterer.channel.model.[18]..
He.measured.the.statistical.correlation.between.the.combination.of.received.magnitude.and.phase.sam-
pled.at.a.particular.antenna.location.x0,.and.the.corresponding.combination.sampled.at.some.displaced.
location.x0.+.ζ,.with.displacement.measured.in.units.of.wavelength.λ..For.a.displacement.ζ.of.0.38.λ.
between.two.antenna.locations,.the.combined.magnitudes.and.phases.of.the.received.CW.are.statisti-
cally.uncorrelated..In.other.words,.the.state.of.the.signal.at.x0.says.nothing.about.the.state.of.the.signal.
at.x0.+.ζ..For.a.given.velocity.of.motion,. this.displacement. is. readily. transformed. into.units.of. time.
(coherence.time).

8.7.1 the concept of Duality

Two.operators.(functions,.elements,.or.systems).are.dual.when.the.behavior.of.one.with.reference.to.a.
time-related.domain.(time.or.time-delay).is.identical.to.the.behavior.of.the.other.with.reference.to.the.
corresponding.frequency-related.domain.(frequency.or.Doppler.shift).

In. Figure. 8.7,. we. can. identify. functions. that. exhibit. similar. behavior. across. domains.. For. under-
standing.the.fading.channel.model,.it.is.useful.to.refer.to.such.functions.as.duals..For.example,.S(τ).in.
Figure.8.7a.characterizes.the.channel’s.effect.on.signal-time.dispersion,.Tm..Its.dual. is.seen.in.Figure.
8.7d,.where.S(v).characterizes.the.channel’s.effect.on.signal-spectral.dispersion,.fd..Similarly,.R(Δf).in.
Figure.8.7b.characterizes.the.channel’s.coherence.bandwidth,.f0.(frequency.range.over.which.a.signal’s.
spectral.components.have.a.strong.potential.for.being.correlated)..Its.dual.is.seen.in.Figure.8.7c,.where.
R(Δt).characterizes.the.channel’s.coherence.time,.T0.(time.range.over.which.a.signal’s.time.components.
have.a.strong.potential.for.being.correlated)..These.dualities.are.also.denoted.in.Figure.8.1,.where.S(τ).
and.its.dual.S(v).are.represented.by.blocks.7.and.16..Similarly,.R(Δf).and.its.dual.R(Δt).are.represented.
by.blocks.10.and.13.

8.7.2  Degradation categories due to time Variance Viewed in the 
time Domain

The.time-variant.nature.of.the.channel.or.fading.rapidity.mechanism.can.be.viewed.in.terms.of.two.
degradation.categories.as.listed.in.Figure.8.6:.fast fading.and.slow fading..The.terminology.“fast.fading”.
is.used.for.describing.channels.in.which.T0.<.Ts,.where.T0.is.the.channel.coherence.time.and.Ts.is.the.
time.duration.of.a.transmission.symbol..Fast.fading.describes.a.condition.where.the.time.duration.in.
which.the.channel.behaves.in.a.correlated.manner.is.short.compared.to.the.time.duration.of.a.symbol..
Therefore,.it.can.be.expected.that.the.fading.character.of.the.channel.will.change.several.times.during.
the.time.that.a.symbol.is.propagating,.leading.to.distortion.of.the.baseband.pulse.shape..Analogous.to.
the. distortion. previously. described. as. channel-induced. ISI,. here. distortion. takes. place. because. the.
received.signal’s.components.are.not.all.highly.correlated.throughout.time..Hence,.fast.fading.can.cause.
the.baseband.pulse.to.be.distorted,.resulting.in.a.loss.of.SNR.that.often.yields.an.irreducible.error.rate..
Such.distorted.pulses.cause.synchronization.problems.(failure.of.phase-locked-loop.receivers),.in.addi-
tion.to.difficulties.in.adequately.defining.a.matched.filter.

A.channel.is.generally.referred.to.as.introducing.slow.fading.if.T0.>.Ts..Here,.the.time.duration.that.
the.channel.behaves.in.a.correlated.manner.is.long.compared.to.the.time.duration.of.a.transmission.
symbol..Thus,.one.can.expect. the.channel. state. to.virtually. remain.unchanged.during. the. time. in.
which.a.symbol.is.transmitted..The.propagating.symbols.will.likely.not.suffer.from.the.pulse.distor-
tion.described.above..The.primary.degradation.in.a.slow-fading.channel,.as.with.flat.fading,.is.loss.
in SNR.
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8.8  time Variance Viewed in the Doppler-Shift Domain: 
Figure 8.1, Block 16—the Doppler Power Spectrum

A.completely. analogous.characterization.of. the. time-variant.nature.of. the.channel. can.begin. in. the.
Doppler-shift.(frequency).domain..Figure.8.7d.shows.a.Doppler power spectral density,.S(v),.plotted.as.a.
function. of. Doppler. frequency. shift,. v.. For. the. case. of. the. dense-scatterer. model,. a. vertical. receive.
antenna.with.constant.azimuthal.gain,.a.uniform.distribution.of.signals.arriving.at.all.arrival.angles.
throughout.the.range.(0,.2π),.and.an.unmodulated.CW.signal,.the.signal.spectrum.at.the.antenna.ter-
minals.is.[19]

.

S v
f v f f

( ) =
− −( )

1

1 2
π d c d .

(8.16)

The.equality.holds.for.frequency.shifts.of.v.that.are.in.the.range.±fd.about.the.carrier.frequency.fc.and.
would.be.zero.outside.that.range..The.shape.of.the.RF.Doppler.spectrum.described.by.Equation.8.16.is.
classically.bowl. shaped,.as. seen. in.Figure.8.7d..Note. that. the. spectral. shape. is.a. result.of. the.dense-
scatterer.channel.model..Equation.8.16.has.been.shown.to.match.experimental.data.gathered.for.mobile.
radio. channels. [23];. however,. different. applications. yield. different. spectral. shapes.. For. example,. the.
dense-scatterer.model.does.not.hold.for.the.indoor.radio.channel;.the.channel.model.for.an.indoor.area.
assumes.S(v).to.be.a.flat.spectrum.[24].

In.Figure.8.7d,.the.sharpness.and.steepness.of.the.boundaries.of.the.Doppler.spectrum.are.due.to.the.
sharp.upper.limit.on.the.Doppler.shift.produced.by.a.vehicular.antenna.traveling.among.the.stationary.
scatterers.of.the.dense.scatterer.model..The.largest.magnitude.(infinite).of.S(v).occurs.when.the.scatterer.
is.directly.ahead.of.the.moving.antenna.platform.or.directly.behind.it..In.that.case,.the.magnitude.of.the.
frequency.shift.is.given.by

.
f V

d = λ .
(8.17)

where.V.is.relative.velocity.and.λ.is.the.signal.wavelength..fd.is.positive.when.the.transmitter.and.receiver.
move.toward.each.other.and.negative.when.moving.away.from.each.other..For.scatterers.directly.broad-
side.of.the.moving.platform,.the.magnitude.of.the.frequency.shift.is.zero..The.fact.that.Doppler.compo-
nents.arriving.at.exactly.0°.and.180°.have.an.infinite.power.spectral.density.is.not.a.problem,.since.the.
angle.of.arrival.is.continuously.distributed.and.the.probability.of.components.arriving.at.exactly.these.
angles.is.zero.[3,19].

S(v). is. the.Fourier. transform.of.R(Δt)..We.know.that. the.Fourier. transform.of. the.autocorrelation.
function.of.a.time.series.is.the.magnitude.squared.of.the.Fourier.transform.of.the.original.time.series..
Therefore,.measurements.can.be.made.by.simply.transmitting.a.sinusoid.(narrowband.signal).and.using.
Fourier.analysis. to.generate. the.power.spectrum.of. the.received.amplitude. [16]..This.Doppler.power.
spectrum. of. the. channel. yields. knowledge. about. the. spectral. spreading. of. a. transmitted. sinusoid.
(impulse.in.frequency).in.the.Doppler-shift.domain..As.indicated.in.Figure.8.7,.S(v).can.be.regarded.as.
the.dual.of.the.multipath.intensity.profile,.S(τ),.since.the.latter.yields.knowledge.about.the.time.spread-
ing.of.a.transmitted.impulse.in.the.time-delay.domain..This.is.also.noted.in.Figure.8.1.as.the.duality.
between.blocks.7.and.16,.and.in.Figure.8.6.as.the.duality.between.the.time-spreading.mechanism.in.the.
time-delay.domain.and.the.time-variant.mechanism.in.the.Doppler-shift.domain.

Knowledge.of.S(v).allows.us.to.glean.how.much.spectral.broadening.is.imposed.on.the.signal.as.a.
function.of.the.rate.of.change.in.the.channel.state..The.width.of.the.Doppler.power.spectrum.is.referred.
to.as.the.spectral broadening.or.Doppler spread,.denoted.by.fd,.and.sometimes.called.the.fading  bandwidth.
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of.the.channel..Equation.8.16.describes.the.Doppler.frequency.shift..In.a.typical.multipath.environment,.
the.received.signal.arrives.from.several.reflected.paths.with.different.path.distances.and.different.angles.
of.arrival,.and.the.Doppler.shift.of.each.arriving.path.is.generally.different.from.that.of.another.path..
The.effect.on.the.received.signal.is.seen.as.a.Doppler.spreading.or.spectral.broadening.of.the.transmitted.
signal.frequency,.rather.than.a.shift..Note.that.the.Doppler.spread,.fd,.and.the.coherence.time,.T0,.are.
reciprocally.related.(within.a.multiplicative.constant)..Therefore,.we.show.the.approximate.relationship.
between.the.two.parameters.as

.
T f0

1
⊕

d .
(8.18)

Hence,.the.Doppler.spread.fd.or.1/T0.is.regarded.as.the.typical.fading rate.of.the.channel..Earlier,.T0.was.
described.as.the.expected.time.duration.over.which.the.channel’s.response.to.a.sinusoid.is.essentially.
invariant..When.T0.is.defined.more.precisely.as.the.time.duration.over.which.the.channel’s.response.to.a.
sinusoid.has.a.correlation.of.at.least.0.5,.the.relationship.between.T0.and.fd.is.approximately.[4]

.
T f0

9
16≈
π d .

(8.19)

A.popular.“rule.of.thumb”.is.to.define.T0.as.the.geometric.mean.of.Equations.8.18.and.8.19..This.yields

.
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.
(8.20)

For.the.case.of.a.900.MHz.mobile.radio,.Figure.8.10.illustrates.the.typical.effect.of.Rayleigh.fading.on.
a.signal’s.envelope.amplitude.versus.time.[3]..The.figure.shows.that.the.distance.traveled.by.the.mobile.
in.the.time.interval.corresponding.to.two.adjacent.nulls.(small-scale.fades).is.on.the.order.of.a.half-
wavelength.(λ/2).[3]..Thus,.from.Figure.8.10.and.Equation.8.17,.the.time.(approximately,.the.coherence.
time).required.to.traverse.a.distance.λ/2.when.traveling.at.a.constant.velocity,.V,.is
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λ/2
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.
T V f0

2 0 5
≈ =
λ/ .

d .
(8.21)

Thus,.when.the.interval.between.fades.is.taken.to.be.λ/2,.as.in.Figure.8.10,.the.resulting.expression.for.
T0.in.Equation.8.21.is.quite.close.to.the.rule.of.thumb.shown.in.Equation.8.20..Using.Equation.8.21,.with.
the. parameters. shown. in. Figure. 8.10. (velocity.=.120.km/h,. and. carrier. frequency.=.900.MHz),. it. is.
straightforward. to. compute. that. the. coherence. time. is. approximately. 5.ms. and. the. Doppler. spread.
(channel.fading.rate).is.approximately.100.Hz..Therefore,.if.this.example.represents.a.voice-grade.chan-
nel.with.a.typical.transmission.rate.of.104.symbols/s,.the.fading.rate.is.considerably.less.than.the.symbol.
rate..Under.such.conditions,.the.channel.would.manifest.slow-fading.effects..Note.that.if.the.abscissa.of.
Figure.8.10.were.labeled.in.units.of.wavelength.instead.of.time,.the.figure.would.look.the.same.for.any.
radio.frequency.and.any.antenna.speed.

8.9  Analogy between Spectral Broadening in Fading channels 
and Spectral Broadening in Digital Signal Keying

Help.is.often.needed.in.understanding.why.spectral.broadening.of.the.signal.is.a.function.of.fading.rate.
of. the.channel..Figure.8.11.uses.the.keying.of.a.digital.signal.(such.as.amplitude-shift-keying.or. fre-
quency-shift-keying). to. illustrate. an. analogous. case.. Figure. 8.11a. shows. that. a. single. tone,. cos2πfct.
(–∞.<.t.<.∞).that.exists.for.all.time.is.characterized.in.the.frequency.domain.in.terms.of.impulses.(at.
±fc).. This. frequency-domain. representation. is. ideal. (i.e.,. zero. bandwidth),. since. the. tone. is. pure. and.
neverending..In.practical.applications,.digital.signaling.involves.switching.(keying).signals.on.and.off.at.
a.required.rate..The.keying.operation.can.be.viewed.as.multiplying.the.infinite-duration.tone.in.Figure.
8.11a.by.an.ideal.rectangular.(switching).function.of.duration.T.in.Figure.8.11b..The.frequency-domain.
description.of.the.ideal.rectangular.function.is.of.the.form.(sin.πfT)/πf..In.Figure.8.11c,.the.result.of.the.
multiplication.yields.a.tone,.cos2πfct,. that.is.time-duration.limited.in.the.interval.–T/2.<.t.<.T/2..The.
resulting.spectrum.is.obtained.by.convolving.the.spectral.impulses.in.part.(a).with.the.(sin.πfT)/πf.func-
tion. in.part. (b),. yielding. the.broadened. spectrum. in.part. (c).. It. is. further. seen. that,. if. the. signaling.
occurs.at.a.faster.rate.characterized.by.the.rectangle.of.shorter.duration.as.seen.in.part.(d),.the.resulting.
spectrum.of.the.signal.in.part.(e).exhibits.greater.spectral.broadening..The.changing.state.of.a.fading.
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channel.is.somewhat.analogous.to.the.keying.on.and.off.of.digital.signals..The.channel.behaves.like.a.
switch,. turning. the.signal.“on”.and.“off.”.The.greater. the.rapidity.of. the.change. in. the.channel. state.
(smaller.T),.the.greater.the.spectral.broadening.of.the.received.signals..The.analogy.is.not.exact.because.
the. on. and. off. switching. of. signals. may. result. in. phase. discontinuities,. but. the. typical. multipath-.
scatterer.environment.induces.phase-continuous.effects.

8.10  Degradation categories due to time Variance, Viewed 
in the Doppler-Shift Domain

A.channel.is.referred.to.as.fast.fading.if.the.symbol.rate,.1/Ts.(approximately.equal.to.the.signaling.rate.
or.bandwidth.W),.is.less.than.the.fading.rate,.1/T0.(approximately.equal.to.fd);.that.is,.fast.fading.is.char-
acterized.by

. W fd< . (8.22a)

or

. T Ts > 0 . (8.22b)

Conversely,.a.channel.is.referred.to.as.slow.fading.if.the.signaling.rate.is.greater.than.the.fading.rate..
Thus,.in.order.to.avoid.signal.distortion.caused.by.fast.fading,.the.channel.must.be.made.to.exhibit.slow.
fading.by.insuring.that.the.signaling.rate.must.exceed.the.channel.fading.rate..That.is

. W fd> . (8.23a)

or

. T Ts < 0 . (8.23b)

In.Equation.8.14,. it.was.shown.that.due. to.signal.dispersion,. the.coherence.bandwidth,. f0,. sets.an.
upper. limit. on. the. signaling. rate. that. can. be. used. without. suffering. frequency-selective. distortion..
Similarly,.Equation.8.23.shows.that.due.to.Doppler.spreading,.the.channel.fading.rate,.fd,.sets.a.lower.
limit.on.the.signaling.rate.that.can.be.used.without.suffering.fast-fading.distortion..For.HF.communi-
cating.systems,.when.teletype.or.Morse-coded.messages.were.transmitted.at.a.low.data.rate,.the.chan-
nels.were.often.fast.fading..However,.most.present-day.terrestrial.mobile.radio.channels.can.generally.
be.characterized.as.slow.fading.

Equation.8.23.does.not.go.far.enough.in.describing.what.we.desire.of.the.channel..A.better.way.to.
state.the.requirement.for.mitigating.the.effects.of.fast.fading.would.be.that.we.desire.W f� d.(or.T Ts � 0)..
If.this.condition.is.not.satisfied,.the.random.frequency.modulation.(FM).due.to.varying.Doppler.shifts.
will.limit.the.system.performance.significantly..The.Doppler.effect.yields.an.irreducible.error.rate.that.
cannot.be.overcome.by.simply.increasing.Eb/N0.[25]..This.irreducible.error.rate.is.most.pronounced.for.
any.modulation.that.involves.switching.the.carrier.phase..A.single.specular.Doppler.path,.without.scat-
terers,.registers.an.instantaneous.frequency.shift,.classically.calculated.as.fd.=.V/λ..However,.a.combina-
tion.of.specular.and.multipath.components.yields.a.rather.complex.time.dependence.of.instantaneous.
frequency.which.can.cause.much.larger.frequency.swings.than.±V/λ.when.detected.by.an.instantaneous.
frequency.detector.(a.nonlinear.device).[26]..Ideally,.coherent.demodulators.that.lock.onto.and.track.the.
information.signal.should.suppress.the.effect.of.this.FM.noise.and.thus.cancel.the.impact.of.Doppler.
shift..However,.for.large.values.of.fd,.carrier.recovery.becomes.a.problem.because.very.wideband.(.relative.
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to.the.data.rate).phase-lock.loops.(PLLs).need.to.be.designed..For.voice-grade.applications.with.bit-error.
rates.of.10−3.to.10−4,.a.large.value.of.Doppler.shift.is.considered.to.be.on.the.order.of.0.01.×.W..Therefore,.
to.avoid.fast-fading.distortion.and.the.Doppler-induced.irreducible.error.rate,.the.signaling.rate.should.
exceed.the.fading.rate.by.a.factor.of.100.to.200.[27]..The.exact.factor.depends.on.the.signal.modulation,.
receiver.design,.and.required.error.rate.[3,26–29]..Davarian.[29].showed.that.a.frequency-tracking.loop.
can.help.lower,.but.not.completely.remove,.the.irreducible.error.rate.in.a.mobile.system.when.using.dif-
ferential.minimum-shift.keyed.(DMSK).modulation.

8.11 Mitigation Methods

Figure.8.12.highlights.three.major.performance.categories.in.terms.of.bit-error.probability,.PB,.versus.
Eb/N0..The.leftmost.exponentially.shaped.curve.represents.the.performance.that.can.be.expected.when.
using.any.nominal.modulation.type.in.AWGN..Observe.that.with.a.reasonable.amount.of.Eb/N0,.good.
performance.results..The.middle.curve,.referred.to.as.the.Rayleigh limit,.shows.the.performance.degra-
dation.resulting.from.a.loss.in.SNR.that.is.characteristic.of.flat.fading.or.slow.fading.when.there.is.no.
line-of-sight.signal.component.present..The.curve.is.a.function.of.the.reciprocal.of.Eb/N0.(an.inverse-
linear.function),.so.for.reasonable.values.of.SNR,.performance.will.generally.be.“bad.”.In.the.case.of.
Rayleigh.fading,.parameters.with.overbars.are.often.introduced.to.indicate.that.a.mean.is.being.taken.
over.the.“ups”.and.“downs”.of.the.fading.experience..Therefore,.one.often.sees.such.bit-error.probability.
plots.with.mean.parameters.denoted.by.PB .and.E Nb / 0 ..The.curve.that.reaches.an.irreducible.level,.some-
times.called.an.error floor,.represents.“awful”.performance,.where.the.bit-error.probability.can.approach.
the.value.of.0.5..This.shows.the.severe.distorting.effects.of.frequency-selective.fading.or.fast.fading.

If.the.channel.introduces.signal.distortion.as.a.result.of.fading,.the.system.performance.can.exhibit.
an.irreducible.error.rate..If.such.an.error.floor.is.larger.than.the.desired.error.rate,.no.amount.of.Eb/N0.
will.help.achieve.the.desired.level.of.performance..In.such.cases,.the.general.approach.for.improving.
performance. is. to. use. some. form. of. mitigation. to. remove. or. reduce. the. distortion.. The. mitigation.
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method.depends.on.whether.the.distortion.is.caused.by.frequency-selective.fading.or.fast.fading..Once.
the.distortion.has.been.mitigated,.the.PB.versus.Eb/N0.performance.should.have.transitioned.from.the.
“awful”.bottoming-out.curve.to.the.merely.“bad”.Rayleigh.limit.curve..Next,.we.can.further.ameliorate.the.
effects.of.fading.and.strive.to.approach.AWGN.performance.by.using.some.form.of.diversity.to.provide.
the.receiver.with.a.collection.of.uncorrelated.samples.of.the.signal,.and.by.using.a.powerful.error-cor-
rection.code.

In.Figure.8.13,.several.mitigation.techniques.for.combating.the.effects.of.both.signal.distortion.and.
loss.in.SNR.are.listed..Just.as.Figures.8.1.and.8.6.serve.as.a.guide.for.characterizing.fading.phenomena.
and.their.effects,.Figure.8.13.can.similarly.serve. to.describe.mitigation.methods. that.can.be.used. to.
ameliorate.the.effects.of.fading..The.mitigation.approach.to.be.used.should.follow.two.basic.steps:.first,.
provide.distortion.mitigation.and.second,.provide.diversity.

8.11.1 Mitigation to combat Frequency-Selective Distortion

•. Equalization.can.compensate. for. the. channel-induced. ISI. that. is. seen. in. frequency-selective.
fading..That.is,.it.can.help.move.the.operating.point.from.the.error-performance.curve.that.is.
“awful”.in.Figure.8.12.to.the.one.that.is.“bad.”.The.process.of.equalizing.the.ISI.involves.some.
method.of.gathering.the.dispersed.symbol.energy.back.together.into.its.original.time.interval..
In.effect,.equalization.involves.insertion.of.a.filter.to.make.the.combination.of.channel.and.fil-
ter.yield.a.flat.response.with.linear.phase..The.phase.linearity.is.achieved.by.making.the.equal-
izer.filter.the.complex.conjugate.of.the.time.reverse.of.the.dispersed.pulse.[30]..Because.in.a.
mobile.system.the.channel.response.varies.with.time,.the.equalizer.filter.must.also.change.or.
adapt.to.the.time-varying.channel..Such.equalizer.filters.are,.therefore,.called.adaptive.equal-
izers.. An. equalizer. accomplishes. more. than. distortion. mitigation;. it. also. provides. diversity..
Since.distortion.mitigation.is.achieved.by.gathering.the.dispersed.symbol’s.energy.back.into.the.
symbol’s.original.time.interval.so.that.it.does.not.hamper.the.detection.of.other.symbols,.the.
equalizer.is.simultaneously.providing.each.received.symbol.with.energy.that.would.otherwise.
be.lost.

•. The.decision.feedback.equalizer.(DFE).has.a.feedforward.section.that.is.a.linear.transversal.filter.
[30].whose.length.and.tap.weights.are.selected.to.coherently.combine.virtually.all.of.the.current.
symbol’s.energy..The.DFE.also.has.a.feedback.section.which.removes.energy.that.remains.from.
previously.detected.symbols.[14,30–32]..The.basic.idea.behind.the.DFE.is.that.once.an.informa-
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tion.symbol.has.been.detected,.the.ISI.that.it. induces.on.future.symbols.can.be.estimated.and.
subtracted.before.the.detection.of.subsequent.symbols.

•. The.maximum-likelihood.sequence.estimation.(MLSE).equalizer.tests.all.possible.data.sequences.
(rather.than.decoding.each.received.symbol.by.itself).and.chooses.the.data.sequence.that.is.the.
most.probable.of.the.candidates..The.MLSE.equalizer.was.first.proposed.by.Forney.[33].when.he.
implemented.the.equalizer.using.the.Viterbi.decoding.algorithm.(VDA).[34]..The.MLSE.is.opti-
mal.in.the.sense.that.it.minimizes.the.probability.of.a.sequence.error..Because.the.VDA.is.the.way.
in.which.the.MLSE.equalizer.is.typically.implemented,.the.equalizer.is.often.referred.to.as.the.
Viterbi equalizer..Later.in.this.chapter,.we.illustrate.the.adaptive.equalization.performed.in.the.
GSM.using.the.Viterbi.equalizer.

•. Spread-spectrum.techniques.can.be.used.to.mitigate.frequency-selective.ISI.distortion.because.
the.hallmark.of.any.spread-spectrum.system.is.its.capability.to.reject.interference,.and.ISI.is.a.
type.of.interference..Consider.a.direct-sequence.spread-spectrum.(DS/SS).binary.phase.shift.key-
ing.(PSK).communication.channel.comprising.one.direct.path.and.one.reflected.path..Assume.
that.the.propagation.from.transmitter.to.receiver.results.in.a.multipath.wave.that.is.delayed.by.τk.
compared. to. the.direct.wave.. If. the. receiver. is. synchronized. to. the.waveform.arriving.via. the.
direct.path,.the.received.signal,.r(t),.neglecting.noise,.can.be.expressed.as

. r t Ax t g t f t Ax t f t( ) ( ) ( )cos( ) ( )cos( )= + − +2 2π α τ πc k c Θ . (8.24)

where.x(t).is.the.data.signal,.g(t).is.the.PN.spreading.code,.and.τk.is.the.differential.time.delay.between.
the.two.paths..The.angle.Θ.is.a.random.phase,.assumed.to.be.uniformly.distributed.in.the.range.(0,.2π),.
and.α.is.the.attenuation.of.the.multipath.signal.relative.to.the.direct.path.signal..The.receiver.multiplies.
the.incoming.r(t).by.the.code.g(t)..If.the.receiver.is.synchronized.to.the.direct.path.signal,.multiplication.
by.the.code.signal.yields

. Ax t g t f t Ax t g t g t f t( ) ( )cos( ) ( ) ( ) ( )cos( )2 2 2π α τ τ πc k k c+ − − + Θ . (8.25)

where.g2(t).=.1,.and.if.τk.is.greater.than.the.chip.duration,.then

.
g t g t t g t g t t∗( ) ( ) ( ) ( )−∫ ∫ ∗τk  d  d�

.
(8.26)

over.some.appropriate.interval.of.integration.(correlation),.where.-.indicates.complex.conjugate,.and.τk.
is.equal.to.or.larger.than.the.PN.chip.duration..Thus,.the.spread-spectrum.system.effectively.eliminates.
the.multipath.interference.by.virtue.of.its.code-correlation.receiver..Even.though.channel-induced.ISI.is.
typically.transparent.to.DS/SS.systems,.such.systems.suffer.from.the.loss.in.energy.contained.in.all.the.
multipath.components.not.seen.by.the.receiver..The.need.to.gather.up.this.lost.energy.belonging.to.the.
received.chip.was.the.motivation.for.developing.the.Rake.receiver.[35–37]..The.Rake.receiver.dedicates.
a.separate.correlator.to.each.multipath.component.(finger)..It.is.able.to.coherently.add.the.energy.from.
each.finger.by.selectively.delaying.them.(the.earliest.component.gets.the.longest.delay).so.that.they.can.
all.be.coherently.combined.

•. Earlier,.we.described.a.channel. that.could.be.classified.as.flat. fading,.but.occasionally.exhibits.
frequency-selective.distortion.when.the.null.of.the.channel’s.frequency.transfer.function.occurs.
at.the.center.of.the.signal.band..The.use.of.DS/SS.is.a.good.way.to.mitigate.such.distortion.because.
the.wideband.SS.signal.would.span.many.lobes.of.the.selectively.faded.frequency.response..Hence,.
a.great.deal.of.pulse.energy.would.then.be.passed.by.the.scatterer.medium,.in.contrast.to.the.null-
ing.effect.on.a.relatively.narrowband.signal.(see.Figure.8.8c).[18].
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•. Frequency-hopping.spread-spectrum.(FH/SS).can.be.used.to.mitigate.the.distortion.due.to.fre-
quency-selective.fading,.provided.the.hopping.rate.is.at.least.equal.to.the.symbol.rate..Compared.
to.DS/SS,.mitigation.takes.place. through.a.different.mechanism..FH.receivers.avoid.multipath.
losses. by. rapid. changes. in. the. transmitter. frequency. band,. thus. avoiding. the. interference. by.
changing.the.receiver.band.position.before.the.arrival.of.the.multipath.signal.

•. Orthogonal. frequency-division. multiplexing. (OFDM). can. be. used. in. frequency-selective. fading.
channels.to.avoid.the.use.of.an.equalizer.(or.by.altering.the.equalization.task,.so.that.it.becomes.a.
simple.scaling.in.the.frequency.domain)..The.signal.band.is.partitioned.into.multiple.subbands,.each.
one.exhibiting.a.lower.symbol.rate.than.the.original.band;.thus,.the.symbol.duration.is.lengthened..
The.subbands.are.then.transmitted.on.multiple.orthogonal.carriers..The.goal.is.to.reduce.the.symbol.
rate.(signaling.rate),.W.≈.1/Ts,.on.each.carrier.to.be.less.than.the.channel’s.coherence.bandwidth.f0..
OFDM.was.originally.referred.to.as.Kineplex..The.technique.has.been.implemented.in.the.United.
States.in.mobile.radio.systems.[38],.and.has.been.chosen.by.the.European.community.under.the.
name.Coded.OFDM.(COFDM),.for.high-definition.television.(HDTV).broadcasting.[39].

•. Pilot.signal. is. the.name.given.to.a.signal. intended.to.facilitate.the.coherent.detection.of.wave-
forms..Pilot.signals.can.be.implemented.in.the.frequency.domain.as.an.in-band.tone.[40],.or.in.
the.time.domain.as.a.pilot.sequence,.which.can.also.provide.information.about.the.channel.state.
and.thus.improve.performance.in.fading.[41].

8.11.2 Mitigation to combat Fast-Fading Distortion

•. For.fast-fading.distortion,.use.a.robust.modulation.(noncoherent.or.differentially.coherent).that.
does.not.require.phase.tracking,.and.reduces.the.detector.integration.time.[20].

•. Increase.the.symbol.rate,.W.≈.1/Ts,.to.be.greater.than.the.fading.rate,.fd.≈.1/T0,.by.adding.signal.
redundancy.

•. Error-correction. coding. and. interleaving. can. provide. mitigation;. it. does. so. by. reducing. the.
required.Eb/N0..For.a.given.Eb/N0,.with.coding.present,.the.error.probability.and.error.floor.will.
be.lowered.compared.to.the.uncoded.case.

•. An.interesting.filtering.technique.can.provide.mitigation.in.the.event.of.fast-fading.distortion.and.
frequency-selective.distortion.occurring.simultaneously..The.frequency-selective.distortion.can.
be.mitigated.by.the.use.of.an.OFDM.signal.set..Fast.fading,.however,.will.typically.degrade.con-
ventional.OFDM.because.the.Doppler.spreading.corrupts.the.orthogonality.of.the.OFDM.subcar-
riers..A.polyphase.filtering.technique.[42].is.used.to.provide.time-domain.shaping.and.duration.
extension.to.reduce.the.spectral.sidelobes.of.the.signal.set.and.thus.help.preserve.its.orthogonal-
ity..The.process. introduces.known.ISI.and.adjacent.channel. interference.(ACI).which.are. then.
removed.by.a.postprocessing.equalizer.and.canceling.filter.[43].

8.11.3 Mitigation to combat Loss in SnR

After.implementing.some.form.of.mitigation.to.combat.the.possible.distortion.(frequency.selective.or.
fast.fading),.the.next.step.is.to.use.some.form.of.diversity.to.move.the.operating.point.from.the.error-
performance.curve.labeled.as.“bad”.in.Figure.8.12.to.a.curve.that.approaches.AWGN.performance..The.
term.“diversity”.is.used.to.denote.the.various.methods.available.for.providing.the.receiver.with.uncor-
related.renditions.of.the.signal..Uncorrelated.is.the.important.feature.here,.since.it.would.not.help.the.
receiver.to.have.additional.copies.of.the.signal.if.the.copies.were.all.equally.poor..Listed.below.are.some.
of.the.ways.in.which.diversity.can.be.implemented.

•. Time.diversity—Transmit.the.signal.on.L.different.time.slots.with.time.separation.of.at.least.T0..
Interleaving,.often.used.with.error-correction.coding,.is.a.form.of.time.diversity.

•. Frequency.diversity—Transmit.the.signal.on.L.different.carriers.with.frequency.separation.of.at.
least. f0.. Bandwidth. expansion. is. a. form. of. frequency. diversity.. The. signal. bandwidth,. W,. is.
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expanded. to. be. greater. than. f0,. thus. providing. the. receiver. with. several. independently. fading.
signal. replicas.. This. achieves. frequency. diversity. of. the. order. L.=.W/f0.. Whenever. W. is. made.
larger.than.f0,.there.is.the.potential.for.frequency-selective.distortion.unless.we.further.provide.
some.mitigation.such.as.equalization..Thus,.an.expanded.bandwidth.can.improve.system.perfor-
mance.(via.diversity).only.if.the.frequency-selective.distortion.the.diversity.may.have.introduced.
is.mitigated.

•. Spread.spectrum.is.a.form.of.bandwidth.expansion.that.excels.at.rejecting.interfering.signals..
In.the.case.of.direct-sequence.spread-spectrum.(DS/SS),.it.was.shown.earlier.that.multipath.
components.are.rejected.if.they.are.delayed.by.more.than.one.chip.duration..However,.in.order.
to.approach.AWGN.performance,.it.is.necessary.to.compensate.for.the.loss.in.energy..contained.
in.those.rejected.components..The.Rake.receiver.makes.it.possible.to.coherently.combine.the.
energy.from.each.of.the.multipath.components.arriving.along.different paths..Thus,.used.with.
a.Rake.receiver,.DS/SS.modulation.can.be.said.to.achieve.path.diversity..The.Rake.receiver.is.
needed.in.phase-coherent.reception,.but.in.differentially..coherent.bit.detection,.a.simple.delay.
line.(one.bit.long).with.complex.conjugation.will.do.the.trick.[44].

•. Frequency-hopping.spread-spectrum.(FH/SS).is.sometimes.used.as.a.diversity.mechanism..The.
GSM.system.uses.slow.FH.(217.hops/s).to.compensate.for.those.cases.where.the.mobile.user.is.
moving.very.slowly.(or.not.at.all).and.happens.to.be.in.a.spectral.null.

•. Spatial.diversity.is.usually.accomplished.through.the.use.of.multiple.receive.antennas,.separated.
by.a.distance.of.at.least.10.wavelengths.for.a.base.station.(much.less.for.a.mobile.station)..Signal.
processing.must.be.employed.to.choose.the.best.antenna.output.or.to.coherently.combine.all.the.
outputs..Systems.have.also.been.implemented.with.multiple.spaced.transmitters;.an.example.is.
the.global.positioning.system.(GPS).

•. Polarization.diversity.[45].is.yet.another.way.to.achieve.additional.uncorrelated.samples.of.the.
signal.

•. Any. diversity. scheme. may. be. viewed. as. a. trivial. form. of. repetition. coding. in. space. or. time..
However,.there.exist.techniques.for.improving.the.loss.in.SNR.in.a.fading.channel.that.are.more.
efficient.and.more.powerful.than.repetition.coding..Error-correction.coding.represents.a.unique.
mitigation.technique,.because.instead.of.providing.more.signal.energy.it.reduces.the.required.
Eb/N0. in.order.to.accomplish.the.desired.error.performance..Error-correction.coding.coupled.
with.interleaving.[20,46–51].is.probably.the.most.prevalent.of.the.mitigation.schemes.used.to.
provide.improved.performance.in.a.fading.environment.

8.12  Summary of the Key Parameters characterizing 
Fading channels

We.summarize.the.conditions.that.must.be.met.so.that.the.channel.does.not.introduce.frequency-selective.
distortion.and.fast-fading.distortion..Combining.the.inequalities.of.Equations.8.14.and.8.23,.we.obtain

. f W f0 > > d . (8.27a)

or

. T T Tm s< < 0 . (8.27b)

In.other.words,.we.want.the.channel.coherence.bandwidth.to.exceed.our.signaling.rate,.which.in.turn.
should.exceed.the.fading.rate.of.the.channel..Recall.that.without.distortion.mitigation,.f0.sets.an.upper.
limit.on.signaling.rate,.and.fd.sets.a.lower.limit.on.it.
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8.12.1 Fast-Fading Distortion: example 1

If.the.inequalities.of.Equation.8.27.are.not.met.and.distortion.mitigation.is.not.provided,.distortion.will.
result..Consider.the.fast-fading.case.where.the.signaling.rate.is.less.than.the.channel.fading.rate,.that.is

. f W f0 > < d . (8.28)

Mitigation.consists.of.using.one.or.more.of.the.following.methods..(See.Figure.8.13.)

•. Choose.a.modulation/demodulation.technique.that.is.most.robust.under.fast-fading.conditions..
That.means,.for.example,.avoiding.carrier.recovery.with.PLLs.since.the.fast.fading.could.keep.a.
PLL.from.achieving.lock.conditions.

•. Incorporate.sufficient.redundancy.so.that.the.transmission.symbol.rate.exceeds.the.channel.fad-
ing.rate..As.long.as.the.transmission.symbol.rate.does.not.exceed.the.coherence.bandwidth,.the.
channel.can.be.classified.as.flat.fading..However,.even.flat.fading.channels.will.experience.fre-
quency-selective.distortion.whenever.a.channel.null.appears.at.the.band.center.

Since.this.happens.only.occasionally,.mitigation.might.be.accomplished.by.adequate.error-correction.
coding.and.interleaving.

•. The.above.two.mitigation.approaches.should.result.in.the.demodulator.operating.at.the.Rayleigh.
limit.[20].(see.Figure.8.12)..However,.there.may.be.an.irreducible.floor.in.the.error-performance.
versus.Eb/N0.curve.due.to.the.FM.noise.that.results.from.the.random.Doppler.spreading..The.use.
of. an. in-band. pilot. tone. and. a. frequency-control. loop. can. lower. this. irreducible. performance.
level.

•. To.avoid.this.error.floor.caused.by.random.Doppler.spreading,.increase.the.signaling.rate.above.
the.fading.rate.still.further.(100–200.×.fading.rate).[27]..This.is.one.architectural.motive.behind.
time-division.multiple.access.(TDMA).mobile.systems.

•. Incorporate. error-correction. coding. and. interleaving. to. lower. the. floor. and. approach. AWGN.
performance.

8.12.2 Frequency-Selective Fading Distortion: example 2

Consider.the.frequency-selective.case.where.the.coherence.bandwidth.is.less.than.the.symbol.rate,.that.is

. f W f0 < > d . (8.29)

Mitigation.consists.of.using.one.or.more.of.the.following.methods..(See.Figure.8.13.)

•. Since.the.transmission.symbol.rate.exceeds.the.channel-fading.rate,.there.is.no.fast-fading.distor-
tion..Mitigation.of. frequency-selective.effects. is.necessary..One.or.more.of. the. following. tech-
niques.may.be.considered:

•. Adaptive. equalization,. spread. spectrum. (DS. or. FH),. OFDM,. pilot. signal.. The. European. GSM.
system.uses.a.midamble.training.sequence.in.each.transmission.time.slot.so.that.the.receiver.can.
learn.the.impulse.response.of.the.channel..It.then.uses.a.Viterbi.equalizer.(explained.later).for.
mitigating.the.frequency-selective.distortion.

•. Once.the.distortion.effects.have.been.reduced,.introduce.some.form.of.diversity.and.error-cor-
rection.coding.and.interleaving.in.order.to.approach.AWGN.performance..For.direct-sequence.
spread-spectrum.(DS/SS).signaling,.the.use.of.a.Rake.receiver.(explained.later).may.be.used.for.
providing. diversity. by. coherently. combining. multipath. components. that. would. otherwise. be.
lost.
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8.12.3 Fast-Fading and Frequency-Selective Fading Distortion: example 3

Consider.the.case.where.the.coherence.bandwidth.is.less.than.the.signaling.rate,.which.in.turn.is.less.
than. the. fading. rate.. The. channel. exhibits. both. fast-fading. and. frequency-selective. fading. which. is.
expressed.as

. f W f0 < < d . (8.30a)

or

. f f0 < d . (8.30b)

Recall.from.Equation.8.27.that.f0.sets.an.upper.limit.on.signaling.rate.and.fd.sets.a.lower.limit.on.it..
Thus,.the.situation.expressed.in.Equation.8.30.is.a.difficult.design.problem.because,.unless.distortion.
mitigation.is.provided,.the.maximum.allowable.signaling.rate.is.(in.the.strict.terms.of.the.above.discus-
sion).less.than.the.minimum.allowable.signaling.rate..Mitigation.in.this.case.proceeds.as.follows..Note.
that,.the.initial.steps.are.similar.to.those.outlined.in.Example.1.

•. Choose.a.modulation/demodulation.technique.that.is.most.robust.under.fast-fading.conditions.
•. Use.transmission.redundancy.in.order.to.increase.the.transmitted.symbol.rate.
•. Provide. some. form. of. frequency-selective. mitigation. in. a. manner. similar. to. that. outlined. in.

Example.2.
•. Once.the.distortion.effects.have.been.reduced,.introduce.some.form.of.diversity.and.error-correc-

tion.coding.and.interleaving.in.order.to.approach.AWGN.performance.

8.13 the Viterbi equalizer as Applied to GSM

Figure.8.14.shows.the.GSM.TDMA.frame,.having.a.duration.of.4.615.ms.and.comprising.eight.slots,.one.
assigned.to.each.active.mobile.user..A.normal.transmission.burst.occupying.one.slot.of.time.contains.57.
message.bits.on.each.side.of.a.26-bit.midamble.called.a. training.or.sounding sequence..The.slot-time.

4.615 ms

Data

3 57 1 26 1 57 3
Burst

148 bits

156.25 bits
0.577 ms

Training Data

0 1 2 3 4 5 6 7

FIGURE 8.14 The.GSM.TDMA.frame.and.time.slot.containing.a.normal.burst.
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duration.is.0.577.ms.(or.the.slot.rate.is.1733.slots/s)..The.purpose.of.the.midamble.is.to.assist.the.receiver.
in.estimating.the.impulse.response.of.the.channel.in.an.adaptive.way.(during.the.time.duration.of.each.
0.577.ms.slot)..In.order.for.the.technique.to.be.effective,.the.fading.behavior.of.the.channel.should.not.
change.appreciably.during.the.time.interval.of.one.slot..In.other.words,.there.should.not.be.any.fast-
fading.degradation.during.a.slot.time.when.the.receiver.is.using.knowledge.from.the.midamble.to.com-
pensate. for. the. channel’s. fading. behavior.. Consider. the. example. of. a. GSM. receiver. used. aboard. a.
high-speed.train,.traveling.at.a.constant.velocity.of.200.km/h.(55.56.m/s)..Assume.the.carrier.frequency.
to.be.900.MHz.(the.wavelength.is.λ.=.0.33.m)..From.Equation.8.21,.we.can.calculate.that.a.half-wave-
length.is.traversed.in.approximately.the.time.(coherence.time)

.
T V0

2 3≈ ≈
λ/  ms

.
(8.31)

Therefore,.the.channel.coherence.time.is.over.five.times.greater.than.the.slot.time.of.0.577.ms..The.
time.needed.for.a.significant.change.in.fading.behavior.is.relatively.long.compared.to.the.time.duration.
of.one.slot..Note.that.the.choices.made.in.the.design.of.the.GSM.TDMA.slot.time.and.midamble.were.
undoubtedly.influenced.by.the.need.to.preclude.fast.fading.with.respect.to.a.slot-time.duration,.as.in.this.
example.

The.GSM.symbol.rate.(or.bit.rate,.since.the.modulation.is.binary).is.271.kilosymbols/s.and.the.band-
width.is.W.=.200.kHz..If.we.consider.that.the.typical.rms.delay.spread.in.an.urban.environment.is.of.the.
order.of.στ.=.2.μs,.then.using.Equation.8.13.the.resulting.coherence.bandwidth.is.f0.≈.100.kHz..It.should.
therefore.be.apparent.that.since,.in.this.case,.f0.<.W,.the.GSM.receiver.must.utilize.some.form.of.mitiga-
tion.to.combat.frequency-selective.distortion..To.accomplish.this.goal,.the.Viterbi.equalizer.is.typically.
implemented.

Figure.8.15.illustrates.the.basic.functional.blocks.used.in.a.GSM.receiver.for.estimating.the.channel.
impulse.response,.which.is.then.used.to.provide.the.detector.with.channel-corrected.reference.wave-
forms.[52]..In.the.final.step,.the.Viterbi.algorithm.is.used.to.compute.the.MLSE.of.the.message..As.stated.
in.Equation.8.2,.a.received.signal,.in.the.absence.of.noise,.can.be.described.in.terms.of.the.transmitted.
signal.convolved.with.the.impulse.response.of.the.channel,.hc(t)..We.show.this.below,.using.the.notation.
of.a.received.training.sequence,.rtr(t),.and.the.transmitted.training.sequence,.str(t),.as.follows:

. r t s t h ttr tr c( ) ( ) ( )= ∗ . (8.32)

Matched
filter
hmf(t)

Extract
received
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sequence
rtr(t)
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function
w(t) Rs(t)

Channel-corrected
reference waveforms
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algorithm

Metric
calculations

Equalized
signal

*

*

Received
signal

rtr(t)

2L0

Reference
waveforms

Window
function

w(t)he(t) hw(t)

FIGURE 8.15 The.Viterbi.equalizer.as.applied.to.GSM.
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where.-.denotes.convolution,.and.noise.has.been.neglected..At.the.receiver,.rtr(t).is.extracted.from.the.
normal.burst.and.sent.to.a.filter.having.impulse.response,.hmf(t),.that.is.matched.to.str(t)..This.matched.
filter.yields.at.its.output.an.estimate.of.hc(t),.denoted.he(t),.developed.from.Equation.8.32.as.follows:

.

h t r t h t
s t h t h t
R t h t

e tr mf

tr c mf

s c

( ) ( ) ( )
( ) ( ) ( )
( ) ( )

= ∗

= ∗ ∗

= ∗ .

(8.33)

where.Rs(t).is.the.autocorrelation.function.of.str(t)..If.Rs(t).is.a.highly.peaked.(impulse-like).function,.
then.he(t).≈.hc(t).

Next,.using.a.windowing.function,.w(t),.we.truncate.he(t).to.form.a.computationally.affordable.func-
tion,.hw(t)..The.window.length.must.be.large.enough.to.compensate.for.the.effect.of.typical.channel-
induced.ISI..The.required.observation.interval.L0.for.the.window.can.be.expressed.as.the.sum.of.two.
contributions..The.interval.of.length.LCISI.is.due.to.the.controlled.ISI.caused.by.Gaussian.filtering.of.the.
baseband.pulses,.which.are.then.MSK.modulated..The.interval.of.length.LC.is.due.to.the.channel-induced.
ISI.caused.by.multipath.propagation;.therefore,.L0.can.be.written.as

. L L L0 = +CISI C . (8.34)

The.GSM.system.is.required.to.provide.mitigation.for.distortion.due.to.signal.dispersions.of.approxi-
mately.15–20.μs..The.bit.duration.is.3.69.μs..Thus,.the.Viterbi.equalizer.used.in.GSM.has.a.memory.of.
4–6.bit.intervals..For.each.L0-bit.interval.in.the.message,.the.function.of.the.Viterbi.equalizer.is.to.find.
the. most. likely. L0-bit. sequence. out. of. the. 2 0L . possible. sequences. that. might. have. been. transmitted..
Determining.the.most.likely.L0-bit.sequence.requires.that.2 0L .meaningful.reference.waveforms.be.cre-
ated.by.modifying.(or.disturbing).the.2 0L .ideal.waveforms.in.the.same.way.that.the.channel.has.dis-
turbed. the. transmitted. message.. Therefore,. the. 2 0L . reference. waveforms. are. convolved. with. the.
windowed.estimate.of.the.channel.impulse.response,.hw(t).in.order.to.derive.the.disturbed.or.channel-
corrected.reference.waveforms..Next,.the.channel-corrected.reference.waveforms.are.compared.against.
the.received.data.waveforms.to.yield.metric.calculations..However,.before.the.comparison.takes.place,.
the.received.data.waveforms.are.convolved.with. the.known.windowed.autocorrelation. function.w(t)
Rs(t),.transforming.them.in.a.manner.comparable.to.that.applied.to.the.reference.waveforms..This.fil-
tered.message.signal.is.compared.to.all.possible.2 0L .channel-corrected.reference.signals,.and.metrics.are.
computed.as.required.by.the.VDA..The.VDA.yields.the.maximum-likelihood.estimate.of.the.transmit-
ted.sequence.[34].

8.14  the Rake Receiver Applied to Direct-Sequence 
Spread-Spectrum (DS/SS) Systems

Interim.Specification.95.(IS-95).describes.a.DS/SS.cellular.system.that.uses.a.Rake.receiver.[35–37].to.
provide.path.diversity..In.Figure.8.16,.five.instances.of.chip.transmissions.corresponding.to.the.code.
sequence.1.0.1.1.1.are.shown,.with. the. transmission.or.observation. times. labeled. t−4. for. the.earliest.
transmission.and.t0.for.the.latest..Each.abscissa.shows.three.“fingers”.of.a.signal.that.arrive.at.the.receiver.
with.delay.times.τ1,.τ2,.and.τ3..Note.that.such.baseband.pulses.are.typically.bipolar.∈ + −( , )1 1 ..But.for.
simplicity,.they.are.all.shown.with.positive.polarity..Assume.that.the.intervals.between.the.ti.transmis-
sion.times.and.the.intervals.between.the.τi.delay.times.are.each.one.chip.long..From.this,.one.can.con-
clude.that.the.finger.arriving.at.the.receiver.at.time.t−4,.with.delay.τ3,.is.time.coincident.with.two.other.
fingers,.namely.the.fingers.arriving.at.times.t−3.and.t−2.with.delays.τ2.and.τ1,.respectively..Since,.in.this.
example,.the.delayed.components.are.separated.by.exactly.one.chip.time,.they.are.just.resolvable..At.the.
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receiver,.there.must.be.a.sounding.device.that.is.dedicated.to.estimating.the.τi.delay.times..Note.that.for.
a.terrestrial.mobile.radio.system,.the.fading.rate.is.relatively.slow.(milliseconds).or.the.channel.coher-
ence.time.large.compared.to.the.chip.time.(T0.>.Tch)..Hence,.the.changes.in.τi.occur.slowly.enough.so.
that.the.receiver.can.readily.adapt.to.them.

Once.the.τi.delays.are.estimated,.a.separate.correlator.is.dedicated.to.processing.each.finger..In.this.
example,.there.would.be.three.such.dedicated.correlators,.each.one.processing.a.delayed.version.of.the.
same.chip.sequence.1.0.1.1.1..In.Figure.8.16,.each.correlator.receives.chips.with.power.profiles.repre-
sented.by.the.sequence.of.fingers.shown.along.a.diagonal.line..Each.correlator.attempts.to.match.these.
arriving.chips.with.the.same.PN.code,.similarly.delayed.in.time..At.the.end.of.a.symbol.interval.(typi-
cally.there.may.be.hundreds.or.thousands.of.chips.per.symbol),.the.outputs.of.the.correlators.are.coher-
ently. combined,. and. symbol. detection. is. made.. At. the. chip. level,. the. Rake. receiver. resembles. an.
equalizer,.but.its.real.function.is.to.provide.diversity.

The.interference-suppression.nature.of.DS/SS.systems.stems.from.the.fact.that.a.code.sequence.arriv-
ing.at.the.receiver.merely.one.chip.time.late,.will.be.approximately.orthogonal.to.the.particular.PN.code.
with.which.the.sequence.is.correlated..Therefore,.any.code.chips.that.are.delayed.by.one.or.more.chip.
times.will.be.suppressed.by.the.correlator..The.delayed.chips.only.contribute.to.raising.the.noise.floor.
(correlation.sidelobes)..The.mitigation.provided.by.the.Rake.receiver.can.be.termed.path.diversity,.since.
it.allows.the.energy.of.a.chip.that.arrives.via.multiple.paths.to.be.combined.coherently..Without.the.
Rake.receiver,.this.energy.would.be.transparent.and.therefore.lost.to.the.DS/SS.system..In.Figure.8.16,.
looking.vertically.above.point.τ3,.it.is.clear.that.there.is.interchip.interference.due.to.different.fingers.
arriving.simultaneously..The.spread-spectrum.processing.gain.allows.the.system.to.endure.such.inter-
ference.at.the.chip.level..No.other.equalization.is.deemed.necessary.in.IS-95.

8.15 example of a DS/SS System Using a Rake Receiver

Figure.8.17a. shows. the.Barker. [1]. sequence.1.0.1.1.1. (repeated. three. times),. represented.with.pulses.
∈ + −( , )1 1 ..This.sequence.serves.as.the.spreading.code.for.a.DS/SS.example..Similarly.Figure.8.17b.shows.
the.data.sequence.1.0.1,.similarly.represented.with.pulses.∈ + −( , )1 1 ..Assume.that.the.three.data.bits.1.0.1.
are.being.sent.over.a.multipath.channel.via.a.DS/SS.transmission.system..Also.assume.that.the.channel.
manifests.three.returns.or.fingers.for.each.transmitted.chip.(one.with.zero.excess.delay,.plus.two.delayed.
echos)..Thus,.the.Rake.receiver.as.described.in.Section.8.14.requires.three.correlators.(plus.an.additional.

Transmission
time t

Transmitted
code sequence

Delay time τ
Input chips to
correlator #1

Input chips to
correlator #2

Input chips to
correlator #3

τ1 τ2 τ3

1 1 chip
time

1 chip
time

t0

t–1

t–2

t–3

t–4

Multipath spread

1

1

0

1

FIGURE 8.16 Example.of.received.chip.seen.by.a.three-finger.Rake.receiver.
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sounding.device.to.learn.the.delay.times.of.the.arriving.fingers)..For.convenience,.assume.that.the.three.
fingers.are.each.separated.by.one.chip.time.(corresponding.to.Figure.8.16).

Figure.8.18a.shows.the.pulse.sequence.(at.the.transmitter).which.results.from.the.multiplication.of.
data.and.code..Figure.8.18b).shows.delayed.pulse.values.(neglecting.noise).received.due.to.the.multipath.
channel.. To. appreciate. the. motivation. that. drove. Paul. Green. and. Bob. Price. [35]. to. invent. the. Rake.
receiver,.consider.the.three.delayed.sequences.in.Figure.8.18b..They.each.carry.a.portion.of.the.overall.
energy.intended.for.the.receiver..However,.without.the.Rake.methodology,.the.receiver.could.only.be.
locked.on.to.one.of.the.three.sequences,.and.the.other.two.would.be.invisible.(lost.energy)..The.Rake.
receiver.invention.provides.a.way.of.capturing.that.lost.energy.

At.the.receiver,.there.are.as.many.correlators.implemented.as.there.are.finger.returns.that.need.to.be.
accounted.for.(in.this.example,.we.are.assuming.three.correlators,.plus.a.sounder.device)..In.Figure 8.18b,.

Code

Data

(a)

(b)

+1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1–1 –1 –1

FIGURE 8.17 Example.of.DS/SS.signaling..(a).Barker.sequence.1.0.1.1.1.(repeated.3.times).represented.with.bipo-
lar.pulses.and.(b).data.sequence.1.0.1.represented.with.bipolar.pulses.
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FIGURE 8.18 DS/SS.chips. received.over.a.multipath.channel.. (a).Multiplication.of.data.with. the.code. (at. the.
transmitter).and.(b).received.superposition.signal.(neglecting.noise).is.seen.by.each.correlator.
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the. bottom. pulse. sequence. represents. the. superposition. of. all. three. sequences. that. is. seen. by. each.
correlator.

In.Figure.8.19,.the.received.sequence.from.Figure.8.18b.is.repeated..Detection.of.the.DS/SS.chips.can.
then.be.described.as.follows..In.this.figure,.we.see.the.three.delayed.versions.of.the.spreading.code.(one.
used.by.each.correlator)..Next,.we.see.the.correlation.(multiplication).of.the.received.signal.with.each.cor-
relator’s.delayed.code,.followed.by.the.alignment.of.the.three.correlator.outputs..The.next.step,.of.adding.
the.correlator.outputs,.accomplishes.the.coherent.combining.of.the.correlator.outputs..The.very.last.bit-
detection.step.is.one.of.integration.(summing.the.combined.chip.values.over.a.bit.time)..In.this.example,.
the.final.integrated.values.15,.−13,.15.from.this.detection.yields.the.correctly.detected.data.sequence.1.0.1.

8.16 conclusion

In.this.chapter,. the.major.elements.that.contribute.to.fading.in.a.communication.channel.have.been.
characterized..Figure.8.1.was.presented.as.a.guide.for.the.characterization.of.fading.phenomena..Two.
types.of.fading,.large.scale.and.small.scale,.were.described..Two.manifestations.of.small-scale.fading.
(signal.dispersion.and.fading.rapidity).were.examined,.and.the.examination.involved.two.views,.time.
and.frequency..Two.degradation.categories.were.defined.for.dispersion:.frequency-selective.fading.and.
flat.fading..Two.degradation.categories.were.defined.for.fading.rapidity:.fast.and.slow..The.small-scale.
fading.degradation.categories.are.summarized.in.Figure.8.6..A.mathematical.model.using.correlation.
and.power.density.functions.is.presented.in.Figure.8.7..This.model.yields.a.nice.symmetry,.a.kind.of.
“poetry”.to.help.us.view.the.Fourier.transform.and.duality.relationships.that.describe.the.fading.phe-
nomena..Further,.mitigation.techniques.for.ameliorating.the.effects.of.each.degradation.category.were.
treated,.and.these.techniques.are.summarized.in.Figure.8.13..Finally,.mitigation.methods.that.have.been.
implemented.in.two.system.types,.GSM.and.CDMA.systems.meeting.IS-95,.were.described.
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9.1 characterization of channel Distortion

Many.communication.channels,.including.telephone.channels.and.some.radio.channels,.may.be.gener-
ally. characterized. as. band-limited. linear. filters.. Consequently,. such. channels. are. described. by. their.
frequency.response.C( f ),.which.may.be.expressed.as

. C f A f e j f( ) ( ) ( )= θ

. (9.1)

where.A(.f ).is.called.the.amplitude response.and.θ(.f ).is.called.the.phase response..Another.characteristic.
that. is. sometimes. used. in. place.of. the.phase. response. is. the.envelope delay. or.group delay,. which. is.
defined.as

.
τ

π
θ( ) ( )f d f

f= −
1

2 d .
(9.2)

A.channel.is.said.to.be.nondistorting.or.ideal.if,.within.the.bandwidth.W.occupied.by.the.transmit-
ted.signal,.A(.f ).=.const.and.θ(.f ).is.a.linear.function.of.frequency.[or.the.envelope.delay.τ(.f ).=.const]..
On.the.other.hand,.if.A(.f ).and.τ(.f ).are.not.constant.within.the.bandwidth.occupied.by.the.transmit-
ted.signal,.the.channel.distorts.the.signal..If.A(.f ).is.not.constant,.the.distortion.is.called.amplitude 
distortion. and. if. τ(.f ). is. not. constant,. the. distortion. on. the. transmitted. signal. is. called. delay 
distortion.

As.a.result.of.the.amplitude.and.delay.distortion.caused.by.the.nonideal.channel.frequency.response.
characteristic.C(.f ),.a.succession.of.pulses.transmitted.through.the.channel.at.rates.comparable.to.the.
bandwidth.W.are.smeared.to.the.point.that.they.are.no.longer.distinguishable.as.well-defined.pulses.at.
the.receiving. terminal.. Instead,. they.overlap.and,. thus,.we.have. intersymbol interference. (ISI)..As.an.
example.of.the.effect.of.delay.distortion.on.a.transmitted.pulse,.Figure.9.1a.illustrates.a.band-limited.

John G. Proakis
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pulse.having.zeros.periodically.spaced.in.time.at.points.labeled.±T,.±2T,.and.so.on..If.information.is.
conveyed.by.the.pulse.amplitude,.as.in.pulse.amplitude.modulation.(PAM),.for.example,.then.one.can.
transmit. a. sequence. of. pulses,. each. of. which. has. a. peak. at. the. periodic. zeros. of. the. other. pulses..
Transmission.of.the.pulse.through.a.channel.modeled.as.having.a.linear.envelope.delay.characteristic.
τ(.f ). [quadratic.phase.θ(.f )],.however,. results. in. the. received.pulse. shown. in.Figure.9.1b.having.zero.
crossings.that.are.no.longer.periodically.spaced..Consequently,.a.sequence.of.successive.pulses.would.be.
smeared.into.one.another,.and.the.peaks.of.the.pulses.would.no.longer.be.distinguishable..Thus,.the.
channel.delay.distortion.results.in.intersymbol.interference..As.is.discussed.in.this.chapter,.it.is.possible.
to.compensate. for. the.nonideal. frequency.response.characteristic.of. the.channel.by.use.of.a.filter.or.

–5T –4T –3T –2T –T 2T 3T 4T 5T0

(a)

(b)

(c)

T

–5T –4T –3T –2T –T 2T 3T 4T 5T0 T

–5T –4T –3T –2T –T 2T 3T 4T 5T0 T

FIGURE 9.1 Effect.of.channel.distortion:.(a).channel.input,.(b).channel.output,.and.(c).equalizer.output.
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equalizer.at.the.demodulator..Figure.9.1c.illustrates.the.output.of.a.linear.equalizer.that.compensates.for.
the.linear.distortion.in.the.channel.

The.extent.of.the.intersymbol.interference.on.a.telephone.channel.can.be.appreciated.by.observing.a.
frequency.response.characteristic.of.the.channel..Figure.9.2.illustrates.the.measured.average.amplitude.
and.delay.as.a.function.of.frequency.for.a.medium-range.(180–725.mi).telephone.channel.of.the.switched.
telecommunications.network.as.given.by.Duffy.and.Tratcher,.1971..We.observe.that.the.usable.band.of.
the.channel.extends.from.about.300.to.about.3000.Hz..The.corresponding.impulse.response.of.the.aver-
age.channel.is.shown.in.Figure.9.3..Its.duration.is.about.10.ms..In.comparison,.the.transmitted.symbol.
rates.on.such.a.channel.may.be.of.the.order.of.2500.pulses.or.symbols.per.second..Hence,.intersymbol.
interference.might.extend.over.20–30.symbols.

Besides.telephone.channels,.there.are.other.physical.channels.that.exhibit.some.form.of.time.disper-
sion.and,.thus,.introduce.intersymbol.interference..Radio.channels,.such.as.short-wave.ionospheric.prop-
agation. (HF),. tropospheric. scatter,. and. mobile. cellular. radio. are. three. examples. of. time-dispersive.
wireless.channels..In.these.channels,.time.dispersion.and,.hence,.intersymbol.interference.is.the.result.of.
multiple.propagation.paths.with.different.path.delays..The.number.of.paths.and.the.relative.time.delays.
among.the.paths.vary.with.time.and,.for.this.reason,.these.radio.channels.are.usually.called.time-variant.
multipath. channels.. The. time-variant. multipath. conditions. give. rise. to. a. wide. variety. of. frequency.
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response. characteristics.. Consequently,. the. frequency. response. characterization. that. is. used. for. tele-
phone.channels.is.inappropriate.for.time-variant.multipath.channels..Instead,.these.radio.channels.are.
characterized.statistically.in.terms.of.the.scattering.function,.which,.in.brief,.is.a.two-dimensional.repre-
sentation.of.the.average.received.signal.power.as.a.function.of.relative.time.delay.and.Doppler.frequency.
(see.Proakis.[4]).

For.illustrative.purposes,.a.scattering.function.measured.on.a.medium-range.(150.mi).tropospheric.
scatter. channel. is. shown. in. Figure. 9.4.. The. total. time. duration. (multipath. spread). of. the. channel.
response.is.approximately.0.7.μs.on.the.average,.and.the.spread.between.half-power.points.in.Doppler.
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FIGURE 9.3 Impulse.response.of.average.channel.with.amplitude.and.delay.shown.in.Figure.9.2.
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frequency. is. a. little. less. than. 1.Hz. on. the. strongest. path. and. somewhat. larger. on. the. other. paths..
Typically,.if.one.is.transmitting.at.a.rate.of.107.symbols/s.over.such.a.channel,.the.multipath.spread.of.
0.7.μs.will.result.in.intersymbol.interference.that.spans.about.seven.symbols.

9.2 characterization of intersymbol interference

In.a.digital.communication.system,.channel.distortion.causes.intersymbol.interference,.as.illustrated.in.
the.preceding.section..In.this.section,.we.shall.present.a.model.that.characterizes.the.ISI..The.digital.
modulation.methods.to.which.this.treatment.applies.are.PAM,.phase-shift.keying.(PSK),.and.quadra-
ture.amplitude.modulation.(QAM)..The.transmitted.signal.for.these.three.types.of.modulation.may.be.
expressed.as

.

s t t f t t f t
t e j f t

( ) ( )cos ( )sin
Re[ ( ) ]

= −

=

υ π υ π

υ π

c c s c

c

2 2
2

.
(9.3)

where.υ(t).=.υc(t).+.jυs(t). is.called.the.equivalent low-pass signal,. fc. is.the.carrier.frequency,.and.Re[.].
denotes.the.real.part.of.the.quantity.in.brackets.

In.general,.the.equivalent.low-pass.signal.is.expressed.as

.
υ( ) ( )t I g t nTn T

n

= −
=

∞

∑
0 .

(9.4)

where.gT(t).is.the.basic.pulse.shape.that.is.selected.to.control.the.spectral.characteristics.of.the.trans-
mitted.signal,.{In}.the.sequence.of.transmitted.information.symbols.selected.from.a.signal.constella-
tion.consisting.of.M.points,.and.T. the.signal. interval.(1/T. is. the.symbol.rate)..For.PAM,.PSK,.and.
QAM,.the.values.of.In.are.points. from.M-ary.signal.constellations..Figure.9.5. illustrates. the.signal.
constellations.for.the.case.of.M.=.8.signal.points..Note.that.for.PAM,.the.signal.constellation.is.one.
dimensional..Hence,.the.equivalent.low-pass.signal.υ(t).is.real.valued,.that.is,.υs(t).=.0.and.υc(t).=.υ(t)..
For.M-ary.(M.>.2).PSK.and.QAM,.the.signal.constellations.are.two.dimensional.and,.hence,.υ(t).is.
complex.valued.

The.signal.s(t).is.transmitted.over.a.bandpass.channel.that.may.be.characterized.by.an.equivalent.low-
pass.frequency.response.C( f )..Consequently,.the.equivalent.low-pass.received.signal.can.be.represented.as

.
r t I h t nT w tn

n

( ) ( ) ( )= − +
=

∞

∑
0 .

(9.5)

where.h(t).=.gT(t)*c(t),.and.c(t).is.the.impulse.response.of.the.equivalent.low-pass.channel,.the.asterisk.
denotes.convolution,.and.w(t).represents.the.additive.noise.in.the.channel.

To.characterize. the.ISI,. suppose.that. the.received.signal. is.passed.through.a.receiving.filter.and.
then.sampled.at.the.rate.of.1/T.samples/s..In.general,.the.optimum.filter.at.the.receiver.is.matched.to.
the.received.signal.pulse.h(t)..Hence,.the.frequency.response.of.this.filter.is.H*( f )..We.denote.its.out-
put.as

.
y t I x t nT tn

n

( ) ( ) ( )= − +
=

∞

∑ ν
0 .

(9.6)
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where.x(t).is.the.signal.pulse.response.of.the.receiving.filter,.that.is,.X( f ).=.H( f )H*( f ).=.|H( f )|2,.and.ν(t).
is.the.response.of.the.receiving.filter.to.the.noise.w(t)..Now,.if.y(t).is.sampled.at.times.t.=.kT,.k.=.0,.1,.2, . . .,.
we.have

.
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=

∞
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=

∞

∑

∑

ν

ν

0

0

0 1 …
.

(9.7)

−7 −5 −3 −1 1 3 5 7

000 001 011 010 110 111 101 100

100

000

001

011

010

110

111 101

2

(1, 1)

2

2

(a)

(b)

(c)

(1 +   3, 0)

FIGURE 9.5 M.=.8.signal.constellations.for.(a).PAM,.(b).PSK,.and.(c).QAM.
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The.sample.values.{yk}.can.be.expressed.as

.

y x I x I x kk k n k n
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n k
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(9.8)

The.term.x0.is.an.arbitrary.scale.factor,.which.we.arbitrarily.set.equal.to.unity.for.convenience..Then

.

y I I xk k n k n k
n
n k

= + +−

=
≠

∞
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0

.

(9.9)

The.term.Ik.represents.the.desired.information.symbol.at.the.kth.sampling.instant,.the.term

.

I xn k n
n
n k

−

=
≠

∞

∑
0

.

(9.10)

represents.the.ISI,.and.νk.is.the.additive.noise.variable.at.the.kth.sampling.instant.
The.amount.of.ISI,.and.noise.in.a.digital.communication.system.can.be.viewed.on.an.oscilloscope..

For.PAM.signals,.we.can.display.the.received.signal.y(t).on.the.vertical.input.with.the.horizontal.sweep.
rate.set.at.1/T..The.resulting.oscilloscope.display.is.called.an.eye pattern.because.of.its.resemblance.to.the.
human.eye..For.example,.Figure.9.6.illustrates.the.eye.patterns.for.binary.and.four-level.PAM.modula-
tion..The.effect.of.ISI.is.to.cause.the.eye.to.close,.thereby.reducing.the.margin.for.additive.noise.to.cause.
errors..Figure.9.7.graphically.illustrates.the.effect.of.ISI.in.reducing.the.opening.of.a.binary.eye..Note.
that.intersymbol.interference.distorts.the.position.of.the.zero.crossings.and.causes.a.reduction.in.the.eye.
opening..Thus,.it.causes.the.system.to.be.more.sensitive.to.a.synchronization.error.

For.PSK.and.QAM,.it. is.customary.to.display.the.eye.pattern.as.a.two-dimensional.scatter.diagram.
illustrating.the.sampled.values.{yk}.that.represent.the.decision.variables.at.the.sampling.instants..Figure 9.8.
illustrates.such.an.eye.pattern.for.an.8-PSK.signal..In.the.absence.of.intersymbol.interference.and.noise,.
the.superimposed.signals.at.the.sampling.instants.would.result.in.eight.distinct.points..corresponding.to.
the.eight.transmitted.signal.phases..Intersymbol.interference.and.noise.result.in.a.deviation.of.the.received.

Binary Quaternary

FIGURE 9.6 Examples.of.eye.patterns.for.binary.and.quaternary.amplitude.shift.keying.(or.PAM).



174 Mobile Communications Handbook

samples.{yk}.from.the.desired.8-PSK.signal..The.larger.the.intersymbol.interference.and.noise,.the.larger.
the.scattering.of.the.received.signal.samples.relative.to.the.transmitted.signal.points.

In.practice,.the.transmitter.and.receiver.filters.are.designed.for.zero.ISI.at.the.desired.sampling.times.
t.=.kT.. Thus,. if. GT( f ). is. the. frequency. response. of. the. transmitter. filter. and. GR( f ). is. the. frequency.
response.of.the.receiver.filter,.then.the.product.GT( f ).GR( f ).is.designed.to.yield.zero.ISI.

For.example,.the.product.GT( f ).GR( f ).may.be.selected.as

. G f G f X fT R rc( ) ( ) ( )= . (9.11)

where.Xrc( f ).is.the.raised-cosine.frequency.response.characteristic,.defined.as

.
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FIGURE 9.7 Effect.of.intersymbol.interference.on.eye.opening.
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FIGURE 9.8 Two-dimensional.digital. eye.patterns.. (a).Transmitted.eight-phase. signal.and. (b). received.signal.
samples.at.the.output.of.demodulation.
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where.α.is.called.the.rolloff.factor,.which.takes.values.in.the.range.0.≤.α.≤.1,.and.1/T.is.the.symbol.rate..
The.time.response.and.frequency.response.are.illustrated.in.Figure.9.9.for.α.=.0,.1/2,.and.1..Note.that.
when.α.=.0,.Xrc( f ).reduces.to.an.ideal.brick.wall.physically.nonrealizable.frequency.response.with.band-
width.occupancy.1/2T..The.frequency.1/2T. is.called.the.Nyquist frequency..For.α.>.0,. the.bandwidth.
occupied.by.the.desired.signal.Xrc( f ).beyond.the.Nyquist.frequency.1/2T.is.called.the.excess bandwidth,.
and.is.usually.expressed.as.a.percentage.of.the.Nyquist.frequency..For.example,.when.α.=.1/2,.the.excess.
bandwidth. is. 50%. and. when.α.=.1,. the. excess. bandwidth. is. 100%.. The. signal. pulse. xrc(t). having. the.
raised-cosine.spectrum.is

.
x t t T

t T
t T
t Trc( ) sin cos( )

=
−

π
π

πα
α

/
/

/
/1 4 2 2 2 .

(9.13)

Figure.9.9b.illustrates.xrc(t).for.α.=.0,.1/2,.and.1..Note.that.xrc(t).=.1.at.t.=.0.and.xrc(t).=.0.at.t.=.kT,.
k.=.±1,.±2,.. . ...Consequently,.at.the.sampling.instants.t.=.kT,.k.≠.0,.there.is.no.ISI.from.adjacent.symbols.
when. there. is.no.channel.distortion.. In. the.presence.of.channel.distortion,.however,. the. ISI.given.by.
Equation. 9.10. is. no. longer. zero,. and. a. channel equalizer. is. needed. to. minimize. its. effect. on. system.
performance.

9.3 Linear equalizers

The.most.common.type.of.channel.equalizer.used.in.practice.to.reduce.SI.is.a.linear.transversal.filter.
with.adjustable.coefficients.{ci},.as.shown.in.Figure.9.10.

On. channels. whose. frequency. response. characteristics. are. unknown,. but. time. invariant,. we. may.
measure. the. channel. characteristics. and. adjust. the. parameters. of. the. equalizer;. once. adjusted,. the.

α = 0; 0.5
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101
2T− 1
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T

FIGURE 9.9 Pulses.having.a.raised.cosine.spectrum..(a).Time.response,.(b).frequency.response.
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parameters.remain.fixed.during.the.transmission.of.data..Such.equalizers.are.called.preset equalizers..
On.the.other.hand,.adaptive equalizers.update.their.parameters.on.a.periodic.basis.during.the.transmis-
sion.of.data.and,.thus,.they.are.capable.of.tracking.a.slowly.time-varying.channel.response.

First,.let.us.consider.the.design.characteristics.for.a.linear.equalizer.from.a.frequency.domain.view-
point..Figure.9.11.shows.a.block.diagram.of.a.system.that.employs.a.linear.filter.as.a.channel equalizer.

The.demodulator.consists.of.a.receiver.filter.with.frequency.response.GR( f ).in.cascade.with.a.channel.
equalizing.filter.that.has.a.frequency.response.GE( f )..As.indicated.in.the.preceding.section,.the.receiver.
filter.response.GR( f ).is.matched.to.the.transmitter.response,.that.is,.G f G fR T( ) ( )*= ,.and.the.product.
GR( f )GT( f ).is.usually.designed.so.that.there.is.zero.ISI.at.the.sampling.instants.as,.for.example,.when.
GR(t)GT( f ) = Xrc( f ).

For.the.system.shown.in.Figure.9.11,.in.which.the.channel.frequency.response.is.not.ideal,.the.desired.
condition.for.zero.ISI.is

. G f C f G f G f X fT R E rc( ) ( ) ( ) ( ) ( )= . (9.14)

where.Xrc(.f ).is.the.desired.raised-cosine.spectral.characteristic..Since.GT( f )GR( f ).=.Xrc( f ).by.design,.the.
frequency.response.of.the.equalizer.that.compensates.for.the.channel.distortion.is

.
G f C f C f

e j f
E

c( ) ( ) ( )
( )= = −1 1 θ

.
(9.15)
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FIGURE 9.10 Linear.transversal.filter.
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FIGURE 9.11 Block.diagram.of.a.system.with.an.equalizer.
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Thus,. the. amplitude. response. of. the. equalizer. is. |GE(.f )|.=.1/|C(.f )|. and. its. phase. response. is.
θE(.f ).=.–θc(.f ).. In. this. case,. the. equalizer. is. said. to. be. the. inverse channel filter. to. the. channel.
response.

We.note.that.the.inverse.channel.filter.completely.eliminates.ISI.caused.by.the.channel..Since.it.forces.
the.ISI.to.be.zero.at.the.sampling.instants.t.=.kT,.k.=.0,.1,.. . .,.the.equalizer.is.called.a.zero-forcing equal-
izer..Hence,.the.input.to.the.detector.is.simply

. z I kk k k= + =η , , ,0 1 … . (9.16)

where.ηk.represents.the.additive.noise.and.Ik.is.the.desired.symbol.
In.practice,.the.ISI.caused.by.channel.distortion.is.usually.limited.to.a.finite.number.of.symbols.on.

either.side.of.the.desired.symbol..Hence,.the.number.of.terms.that.constitute.the.ISI.in.the.summa-
tion.given.by.Equation.9.10. is.finite..As.a.consequence,. in.practice. the.channel.equalizer. is. imple-
mented. as. a. finite. duration. impulse. response. (FIR). filter,. or. transversal. filter,. with. adjustable. tap.
coefficients.{cn},.as.illustrated.in.Figure.9.10..The.time.delay.τ.between.adjacent.taps.may.be.selected.
as.large.as.T,.the.symbol.interval,.in.which.case.the.FIR.equalizer.is.called.a.symbol-spaced equalizer..
In.this.case,.the.input.to.the.equalizer.is.the.sampled.sequence.given.by.Equation.9.7..We.note.that.
when. the. symbol. rate.1/T.<.2W,.however,. frequencies. in. the. received. signal. above. the. folding. fre-
quency. 1/T. are. aliased. into. frequencies. below. 1/T.. In. this. case,. the. equalizer. compensates. for. the.
aliased.channel-distorted.signal.

On.the.other.hand,.when.the.time.delay.τ.between.adjacent.taps.is.selected.such.that.1/τ.≥.2W.>.1/T,.
no.aliasing.occurs.and,.hence,.the.inverse.channel.equalizer.compensates.for.the.true.channel.distor-
tion..Since.τ.<.T,.the.channel.equalizer.is.said.to.have fractionally spaced taps.and.it.is.called.a.fraction-
ally spaced equalizer..In.practice,.τ.is.often.selected.as.τ.=.T/2..Note.that,.in.this.case,.the.sampling.rate.
at.the.output.of.the.filter.GR(.f ).is.2/T.

The.impulse.response.of.the.FIR.equalizer.is

.
g t c t nE n

n N

N

( ) ( )= −
=−
∑ δ τ

.
(9.17)

and.the.corresponding.frequency.response.is

.
G f c en
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n N
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E ( ) = −

=−
∑ 2π τ

.
(9.18)

where.{cn}.are.the.(2N.+.1).equalizer.coefficients.and.N.is.chosen.sufficiently.large.so.that.the.equalizer.
spans.the.length.of.the.ISI,.that.is,.2N.+.1.≥.L,.where.L.is.the.number.of.signal.samples.spanned.by.the.
ISI..Since.X(.f ).=.GT(.f )C(.f )GR(.f ).and.x(t).is.the.signal.pulse.corresponding.to.X(.f ),.then.the.equalized.
output.signal.pulse.is

.
q t c x t nn

n N

N

( ) ( )= −
=−
∑ τ

.
(9.19)

The.zero-forcing.condition.can.now.be.applied.to. the.samples.of q(t). taken.at. times. t.=.mT..These.
samples.are
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.
q mT c x mT n m Nn
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.
(9.20)

Since. there. are. 2N.+.1. equalizer. coefficients,. we. can. control. only. 2N.+.1. sampled. values. of. q(t)..
Specifically,.we.may.force.the.conditions

.
q mT c x mT n
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which.may.be.expressed.in.matrix.form.as.Xc.=.q,.where.X.is.a.(2N.+.1).×.(2N.+.1).matrix.with.elements.
{x(mT.–.nτ)},.c.is.the.(2N.+.1).coefficient.vector,.and.q.is.the.(2N.+.1).column.vector.with.one.nonzero.ele-
ment..Thus,.we.obtain.a.set.of.2N.+.1.linear.equations.for.the.coefficients.of.the.zero-forcing.equalizer.

We.should.emphasize.that.the.FIR.zero-forcing.equalizer.does.not.completely.eliminate.ISI.because.
it.has.a.finite.length..As.N. is. increased,.however,.the.residual.ISI.can.be.reduced,.and.in.the.limit.as.
N.→.∞,.the.ISI.is.completely.eliminated.

Example 9.1

Consider.a.channel.distorted.pulse.x(t),.at.the.input.to.the.equalizer,.given.by.the.expression

.

x t
t
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( ) =
+
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1

1 2 2

where.1/T.is.the.symbol.rate..The.pulse.is.sampled.at.the.rate.2/T.and.equalized.by.a.zero-forcing.
equalizer..Determine.the.coefficients.of.a.five-tap.zero-forcing.equalizer.

SOLUTION
According.to.Equation.9.21,.the.zero-forcing.equalizer.must.satisfy.the.equations
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The.matrix.X.with.elements.x(mT – nT/2).is.given.as

.
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(9.22)
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The.coefficient.vector.c.and.the.vector.q.are.given.as

.
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Then,.the.linear.equations.Xc.=.q.can.be.solved.by.inverting.the.matrix.X..Thus,.we.obtain
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One.drawback.to.the.zero-forcing.equalizer.is.that.it.ignores.the.presence.of.additive.noise..
As.a.consequence,.its.use.may.result.in.significant.noise.enhancement..This.is.easily.seen.by.not-
ing.that.in.a.frequency.range.where.C(.f ).is.small,.the.channel.equalizer.GE(.f ).=.1/C(.f ).compen-
sates.by.placing.a.large.gain.in.that.frequency.range..Consequently,.the.noise.in.that.frequency.
range.is.greatly.enhanced..An.alternative.is.to.relax.the.zero.ISI.condition.and.select.the.channel.
equalizer.characteristic.such.that.the.combined.power.in.the.residual.ISI.and.the.additive.noise.
at.the.output.of.the.equalizer.is.minimized..A.channel.equalizer.that.is.optimized.based.on.the.
minimum.mean.square.error.(MMSE).criterion.accomplishes.the.desired.goal.

To.elaborate,.let.us.consider.the.noise-corrupted.output.of.the.FIR.equalizer,.which.is

.
z t c y t nn
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( ) ( )= −
=−
∑ τ . (9.25)

where.y(t).is.the.input.to.the.equalizer,.given.by.Equation.9.6..The.equalizer.output.is.sampled.at.
times.t.=.mT..Thus,.we.obtain

.
z mT c y mT nn
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The.desired.response.at.the.output.of.the.equalizer.at.t.=.mT.is.the.transmitted.symbol.Im..
The.error.is.defined.as.the.difference.between.Im.and.z(mT)..Then,.the.mean.square.error.(MSE).
between.the.actual.output.sample.z(mT).and.the.desired.values.Im.is
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where.the.correlations.are.defined.as

.

R n k E y mT n y mT k

R k E y mT k I
Y

IY m

( ) ( ) ( )

( ) ( )

*

*

− = − −⎡⎣ ⎤⎦

= −⎡⎣ ⎤⎦

τ τ

τ
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and. the. expectation. is. taken. with. respect. to. the. random. information. sequence. {Im}. and. the.
additive.noise.

The.minimum.MSE.solution.is.obtained.by.differentiating.Equation.9.27.with.respect.to.the.
equalizer.coefficients.{cn}..Thus,.we.obtain.the.necessary.conditions.for.the.minimum.MSE.as

.
c R n k R k k Nn Y IY
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These.are.the.(2N.+.1).linear.equations.for.the.equalizer.coefficients..In.contrast.to.the.zero-
forcing. solution. already. described,. these. equations. depend. on. the. statistical. properties. (the.
autocorrelation).of.the.noise.as.well.as.the.ISI.through.the.autocorrelation.RY(n).

In. practice,. the. autocorrelation. matrix. RY(n). and. the. cross-correlation. vector. RIY(n). are.
unknown.a priori..These.correlation.sequences.can.be.estimated,.however,.by. transmitting.a.
test.signal.over.the.channel.and.using.the.time-average.estimates
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in.place.of.the.ensemble.averages.to.solve.for.the.equalizer.coefficients.given.by.Equation.9.29.

9.3.1 Adaptive Linear equalizers

We.have.shown.that.the.tap.coefficients.of.a.linear.equalizer.can.be.determined.by.solving.a.set.of.linear.
equations..In.the.zero-forcing.optimization.criterion,.the.linear.equations.are.given.by.Equation.9.21..
On.the.other.hand,.if.the.optimization.criterion.is.based.on.minimizing.the.MSE,.the.optimum.equal-
izer.coefficients.are.determined.by.solving.the.set.of.linear.equations.given.by.Equation.9.29.

In.both.cases,.we.may.express.the.set.of.linear.equations.in.the.general.matrix.form

. Bc d= . (9.31)

where.B.is.a.(2N.+.1).×.(2N.+.1).matrix,.c.is.a.column.vector.representing.the.2N.+.1.equalizer.coeffi-
cients,.and.d.is.a.(2N.+.1)-dimensional.column.vector..The.solution.of.Equation.9.31.yields

. c B dopt =
−1

. (9.32)

In.practical.implementations.of.equalizers,.the.solution.of.Equation.9.31.for.the.optimum.coefficient.
vector.is.usually.obtained.by.an.iterative.procedure.that.avoids.the.explicit.computation.of.the.inverse.of.
the.matrix.B..The.simplest.iterative.procedure.is.the.method.of.steepest.descent,.in.which.one.begins.by.
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choosing.arbitrarily.the.coefficient.vector.c,.say.c0..This.initial.choice.of.coefficients.corresponds.to.a.
point.on.the.criterion.function.that.is.being.optimized..For.example,.in.the.case.of.the.MSE.criterion,.
the.initial.guess.c0.corresponds.to.a.point.on.the.quadratic.MSE.surface.in.the.(2N.+.1)-dimensional.
space.of.coefficients..The.gradient.vector,.defined.as.g0,.which.is.the.derivative.of.the.MSE.with.respect.
to.the.2N.+.1.filter.coefficients,.is.then.computed.at.this.point.on.the.criterion.surface,.and.each.tap.coef-
ficient.is.changed.in.the.direction.opposite.to.its.corresponding.gradient.component..The.change.in.the.
jth.tap.coefficient.is.proportional.to.the.size.of.the.jth.gradient.component.

For.example,.the.gradient.vector.denoted.as.gk,.for.the.MSE.criterion,.found.by.taking.the.derivatives.
of.the.MSE.with.respect.to.each.of.the.2N.+.1.coefficients,.is

. g Bc dk k k= − =, , , ,0 1 2 … . (9.33)

Then.the.coefficient.vector.ck.is.updated.according.to.the.relation

. c c gk k k+ = − Δ1 . (9.34)

where.Δ.is.the.step-size parameter.for.the.iterative.procedure..To.ensure.convergence.of.the.iterative.
procedure,.Δ.is.chosen.to.be.a.small.positive.number..In.such.a.case,.the.gradient.vector.gk.converges.
toward.zero,.that.is,.gk.→.0.as.k.→.∞,.and.the.coefficient.vector.ck.→.copt.as.illustrated.in.Figure.9.12.
based.on.two-dimensional.optimization..In.general,.convergence.of.the.equalizer.tap.coefficients.to.copt.
cannot.be.attained. in.a.finite.number.of. iterations.with.the.steepest-descent.method..The.optimum.
solution.copt,.however,.can.be.approached.as.closely.as.desired.in.a.few.hundred.iterations..In.digital.
communication.systems.that.employ.channel.equalizers,.each.iteration.corresponds.to.a.time.interval.
for.sending.one.symbol.and,.hence,.a.few.hundred.iterations.to.achieve.convergence.to.copt.corresponds.
to.a.fraction.of.a.second.

Adaptive.channel.equalization.is.required.for.channels.whose.characteristics.change.with.time..In.
such.a.case,.the.ISI.varies.with.time..The.channel.equalizer.must.track.such.time.variations.in.the.chan-
nel.response.and.adapt.its.coefficients.to.reduce.the.ISI..In.the.context.of.the.preceding.discussion,.the.
optimum.coefficient.vector.copt.varies.with.time.due.to.time.variations.in.the.matrix.B.and,.for.the.case.
of. the. MSE. criterion,. time. variations. in. the. vector. d.. Under. these. conditions,. the. iterative. method.
described.can.be.modified.to.use.estimates.of.the.gradient.components..Thus,.the.algorithm.for.adjust-
ing.the.equalizer.tap.coefficients.may.be.expressed.as

. c c g� � �k k+ = − Δ1 k . (9.35)

c2

c1

Initial guess

FIGURE 9.12 Examples.of.convergence.characteristics.of.a.gradient.algorithm.
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where.ĝk.denotes.an.estimate.of.the.gradient.vector.gk.and.ĉk.denotes.the.estimate.of.the.tap.coefficient.
vector.

In.the.case.of.the.MSE.criterion,.the.gradient.vector.gk.given.by.Equation.9.33.may.also.be.expressed.as

. g Ek k ke y= − ( )*

An.estimate.ĝk.of.the.gradient.vector.at.the.kth.iteration.is.computed.as

. g y�k e= − k k
*

. (9.36)

where.ek.denotes.the.difference.between.the.desired.output.from.the.equalizer.at.the.kth.time.instant.
and.the.actual.output.z(kT),.and.yk.denotes.the.column.vector.of.2N.+.1.received.signal.values.contained.
in.the.equalizer.at.time.instant.k..The.error signal ek.is.expressed.as

. e zk k k= −I . (9.37)

where.zk.=.z(kT).is.the.equalizer.output.given.by.Equation.9.26.and.Ik.is.the.desired.symbol..Hence,.by.
substituting.Equation.9.36.into.Equation.9.35,.we.obtain.the.adaptive.algorithm.for.optimizing.the.tap.
coefficients.(based.on.the.MSE.criterion).as

. c c y� �k k k ke+ = +1 Δ *
. (9.38)

Since.an.estimate.of.the.gradient.vector.is.used.in.Equation.9.38,.the.algorithm.is.called.a.stochastic 
gradient algorithm;.it.is.also.known.as.the.LMS algorithm.

A.block.diagram.of.an.adaptive.equalizer.that.adapts.its.tap.coefficients.according.to.Equation.9.38.is.
illustrated.in.Figure.9.13..Note.that.the.difference.between.the.desired.output.Ik.and.the.actual.output.zk.
from.the.equalizer.is.used.to.form.the.error.signal.ek..This.error.is.scaled.by.the.step-size.parameter.Δ,.
and.the.scaled.error.signal.Δek.multiplies.the.received.signal.values.{y(kT.–.nτ)}.at.the.2N.+.1.taps..The.
products.Δek.y*.(kT.–.nτ).at.the.(2N.+.1).taps.are.then.added.to.the.previous.values.of.the.tap.coefficients.
to.obtain.the.updated.tap.coefficients,.according.to.Equation.9.38..This.computation.is.repeated.as.each.
new.symbol.is.received..Thus,.the.equalizer.coefficients.are.updated.at.the.symbol.rate.

Initially,.the.adaptive.equalizer.is.trained.by.the.transmission.of.a.known.pseudo-random.sequence.{Im}.
over.the.channel..At.the.demodulator,.the.equalizer.employs.the.known.sequence.to.adjust.its.coefficients..
Upon.initial.adjustment,.the.adaptive.equalizer.switches.from.a.training mode.to.a.decision-directed mode,.
in.which.case.the.decisions.at.the.output.of.the.detector.are.sufficiently.reliable.so.that.the.error.signal.is.
formed.by.computing.the.difference.between.the.detector.output.and.the.equalizer.output,.that.is,

. e zk k k= −�I . (9.39)

where.Ĩk.is.the.output.of.the.detector..In.general,.decision.errors.at.the.output.of.the.detector.occur.infre-
quently.and,.consequently,.such.errors.have.little.effect.on.the.performance.of.the.tracking.algorithm.
given.by.Equation.9.38.

A.rule.of.thumb.for.selecting.the.step-size.parameter.so.as.to.ensure.convergence.and.good.tracking.
capabilities.in.slowly.varying.channels.is

.
Δ =

+
1

5 2 1( )N PR .
(9.40)
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where.PR.denotes.the.received.signal-plus-noise.power,.which.can.be.estimated.from.the.received.signal.
(see.Reference.4).

The.convergence.characteristic.of.the.stochastic.gradient.algorithm.in.Equation.9.38.is.illustrated.in.
Figure.9.14..These.graphs.were.obtained.from.a.computer.simulation.of.an.11-tap.adaptive.equalizer.
operating.on.a.channel.with.a.rather.modest.amount.of.ISI..The.input.signal-plus-noise.power.PR.was.
normalized.to.unity..The.rule.of.thumb.given.in.Equation.9.40.for.selecting.the.step.size.gives.Δ.=.0.018..
The.effect.of.making.Δ.too.large.is.illustrated.by.the.large.jumps.in.MSE.as.shown.for.Δ.=.0.115..As.Δ.is.
decreased,.the.convergence.is.slowed.somewhat,.but.a.lower.MSE.is.achieved,.indicating.that.the.esti-
mated.coefficients.are.closer.to.copt.
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FIGURE 9.13 Linear.adaptive.equalizer.based.on.the.MSE.criterion.
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Although.we.have.described.in.some.detail.the.operation.of.an.adaptive.equalizer.that.is.optimized.
on. the. basis. of. the. MSE. criterion,. the. operation. of. an. adaptive. equalizer. based. on. the. zero-forcing.
method.is.very.similar..The.major.difference.lies.in.the.method.for.estimating.the.gradient.vectors.gk.at.
each.iteration..A.block.diagram.of.an.adaptive.zero-forcing.equalizer.is.shown.in.Figure.9.15.

For. more. details. on. the. tap. coefficient. update. method. for. a. zero-forcing. equalizer,. the. reader. is.
referred.to.the.papers.by.Lucky.[2,3],.and.the.text.by.Proakis.[4].

9.4 Decision-Feedback equalizer

The.linear.filter.equalizers.described.in.the.preceding.section.are.very.effective.on.channels,.such.as.wire.
line.telephone.channels,.where.the.ISI.is.not.severe..The.severity.of.the.ISI.is.directly.related.to.the.spec-
tral.characteristics.and.not.necessarily.to.the.time.span.of.the.ISI..For.example,.consider.the.ISI.result-
ing.from.the.two.channels.that.are.illustrated.in.Figure.9.16..The.time.span.for.the.ISI.in.channel.A.is.
five.symbol.intervals.on.each.side.of.the.desired.signal.component,.which.has.a.value.of.0.72..On.the.
other.hand,.the.time.span.for.the.ISI.in.channel.B.is.one.symbol.interval.on.each.side.of.the.desired.
signal.component,.which.has.a.value.of.0.815..The.energy.of.the.total.response.is.normalized.to.unity.for.
both.channels.

In.spite.of.the.shorter.ISI.span,.channel.B.results.in.more.severe.ISI..This.is.evidenced.in.the.fre-
quency.response.characteristics.of. these.channels,.which.are.shown.in.Figure.9.17..We.observe.that.
channel. B. has. a. spectral. null. [the. frequency. response. C(.f ).=.0. for. some. frequencies. in. the. band.
|.f |.≤.W].at.f.=.1/2T,.whereas.this.does.not.occur.in.the.case.of.channel.A..Consequently,.a.linear.equal-
izer.will.introduce.a.large.gain.in.its.frequency.response.to.compensate.for.the.channel.null..Thus,.the.
noise.in.channel.B.will.be.enhanced.much.more.than.in.channel.A..This.implies.that.the.performance.
of.the. linear.equalizer.for.channel.B.will.be.sufficiently.poorer.than.that.for.channel.A..This.fact. is.
borne.out.by.the.computer.simulation.results.for.the.performance.of.the.two.linear.equalizers.shown.
in.Figure.9.18..Hence,.the.basic.limitation.of.a.linear.equalizer.is.that.it.performs.poorly.on.channels.
having.spectral.nulls..Such.channels.are.often.encountered.in.radio.communications,.such.as. iono-
spheric.transmission.at.frequencies.below.30.MHz.and.mobile.radio.channels,.such.as.those.used.for.
cellular.radio.communications.

Σ

Input

Detector
yk Ik

εk

Output

× × ×

×

×

T T T T
Δ

××

Σ Σ

τ τ τ

Σ

−

∼

FIGURE 9.15 An.adaptive.zero-forcing.equalizer.



185Channel Equalization

0.04 0.07

0.05
0.21

0.5

0.815

0.4070.407

(a)

(b)

0.72

0.36
0.21

0.030.07

T

T T

FIGURE 9.16 Two.channels.with.ISI..(a).Channel.A,.(b).channel.B.

0.00(a)

(b)

–6.00

–12.00

–18.00

–21.00

–30.00

0.00

–6.00

–12.00

–18.00

–21.00

–30.00

0.00 0.31 0.63 0.99 1.26
ω frequency

1.57 1.88 2.20 2.51 2.83 3.14

0.00 0.31 0.63 0.99 1.26
ω frequency

1.57 1.88 2.20 2.51 2.83 3.14

A
m

pl
itu

de
 (d

B)
A

m
pl

itu
de

 (d
B)

FIGURE 9.17 Amplitude.spectra.for.(a).channel.A.shown.in.Figure.9.16a.and.(b).channel.B.shown.in.Figure.9.16b.



186 Mobile Communications Handbook

A.decision-feedback equalizer. (DFE). is.a.nonlinear.equalizer. that.employs.previous.decisions. to.
eliminate. the. ISI. caused. by. previously. detected. symbols. on. the. current. symbol. to. be. detected.. A.
simple.block.diagram.for.a.DFE.is.shown.in.Figure.9.19..The.DFE.consists.of.two.filters..The.first.filter.
is.called.a feedforward filter.and.it.is.generally.a.fractionally.spaced.FIR.filter.with.adjustable.tap.coef-
ficients..This.filter.is.identical.in.form.to.the.linear.equalizer.already.described..Its.input.is.the.received.
filtered.signal.y(t).sampled.at.some.rate.that.is.a.multiple.of.the.symbol.rate,.for.example,.at.rate.2/T..
The.second.filter.is.a.feedback filter..It.is.implemented.as.an.FIR.filter.with.symbol-spaced.taps.having.
adjustable.coefficients..Its.input.is.the.set.of.previously.detected.symbols..The.output.of.the.feedback.
filter.is.subtracted.from.the.output.of.the.feedforward.filter.to.form.the.input.to.the.detector..Thus,.we.
have

.
z c y mT n bm n n m n

n

N

n N

= − − −

==−
∑∑ ( )τ �I

1

0 2

1 .
(9.41)

where.{cn}.and.{bn}.are.the.adjustable.coefficients.of.the.feedforward.and.feedback.filters,.respectively,.
Ĩm–n,.n.=.1,.2,.. . .,.N2.are.the.previously.detected.symbols,.N1.+.1.is.the.length.of.the.feedforward.filter,.and.
N2.is.the.length.of.the.feedback.filter..Based.on.the.input.zm,.the.detector.determines.which.of.the.possible.
transmitted.symbols.is.closest.in.distance.to.the.input.signal.Im..Thus,.it.makes.its.decision.and.outputs Ĩm..
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What.makes.the.DFE.nonlinear.is.the.nonlinear.characteristic.of.the.detector.that.provides.the.input.to.
the.feedback.filter.

The. tap. coefficients. of. the. feedforward. and. feedback. filters. are. selected. to. optimize. some. desired.
performance.measure..For.mathematical.simplicity,.the.MSE.criterion.is.usually.applied,.and.a.stochas-
tic.gradient.algorithm.is.commonly.used.to.implement.an.adaptive.DFE..Figure.9.20.illustrates.the.block.
diagram.of.an.adaptive.DFE.whose.tap.coefficients.are.adjusted.by.means.of.the.LMS.stochastic.gradient.
algorithm..Figure.9.21.illustrates.the.probability.of.error.performance.of.the.DFE,.obtained.by.computer.
simulation,.for.binary.PAM.transmission.over.channel.B..The.gain.in.performance.relative.to.that.of.a.
linear.equalizer.is.clearly.evident.

We.should.mention.that.decision.errors.from.the.detector.that.are.fed.to.the.feedback.filter.have.a.
small.effect.on.the.performance.of.the.DFE..In.general,.a.small.loss.in.performance.of.one.to.two..decibels.
is.possible.at.error.rates.below.10−2,.as.illustrated.in.Figure.9.21,.but.the.decision.errors.in.the.feedback.
filters.are.not.catastrophic.

9.5 Maximum-Likelihood Sequence Detection

Although.the.DFE.outperforms.a.linear.equalizer,.it.is.not.the.optimum.equalizer.from.the.viewpoint.of.
minimizing.the.probability.of.error.in.the.detection.of.the.information.sequence.{Ik}.from.the.received.
signal.samples.{yk}.given.in.Equation.9.5..In.a.digital.communication.system.that.transmits.information.
over.a.channel.that.causes.ISI,.the.optimum.detector.is.a.maximum-likelihood.symbol.sequence.detec-
tor.which.produces.at.its.output.the.most.probable.symbol.sequence.{Ĩk}.for.the.given.received.sampled.
sequence.{yk}..That.is,.the.detector.finds.the.sequence.{Ĩk}.that.maximizes.the.likelihood function

. Λ({ }) ln ({ }) | { })I p y Ik k k= . (9.42)
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where.p({yk}.|.{Ik}).is.the.joint.probability.of.the.received.sequence.{yk}.conditioned.on.{Ik}..The.sequence.
of. symbols. {Ĩk}. that. maximizes. this. joint. conditional. probability. is. called. the. maximum-likelihood 
sequence detector.

An.algorithm.that.implements.maximum-likelihood.sequence.detection.(MLSD).is.the.Viterbi.algo-
rithm,.which.was.originally.devised.for.decoding.convolutional.codes..For.a.description.of.this.algo-
rithm.in.the.context.of.sequence.detection.in.the.presence.of.ISI,.the.reader.is.referred.to.the.paper.by.
Forney.[1].and.the.text.by.Proakis.[4].
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The.major.drawback.of.MLSD.for.channels.with.ISI. is. the.exponential.behavior. in.computational.
complexity.as.a.function.of.the.span.of.the.ISI..Consequently,.MLSD.is.practical.only.for.channels.where.
the.ISI.spans.only.a.few.symbols.and.the.ISI.is.severe,.in.the.sense.that.it.causes.a.severe.degradation.in.
the.performance.of.a.linear.equalizer.or.a.DFE..For.example,.Figure.9.22.illustrates.the.error.probabil-
ity.performance.of.the.Viterbi.algorithm.for.a.binary.PAM.signal.transmitted.through.channel.B.(see.
Figure.9.16)..For.purposes.of.comparison,.we.also.illustrate.the.probability.of.error.for.a.DFE..Both.
results.were.obtained.by.computer. simulation..We.observe. that. the.performance.of. the.maximum-
likelihood.sequence.detector.is.about.4.5.dB.better.than.that.of.the.DFE.at.an.error.probability.of.10−4..
Hence,.this.is.one.example.where.the.ML.sequence.detector.provides.a.significant.performance.gain.on.
a.channel.with.a.relatively.short.ISI.span.

9.6 conclusions

Channel.equalizers.are.widely.used.in.digital.communication.systems.to.mitigate.the.effects.of.ISI.
caused.by.channel.distortion..Linear.equalizers.are.widely.used.for.high-speed.modems.that.trans-
mit.data.over.telephone.channels..For.wireless.(radio).transmission,.such.as.in.mobile.cellular.com-
munications.and.interoffice.communications,.the.multipath.propagation.of.the.transmitted.signal.
results.in.severe.ISI..Such.channels.require.more.powerful.equalizers.to.combat.the.severe.ISI..The.
DFE.and.the.MLSD.are.two.nonlinear.channel.equalizers.that.are.suitable.for.radio.channels.with.
severe.ISI.
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10.1 introduction

Full-duplex.data.transmission.over.a.single.twisted-pair.cable.permits.the.simultaneous.flow.of.infor-
mation.in.two.directions.when.the.same.frequency.band.is.used..Examples.of.applications.of.this.tech-
nique.are.found.in.digital.communications.systems.that.operate.over.the.telephone.network..In.a.digital.
subscriber.loop,.at.each.end.of.the.full-duplex.link,.a.circuit,.known.as.hybrid,.separates.the.two.direc-
tions.of.transmission..To.avoid.signal.reflections.at.the.near-.and.far-end.hybrid,.a.precise.knowledge.of.
the.line.impedance.would.be.required..Since.the.line.impedance.depends.on.line.parameters.that,.in.
general,.are.not.exactly.known,.an.attenuated.and.distorted.replica.of.the.transmit.signal.leaks.to.the.
receiver.input.as.an.echo.signal..Data-driven.adaptive.echo.cancellation.mitigates.the.effects.of.imped-
ance.mismatch.

A. similar. problem. is. caused. by. crosstalk. in. transmission. systems. over. voice-grade. unshielded.
twisted-pair.cables. for. local-area.network.applications,.where.multipair.cables.are.used.to.physically.
separate. the. two. directions. of. transmission.. Crosstalk. is. a. statistical. phenomenon. due. to. randomly.
varying.differential.capacitive.and.inductive.coupling.between.adjacent.two-wire.transmission.lines..At.
the.rates.of.several.megabits.per.second.that.are.usually.considered.for.local-area.network.applications,.
near-end.crosstalk.(NEXT).represents.the.predominant.disturbance;.hence,.adaptive.NEXT.cancella-
tion.must.be.performed.to.ensure.reliable.communications.

In.voiceband.data.modems,.the.model.for.the.echo.channel.differs.considerably.from.the.echo.model.
adopted.in.baseband.transmission..The.transmitted.signal.is.a.passband.signal.obtained.by.quadrature.
amplitude. modulation. (QAM),. and. the. far-end. echo. may. exhibit. significant. carrier-phase. jitter. and.
carrier-frequency.shift,.which.are.caused.by.signal.processing.at.intermediate.points.in.the.telephone.
network.. Therefore,. a. digital. adaptive. echo. canceller. for. voiceband. modems. needs. to. embody. algo-
rithms.that.account.for.the.presence.of.such.additional.impairments.

In.this.chapter,.we.describe.the.echo.channel.models.and.adaptive.echo.canceller.structures.that.are.
obtained.for.various.digital.communications.systems,.which.are.classified.according.to.the.modulation.
techniques. employed.. We. also. address. the. trade-offs. between. complexity,. speed. of. adaptation,. and.
accuracy.of.cancellation.in.adaptive.echo.cancellers.

Giovanni Cherubini
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10.2  echo cancellation for Pulse–Amplitude 
Modulation Systems

The.model.of.a.full-duplex.baseband.data.transmission.system.employing.pulse–amplitude.modulation.
(PAM).and.adaptive.echo.cancellation.is.shown.in.Figure.10.1..To.describe.system.operations,.we.con-
sider.one.end.of.the.full-duplex.link..The.configuration.of.an.echo.canceller.for.a.PAM.transmission.
system.is.shown.in.Figure.10.2..The.transmitted.data.consist.of.a.sequence.{an}.of.independent.and.iden-
tically.distributed.(i.i.d.).real-valued.symbols.from.the.M-ary.alphabet.A..=.{±1,.±3,. . .,.±(M.–.1)}..The.
sequence.{an}.is.converted.into.an.analog.signal.by.a.digital-to-analog.(D/A).converter..The.conversion.to.
a.staircase.signal.by.a.zero-order.hold.D/A.converter.is.described.by.the.frequency.response.HD/A(f).=.T.
sin(πfT)/(πfT),.where.T. is.the.modulation.interval..The.D/A.converter.output.is.filtered.by.the.analog.
transmit.filter.and.is.input.to.the.channel.through.the.hybrid.

The.signal.x(t).at.the.output.of.the.low-pass.analog.receive.filter.has.three.components,.namely,.the.signal.
from.the.far-end.transmitter.r(t),.the.echo.u(t),.and.additive.Gaussian.noise.w(t)..The.signal.x(t).is.given.by

.
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(10.1)

where.{ }an
R .is.the.sequence.of.symbols.from.the.remote.transmitter,.and.h(t).and.hE(t).=.{hD/A.⊗.gE}(t).are.

the.impulse.responses.of.the.overall.channel.and.the.echo.channel,.respectively..In.the.expression.of.

{ân}

{aR
n}{âR
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Transmit
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Receive
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Echo
canceller

Echo
canceller HybridHybrid

Detector Sampler Receive
filter

–

–

+

+

FIGURE 10.1 Model.of.a.full-duplex.PAM.transmission.system.
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FIGURE 10.2 Configuration.of.an.echo.canceller.for.a.PAM.transmission.system.
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hE(t),.the.function.hD/A(t).is.the.inverse.Fourier.transform.of.HD/A(f),.and.the.operator.⊗.denotes.convo-
lution..The.signal.obtained.after.echo.cancellation.is.processed.by.a.detector.that.outputs.the.sequence.
of.estimated.symbols.{ }an

R� ..In.the.case.of.full-duplex.PAM.data.transmission.over.multipair.cables.for.
local-area.network.applications,.where.NEXT.represents.the.main.disturbance,.the.configuration.of.a.
digital.NEXT.canceller.is.obtained.from.Figure.10.2,.with.the.echo.channel.replaced.by.the.crosstalk.
channel..For.these.applications,.however,.instead.of.mono-duplex.transmission,.where.one.pair.is.used.
to. transmit.only. in.one.direction.and. the.other.pair. to. transmit.only. in. the.reverse.direction,.dual-
duplex.transmission.may.be.adopted..Bidirectional.transmission.at.rate.ρ.over.two.pairs.is.then.accom-
plished.by.full-duplex.transmission.of.data.streams.at.rate.ρ/2.over.each.of. the.two.pairs..The.lower.
modulation.rate.and/or.spectral.efficiency.required.per.pair.for.achieving.an.aggregate.rate.equal.to.ρ.
represents. an. advantage. of. dual-duplex. over. mono-duplex. transmission.. Dual-duplex. transmission.
requires.two.transmitters.and.two.receivers.at.each.end.of.a.link,.as.well.as.separation.of.the.simultane-
ously.transmitted.and.received.signals.on.each.pair,.as.illustrated.in.Figure.10.3..In.dual-duplex.trans-
ceivers,. it. is. therefore. necessary. to. suppress. echoes. returning. from. the. hybrids. and. impedance.
discontinuities.in.the.cable,.as.well.as.self.NEXT,.by.adaptive.digital.echo.and.NEXT.cancellation.[2]..
Although. a. dual-duplex. scheme. might. appear. to. require. higher. implementation. complexity. than.
a  mono-duplex. scheme,. it. turns. out. that. the. two. schemes. are. equivalent. in. terms. of. the. number. of.
multiply-and-add.operations.per.second.needed.to.perform.the.various.filtering.operations.

One.of. the. transceivers. in.a. full-duplex. link.will.usually.employ.an.externally.provided.reference.
clock.for.its.transmit.and.receive.operations..The.other.transceiver.will.extract.timing.from.the.received.
signal,.and.use.this.timing.for.its.transmitter.operations..This.is.known.as.loop timing,.also.illustrated.
in. Figure. 10.3.. If. signals. were. transmitted. in. opposite. directions. with. independent. clocks,. signals.
received.from.the.remote.transmitter.would.generally.shift.in.phase.relative.to.the.also-received.echo.
signals..To.cope.with.this.effect,.some.form.of.interpolation.would.be.required.that.can.significantly.
increase.the.transceiver.complexity.[4].

In.general,.we.consider.baseband.signaling.techniques.such.that.the.signal.at.the.output.of.the.overall.
channel.has.nonnegligible.excess.bandwidth,.that.is,.nonnegligible.spectral.components.at.frequencies.
larger.than.half.of.the.modulation.rate,.| f|.≥.1/2T..Therefore,.to.avoid.aliasing,.the.signal.x(t).is.sampled.
at.twice.the.modulation.rate.or.at.a.higher.sampling.rate..Assuming.a.sampling.rate.equal.to.m/T,.m.>.1,.
the.ith.sample.during.the.nth.modulation.interval.is.given.by
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where.{hnm+i,.i.=.0,.. . .,.m.–.1}.and.{hE,nm+i,.i.=.0,.. . .,.m.–.1}.are.the.discrete-time.impulse.responses.of.the.
overall.channel.and.the.echo.channel,.respectively,.and.{wnm+i,.i.=.0,.. . .,.m.–.1}.is.a.sequence.of.Gaussian.
noise. samples. with. zero. mean. and. variance.σw

2 .. Equation. 10.2. suggests. that. the. sequence. of. samples.
{xnm+i,.i.=.0,.. . .,.m.–.1}.be.regarded.as.a.set.of.m.interleaved.sequences,.each.with.a.sampling.rate.equal.to.
the.modulation.rate..Similarly,.the.sequence.of.echo.samples.{unm+i,.i.=.0,.. . .,.m.–.1}.can.be.regarded.as.a.
set. of. m. interleaved. sequences. that. are. output. by. m. independent. echo. channels. with. discrete-time.
impulse.responses.{hE,nm+i},.i.=.0,.. . .,.m.–.1,.and.an.identical.sequence.{an}.of.input.symbols.[8]..Hence,.
echo.cancellation.can.be.performed.by.m.interleaved.echo.cancellers,.as.shown.in.Figure.10.4..Since.the.
performance.of.each.canceller.is.independent.of.the.other.m.–.1.units,.we.will.consider.the.operations.of.
a.single.echo.canceller.in.the.remaining.part.of.this.section.

The.echo.canceller.generates.an.estimate. un� .of.the.echo.signal..If.we.consider.a.transversal.filter.real-
ization,. un� . is. obtained. as. the. inner. product. of. the. vector. of. filter. coefficients. at. time. t.=.nT,.
cn.=.(cn,0,.. . .,.cn,N−1)′,.and.the.vector.of.signals.stored.in.the.echo.canceller.delay.line.at.the.same.instant,.
an.=.(an,.. . .,.an−N+1)′.expressed.by

.
u c an n n n k n k
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where. �cn .denotes.the.transpose.of.the.vector.cn..The.estimate.of.the.echo.is.subtracted.from.the.received.
signal..The.result.is.defined.as.the.cancellation.error.signal

. z x u xn n n n n n= − = − ʹ� c a . . (10.4)

The.echo.attenuation.that.must.be.provided.by.the.echo.canceller.to.achieve.proper.system.operation.
depends.on.the.application..For.example,.for.the.integrated.services.digital.network.(ISDN).U-Interface.
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+

FIGURE 10.4 A.set.of.m.interleaved.echo.cancellers.
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transceiver,.the.echo.attenuation.must.be.larger.than.55.dB.[11]..It.is.then.required.that.the.echo.signals.
outside. of. the. time. span. of. the. echo. canceller. delay. line. be. negligible,. that. is,. hE,n.≈.0. for. n.<.0. and.
n.>.N.–.1..As.a.measure.of.system.performance,.we.consider.the.mean.square.error.εn

2 .at.the.output.of.
the.echo.canceller.at.time.t.=.nT,.defined.by

. εn nE z2 2= { },. (10.5)

where.{zn}.is.the.error.sequence.and.E{⋅}.denotes.the.expectation.operator..For.a.particular.coefficient.
vector.cn,.substitution.of.Equation.10.4.into.Equation.10.5.yields

. εn n n n nE x c2 2 2= − ʹ + ʹ{ } ,c q c R . (10.6)

where.q.=.E{xn an}.and.R a a= ʹE n n{ } ..With.the.assumption.of.i.i.d..transmitted.symbols,.the.correlation.
matrix.R.is.diagonal..The.elements.on.the.diagonal.are.equal.to.the.variance.of.the.transmitted.symbols,.
σa M2 2 1 3= −( ) ./ .The.minimum.mean.square.error.is.given.by

. εmin { } ,2 2= − ʹE xn c Rcopt opt . (10.7)

where.the.optimum.coefficient.vector.is.copt.=.R−1q..We.note.that.proper.system.operation.is.achieved.
only.if.the.transmitted.symbols.are.uncorrelated.with.the.symbols.from.the.remote.transmitter..If.this.
condition.is.satisfied,.the.optimum.filter.coefficients.are.given.by.the.values.of.the.discrete-time.echo.
channel.impulse.response,.that.is,.copt,k.=.hE,k,.k.=.0,.. . .,.N.–.1.

By.the.decision-directed.stochastic.gradient.algorithm,.also.known.as.the.least.mean.square.(LMS).
algorithm,.the.coefficients.of.the.echo.canceller.converge.in.the.mean.to.copt..The.LMS.algorithm.for.an.
N-tap.adaptive.linear.transversal.filter.is.formulated.as.follows:

.
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where.α.is.the.adaptation.gain.and
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is.the.gradient.of.the.squared.error.with.respect.to.the.vector.of.coefficients..The.block.diagram.of.an.
adaptive.transversal.filter.echo.canceller.is.shown.in.Figure.10.5.

If.we.define.the.vector.pn.=.copt.–.cn,.the.mean.square.error.can.be.expressed.as

. ε εn n n
2 2= + ʹmin ,p Rp . (10.9)

where.the.term. �p Rpn n .represents.an.“excess.mean.square.distortion”.due.to.the.misadjustment.of.the.filter.
settings..The.analysis.of.the.convergence.behavior.of.the.excess.mean.square.distortion.was.first.proposed.
for.adaptive.equalizers.[14].and.later.extended.to.adaptive.echo.cancellers.[10]..Under.the.assumption.that.
the.vectors.pn.and.an.are.statistically.independent,.the.dynamics.of.the.mean.square.error.are.given.by
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where.ε0
2.is.determined.by.the.initial.conditions..The.mean.square.error.converges.to.a.finite.steady-

state. value. ε∞2 . if. the. stability. condition. 0 2 2< <α σ/( )N a . is. satisfied.. The. optimum. adaptation.
.gain  that.yields. fastest.convergence.at. the.beginning.of. the.adaptation.process. is. α σopt /= 1 2( )N a ..
The  .corresponding. time. constant. and. asymptotic. mean. square. error. are. τopt.=.N. and. ε ε∞ =2 22 min,.
respectively.

We.note.that.a.fixed.adaptation.gain.equal.to.αopt.could.not.be.adopted.in.practice,.since.after.echo.
cancellation.the.signal.from.the.remote.transmitter.would.be.embedded.in.a.residual.echo.having.
approximately.the.same.power..If.the.time.constant.of.the.convergence.mode.is.not.a.critical.system.
parameter,. an. adaptation. gain. smaller. than. αopt. will. be. adopted. to. achieve. an. asymptotic. mean.
square.error.close.to.εmin

2 ..On.the.other.hand,.if.fast.convergence.is.required,.a.variable.gain.will.be.
chosen.

Several.techniques.have.been.proposed.to.increase.the.speed.of.convergence.of.the.LMS.algorithm..In.
particular,.for.echo.cancellation.in.data.transmission,.the.speed.of.adaptation.is.reduced.by.the.presence.
of.the.signal.from.the.remote.transmitter.in.the.cancellation.error..To.mitigate.this.problem,.the.data.
signal.can.be.adaptively.removed.from.the.cancellation.error.by.a.decision-directed.algorithm.[6].

Modified.versions.of.the.LMS.algorithm.have.also.been.proposed.to.reduce.system.complexity..For.
example,.the.sign.algorithm.suggests.that.only.the.sign.of.the.error.signal.be.used.to.compute.an.approx-
imation.of.the.stochastic.gradient.[5]..An.alternative.means.to.reduce.the.implementation.complexity.of.
an.adaptive.echo.canceller.consists.in.the.choice.of.a.filter.structure.with.a.lower.computational.com-
plexity.than.the.transversal.filter.

At.high.data.rates,.very-large-scale.integration.(VLSI).technology.is.needed.for.the.implementation.
of.transceivers.for.full-duplex.data.transmission..High-speed.echo.cancellers.and.NEXT.cancellers.that.
do.not.require.multiplications.represent.an.attractive.solution.because.of.their.low.complexity..As.an.
example.of.architecture.suitable.for.VLSI.implementation,.we.consider.echo.cancellation.by.a.distrib-
uted-arithmetic.filter,.where.multiplications.are.replaced.by.table.lookup.and.shift-and-add.operations.
[13]..By.segmenting.the.echo.canceller.into.filter.sections.of.shorter.lengths,.various.trade-offs.concern-
ing.the.number.of.operations.per.modulation.interval.and.the.number.of.memory.locations.needed.to.
store.the.lookup.tables.are.possible..Adaptivity.is.achieved.by.updating.the.values.stored.in.the.lookup.
tables.by.the.LMS.algorithm.
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zn xn

cn,0 cn,1 cn,N–2 cn,N–1

ûn–

+

+

D D D

Σ Σ Σ Σ

α

FIGURE 10.5 Block.diagram.of.an.adaptive.transversal.filter.echo.canceller.
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To.describe.the.principles.of.operations.of.a.distributed-arithmetic.echo.canceller,.we.assume.that.the.
number.of.elements.in.the.alphabet.of.input.symbols.is.a.power.of.two,.M.=.2W..Therefore,.each.symbol.
is.represented.by.the.vector.( , , )( ) ( )a an n

W0 1… − .where.a i Wn
i( ) , , ,= −0 1… .are.independent.binary.random.

variables,.that.is,
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where. b an
w

n
w( ) { , }= −( ) ∈ − +( )2 1 1 1 ..By.substituting.Equation.10.11.into.Equation.10.1.and.segmenting.

the.delay.line.of.the.echo.canceller.into.L.sections.with.K.=.N/L.delay.elements.each,.we.obtain
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Equation.10.12.suggests.that.the.filter.output.can.be.computed.using.a.set.of.L2K.values.that.are.stored.
in.L.tables.with.2K.memory.locations.each..The.binary.vectors.an

w
n K
w

n K
wa a,

( )
( )

( ) ( ), ,� � �…= ( )− + + −1 1 ,.w.=.0,.. . .,.
W  –.1,.ℓ.=.0,.. . .,.L.–.1,. determine. the. addresses. of. the. memory. locations. where. the. values. needed. to.
compute.the.filter.output.are.stored..The.filter.output.is.obtained.by.WL.table.lookup.and.shift-and-add.
operations.

We.observe.that.an
w
,

( )
� .and.its.binary.complement.an

w
,

( )
� .select.two.values.that.differ.only.in.their.sign..

This.symmetry.is.exploited.to.halve.the.number.of.values.to.be.stored..To.determine.the.output.of.a.
distributed-arithmetic.filter.with.reduced.memory.size,.we.reformulate.Equation..10.12.as
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where.k0.can.be.any.element.of.the.set.{0,.. . .,.K.–.1}..In.the.following,.we.take.k0.=.0..Then.the.binary.
symbol.bn K

w
−�

( ) .determines.whether.a.selected.value.is.to.be.added.or.subtracted..Each.table.has.now.2K−1.
memory.locations,.and.the.filter.output.is.given.by
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where. dn(k,. ∙),. k.=.0,...,2K−1–1,. ∙.=.0,....,.L.–.1. are. the. lookup. values,. and. i w Wn
w
,

( ) , , , ,� …= −0 1 .
� …= −0 1, , ,L .are.the.lookup.indices.computed.as.follows:
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We.note.that,.as.long.as.Equations.10.12.and.10.13.hold.for.some.coefficient.vector.(cn,0,. . .,.cn,N−1),.the.
distributed-arithmetic. filter. emulates. the. operation. of. a. linear. transversal. filter.. For. arbitrary. values.
dn(k,.∙),.however,.a.nonlinear.filtering.operation.results.

The.expression.of.the.LMS.algorithm.to.update.the.values.of.a.distributed-arithmetic.echo.canceller.
takes.the.form

.
d d d ydn n n n n nz z+ = − ∇ = +1

21
2α α{ } ,

.
(10.16)

where. ʹ = ʹ ʹ −⎡⎣ ⎤⎦d d dn n L0 0 1( ), , ( )… ,. with. ʹ = −( )⎡
⎣

⎤
⎦

−dn n n
Kd d( ) ( , ), , ,� � … �0 2 11 ,. and. ʹ = ʹ⎡⎣y yn 0 0( ), ,… .
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are.L2K−1.×.1.vectors.and.where.δi,j. is. the.Kronecker.delta..We.note.that. in.each.iteration.only.those.
values.are.updated. that.are. selected. to.generate. the.filter.output..The.block.diagram.of.an.adaptive.
distributed-arithmetic. echo. canceller. with. input. symbols. from. a. quaternary. alphabet. is. shown. in.
Figure.10.6.
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FIGURE 10.6 Block.diagram.of.an.adaptive.distributed-arithmetic.echo.canceller.
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The.analyses.of.the.mean.square.error.convergence.behavior.and.steady-state.performance.have.been.
extended.to.adaptive.distributed-arithmetic.echo.cancellers.[1]..In.this.case,.the.dynamics.of.the.mean.
square.error.are.given.by

.
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(10.17)

The.stability. condition. for. the.echo.canceller. is. 0 2 2< <α σ/( )L a ..For.a.given.adaptation.gain,. the.
stability.of.the.echo.canceller.depends.on.the.number.of.tables.and.on.the.variance.of.the.transmitted.
symbols..Therefore,.the.time.span.of.the.echo.canceller.can.be.increased.without.affecting.system.stabil-
ity,. provided. that. the. number.L. of. tables. is. kept. constant.. In. that. case,. however,. mean. square. error.
convergence.will.be.slower..From.Equation.10.17,.we.find.that.the.optimum.adaptation.gain.that.permits.
the.fastest.mean.square.error.convergence.at.the.beginning.of.the.adaptation.process.is.αopt.=.1/(Lσa

2)..
The.time.constant.of.the.convergence.mode.is.τopt.=.L2K−1..The.smallest.achievable.time.constant.is.pro-
portional.to.the.total.number.of.values..The.realization.of.a.distributed-arithmetic.echo.canceller.can.be.
further.simplified.by.updating.at.each.iteration.only.the.values.that.are.addressed.by.the.most.significant.
bits.of.the.symbols.stored.in.the.delay.line..The.complexity.required.for.adaptation.can.thus.be.reduced.
at.the.price.of.a.slower.rate.of.convergence.

10.3  echo cancellation for Quadrature Amplitude 
Modulation Systems

Although.most.of.the.concepts.presented.in.the.preceding.sections.can.be.readily.extended.to.echo.can-
cellation.for.communications.systems.employing.QAM,.the.case.of.full-duplex.transmission.over.a.voice-
band.data.channel.requires.a.specific.discussion..We.consider.the.system.model.shown.in.Figure 10.7..The.
transmitter.generates.a.sequence.{an}.of.i.i.d..complex-valued.symbols.from.a.two-dimensional.constella-
tion.A,.which.are.modulated.by.the.carrier.e j f nT2≠ c ,.where.T.and.fc.denote.the.modulation.interval.and.the.
carrier.frequency,.respectively..The.discrete-time.signal.at.the.output.of.the.transmit.Hilbert.filter.may.be.
regarded.as.an.analytic.signal,.which.is.generated.at.the.rate.of.m/T.samples/s,.m.>.1..The.real.part.of.the.
analytic.signal.is.converted.into.an.analog.signal.by.a.D/A.converter.and.input.to.the.channel..We.note.
that.by.transmitting.the.real.part.of.a.complex-valued.signal.positive-.and.negative-frequency.compo-
nents. become. folded.. The. image. band. attenuation. of. the. transmit. Hilbert. filter. thus. determines. the.
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FIGURE 10.7 Configuration.of.an.echo.canceller.for.a.QAM.transmission.system.
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achievable.echo.suppression..In.fact,.the.receiver.cannot.extract.aliasing.image-band.components.from.
desired.passband. frequency.components,.and. the.echo.canceller. is.able. to. suppress.only.echo.arising.
from.transmitted.passband.components.

The.output.of.the.echo.channel.is.represented.as.the.sum.of.two.contributions..The.near-end.echo.
uNE(t).arises.from.the.impedance.mismatch.between.the.hybrid.and.the.transmission.line,.as.in.the.case.
of.baseband.transmission..The.far-end.echo.uFE(t).represents.the.contribution.due.to.echos.that.are.gen-
erated. at. intermediate. points. in. the. telephone. network.. These. echos. are. characterized. by. additional.
impairments,.such.as.jitter.and.frequency.shift,.which.are.accounted.for.by.introducing.a.carrier-phase.
rotation.of.an.angle.ϕ(t).in.the.model.of.the.far-end.echo.

At. the. receiver,. samples. of. the. signal. at. the. channel. output. are. obtained. synchronously. with. the.
transmitter.timing,.at.the.sampling.rate.of.m/T.samples/s..The.discrete-time.received.signal.is.converted.
to.a.complex-valued.baseband.signal.{xnm′+i,.i.=.0,.. . .,.m′.–.1},.at.the.rate.of.m′/T.samples/s,.1.<.m′.<.m,.
through. filtering. by. the. receive. Hilbert. filter,. decimation,. and. demodulation.. From. delayed. transmit.
symbols,.estimates.of. the.near-.and.far-end.echo.signals.after.demodulation,. u i mnm i� ʹ+ = ʹ −{ }NE , , ...,0 1 .
and. u i mnm i�

ʹ+ = ʹ −{ }FE , , ...,0 1 ,. respectively,. are. generated. using. m′. interleaved. near-. and. far-end. echo.
cancellers..The.cancellation.error.is.given.by

. z x u u� � � �= − −NE FE.� � . (10.18)

A.different.model.is.obtained.if.echo.cancellation.is.accomplished.before.demodulation..In.this.case,.
two.equivalent.configurations.for.the.echo.canceller.may.be.considered..In.one.configuration,.the.mod-
ulated. symbols. are. input. to. the. transversal. filter,. which. approximates. the. passband. echo. response..
Alternatively,.the.modulator.can.be.placed.after.the.transversal.filter,.which.is.then.called.a.baseband.
transversal.filter.[15].

In.the.realization.considered,.the.estimates.of.the.echo.signals.after.demodulation.are.given.by
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and
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where. c cn n m N, ,, ,0 1
NE NE

NE
… ʹ −( ). and. c cn n m N,0

FE
,

FE
FE

, ,… ʹ −( )1 . are. the.coefficients.of. the.m′. interleaved.near-.and.
far-end.echo.cancellers,.respectively,. { , , , }φ� nm i i mʹ+ = ʹ −0 1… . is. the.sequence.of.far-end.echo.phase.
estimates,.and.DFE.denotes.the.bulk.delay.accounting.for.the.round-trip.delay.from.the.transmitter.
to.the.point.of.echo.generation..To.prevent.overlap.of.the.time.span.of.the.near-end.echo.canceller.
with.the.time.span.of.the.far-end.echo.canceller,.the.condition.DFE.>.NNE.must.be.satisfied..We.also.
note.that,.because.of.the.different.nature.of.near-.and.far-end.echo.generation,.the.time.span.of.the.
far-end.echo.canceller.needs.to.be.larger.than.the.time.span.of.the.near-end.echo.canceller,.that.is,.
NFE.>.NNE.

Adaptation.of.the.filter.coefficients.in.the.near-.and.far-end.echo.cancellers.by.the.LMS.algorithm.
leads.to

. c c z a k N in km i n km i nm i n k+ ʹ+ ʹ+ ʹ+ −= + = − = ʹ1 0 1 0, ,
*( ) , , , , , ,NE NE

NEα … … mm − 1 . (10.21)
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and

. c c z a e kn km i n km i nm i n k D
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∗ −= + =ʹ+1 0, , ( ) , , ,FE FE

FEα φ … NN i mFE − = ʹ −1 0 1, , , ,…�
. (10.22)

respectively,.where.the.asterisk.denotes.complex.conjugation.
The.far-end.echo.phase.estimate.is.computed.by.a.second-order.phase-lock.loop.algorithm,.where.the.

following.stochastic.gradient.approach.is.adopted:
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where.∙ = nm′.+.i,.i.=.0,.. . .,.m′ –.1,.γFE.and.ζFE.are.step-size.parameters,.and
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We.note.that.algorithm.(10.23).requires.m′.iterations.per.modulation.interval,.that.is,.we.cannot.
resort. to. interleaving. to. reduce. the. complexity. of. the. computation. of. the. far-end. echo. phase.
estimate.

10.4  echo cancellation for orthogonal Frequency 
Division Multiplexing Systems

Orthogonal.frequency.division.multiplexing.(OFDM).is.a.modulation.technique.whereby.blocks.of.M.
symbols.are.transmitted.in.parallel.over.M.subchannels.by.employing.M.orthogonal.subcarriers..We.
consider.a.real-valued.discrete-time.channel.impulse.response.{hi,.i.=.0,.. . .,.L}.having.length.L.+.1.<<.M..
To.illustrate.the.basic.principles.of.OFDM.systems,.let.us.consider.a.noiseless.ideal.channel.with.impulse.
response.given.by.{hi}.=.{δi},.where.{δi}.is.defined.as.the.discrete-time.delta.function..Modulation.of.the.
complex-valued. input. symbols. at. the. n-th. modulation. interval,. denoted. by. the. vector. An.=.{An(i),.
i.=.0,.. . .,.M.–.1},.is.performed.by.an.inverse.discrete.Fourier.transform.(IDFT),.as.shown.in.Figure.10.8..
We.assume.that.M.is.even,.and.that.each.block.of.symbols.satisfies.the.Hermitian.symmetry.conditions,.
that.is,.An(0).and.An(M/2).are.real.valued,.and. A i A M in n( ) ( )*= − ,.i.=.1,.. . .,.M/2.−.1..Then.the.signals.
an.=.{an(i),.i.=.0,.. . .,.M.–.1}.obtained.at.the.output.of.the.IDFT.are.real.valued..After.parallel-to-serial.
conversion,.the.M.signals.are.sent.over.the.channel.at.the.given.transmission.rate.M/T,.where.T.denotes.
the.modulation.interval..At.the.output.of.the.channel,.the.noiseless.signals.are.received.without.distor-
tion..Serial-to-parallel.conversion.yields.blocks.of.M.elements,.with.boundaries.placed.such.that.each.
block.obtained.at.the.modulator.output.is.also.presented.at.the.demodulator.input..Then.demodulation.

{An} {an} {ak} {xk} {xn} {Xn}

T T
T
M T T

DFTSerial to
parallel

Discrete-
time channelIDFT Parallel to

serial
T
M

FIGURE 10.8 Block.diagram.of.an.OFDM.system.
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performed.by.a.discrete.Fourier.transform.(DFT).will.reproduce.the.blocks.of.M. input.symbols..The.
overall.input–output.relationship.is.therefore.equivalent.to.that.of.a.bank.of.M.parallel,. independent.
subchannels.

In.the.general.case.of.a.noisy.channel.with.impulse.response.having.length.greater.than.one,.M.inde-
pendent.subchannels.are.obtained.by.a.variant.of.OFDM.that.is.also.known.as.discrete.multitone.modu-
lation.(DMT).[12]..In.a.DMT.system,.modulation.by.the.IDFT.is.performed.at.the.rate.1/T′.=.M/[(M.+.L)
T].<.1/T..After.modulation,.each.block.of.M.signals.is.cyclically.extended.by.copying.the.last.L.signals.
in.front.of.the.block,.and.converted.from.parallel.to.serial..The.resulting.L.+.M.signals.are.sent.over.the.
channel..At.the.receiver,.blocks.of.samples.with.length.L.+.M.are.taken..Block.boundaries.are.placed.
such.that.the.last.M.samples.depend.only.on.the.elements.of.one.cyclically.extended.block.of.signals..The.
first.L.samples.are.discarded,.and.the.vector.xn.of.the.last.M.samples.of.the.block.received.at.the.n-th.
modulation.interval.can.be.expressed.as

. x h wn n n= +Γ , . (10.25)

where.h.is.the.vector.of.the.impulse.response.extended.with.M – L – 1.zeros,.wn.is.a.vector.of.additive.
white.Gaussian.noise.samples,.and.Γn.is.an.M × M.circulant.matrix.given.by
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Recalling.that.F FM n M nΓ − =1 diag( )A ,.where.FM.is.the.M × M.DFT.matrix.defined.as.FM
j M kme= [ ]−( )/2π ,.

k, m.=.0,.. . .,.M.–.1,.and.diag(An).denotes.the.diagonal.matrix.with.elements.on.the.diagonal.given.by.An,.
we.find.that.the.output.of.the.demodulator.is.given.by

. X A H Wn n n= +diag( ) , . (10.27)

where.H.denotes.the.DFT.of.the.vector.h,.and.Wn.is.a.vector.of.independent.Gaussian.random.variables..
Equation.10.27.indicates.that.the.sequence.of.transmitted.symbol.vectors.can.be.detected.by.assuming.
a.bank.of.M.independent.subchannels,.at.the.price.of.a.decrease.in.the.data.rate.by.a.factor.(M.+.L)/M..
Note.that.in.practice.the.computationally.more.efficient.inverse.fast.Fourier.transform.and.fast.Fourier.
transform.are.used.instead.of.IDFT.and.DFT.

We.discuss.echo.cancellation.for.OFDM.with.reference.to.a.DMT.system.[7,16],.as.shown.in.Figure.10.9..
The.real-valued.discrete-time.echo. impulse. response. is. {hE,i,. i.=.0,.. . .,.N.–.1},.having. length.N.<.M..We.
initially.assume.N.≤.L.+.1..Furthermore,.we.assume.that.the.boundaries.of.the.received.blocks.are.placed.
such.that.the.last.M.samples.of.the.n-th.received.block.are.expressed.by.the.vector

. x h h wn n
R

n E n= + +Γ Γ , . (10.28)

where.Γn
R .is.the.circulant.matrix.with.elements.given.by.the.signals.from.the.remote.transmitter,.and.

hE.is.the.vector.of.the.echo.impulse.response.extended.with.M.–.N.zeros..In.the.frequency.domain,.
the.echo.is.expressed.as.Un.=.diag(An)HE,.where.HE.denotes.the.DFT.of.the.vector.hE..In.this.case,.the.
echo. canceller. provides. an. echo. estimate. that. is. given. by. Un n n

� = diag( )A C ,. where. Cn. denotes. the.
DFT  of. the. vector. cn. of. the. N. coefficients. of. the. echo. canceller. filter. extended. with. M.–.N. zeros..
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In practice,.however,.we.need.to.consider.the.case.N.>.L.+.1..The.expression.of.the.cancellation.error.
is.then.given.by

. z x cn n n n n= − −Ψ , ,1 . (10.29)

where.the.vector.of.the.last.M.elements.of.the.n-th.received.block.is.now.x h h wn n
R

n n E n= + +−Γ Ψ , 1 ,.and..
Ψn n, −1 .is.an.M × M.Toeplitz.matrix.given.by
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In.the.frequency.domain,.the.cancellation.error.can.be.expressed.as

. Z x c A Cn M n n n n n n= − −−F ( ) ( ) ,,χ 1 diag . (10.31)

where. χn n n n n, ,− −= −1 1Ψ Γ . is. an. M.×.M. upper. triangular. Toeplitz. matrix.. Equation. 10.31. suggests. a.
computationally.efficient,.two-part.echo.cancellation.technique..First,.in.the.time.domain,.a.short.con-
volution.is.performed.and.the.result.subtracted.from.the.received.signals.to.compensate.for.the.insuffi-
cient.length.of.the.cyclic.extension..Second,.in.the.frequency.domain,.cancellation.of.the.residual.echo.
is.performed.over.a.set.of.M.independent.echo.subchannels..Observing.that.Equation.10.31.is.equivalent.
to.Z X Cn n n n n= − −

�Ψ , 1 ,.where. �Ψ Ψn n M n n M, ,− −
−=1 1

1F F ,.the.echo.canceller.adaptation.by.the.LMS..algorithm.
in.the.frequency.domain.takes.the.form

. C C Zn n n n n+ −= +1 1α �Ψ ,
* , . (10.32)
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FIGURE 10.9 Configuration.of.an.echo.canceller.for.a.DMT.transmission.system.
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where.α. is. the.adaptation.gain,.and. �Ψn n,
*

−1 .denotes. the. transpose.conjugate.of. �Ψn n, .−1 .We.note. that,.
alternatively,.echo.canceller.adaptation.may.also.be.performed.by.the.algorithmC C A Zn n n n+ = +1 αdiag( ) ,* .
which.entails.a.substantially.lower.computational.complexity.than.the.LMS.algorithm,.at.the.price.of.a.
slower.rate.of.convergence.

In.DMT.systems,.it.is.essential.that.the.length.of.the.channel.impulse.response.be.much.less.than.the.
number.of.subchannels,.so.that.the.reduction.in.data.rate.due.to.the.cyclic.extension.may.be.considered.
negligible..Therefore,.equalization.is.adopted.in.practice.to.shorten.the.length.of.the.channel.impulse.
response..From.Equation.10.31,.however,.we.observe.that.transceiver.complexity.depends.on.the.relative.
lengths.of.the.echo.and.of.the.channel.impulse.responses..To.reduce.the.length.of.the.cyclic.extension.as.
well. as. the.computational. complexity.of. the.echo.canceller,. various.methods.have.been.proposed. to.
shorten.both.the.channel.and.the.echo.impulse.responses.jointly.[9].

Recently,.multitone.modulation.techniques.based.on.filter.banks.have.been.proposed.in.which.the.
M-branch.filters.yield.very.high.spectral.containment.of.individual.subchannel.signals.[3]..The.filters.
are.a.frequency-shifted.version.of.a.prototype.filter.designed.to.reduce.the.interchannel.interference.to.
a.level.that.is.negligible.compared.with.that.of.other.noise.signals..In.this.case,.echo.cancellation.can.be.
performed.by.taking.into.account,.for.each.subchannel,.only.the.echo.generated.by.transmission.in.the.
opposite.direction.on.the.same.subchannel..The.implementation.of.per-subchannel.echo.cancellation.
then.requires.M.adaptive.echo.cancellers.

10.5 Summary and conclusions

Digital.signal.processing.techniques.for.echo.cancellation.provide.large.echo.attenuation,.and.eliminate.
the.need.for.additional.line.interfaces.and.digital-to-analog.and.analog-to-digital.converters.that.are.
required.by.echo.cancellation.in.the.analog.signal.domain..In.voiceband.modems.for.data.transmission.
over.the.telephone.network,.digital.techniques.for.echo.cancellation.allow.a.precise.tracking.of.the.car-
rier.phase.and.frequency.shift.of.far-end.echos.

The.realization.of.digital.echo.cancellers.in.transceivers.for.high-speed.full-duplex.data.transmission.
today.is.possible.at.a.low.cost,.thanks.to.the.advances.in.VLSI.technology..Digital.techniques.for.echo.
cancellation.are.appropriate.for.NEXT.cancellation.in.transceivers.for.transmission.over.cables.at.rates.
of.several.gigabits.per.second.for.local-area.network.applications.
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11.1 introduction

Etymologically,.the.word.synchronization.refers.to.the.process.of.making.two.or.more.events.occur.at.
the.same.time,.or,.by.duality,.at.the.same.frequency..In.a.digital.communication.context,.various.levels.
of.synchronization.must.be.established.before.data.decoding.can.take.place,.including.carrier synchro-
nization,.symbol synchronization,.and.frame synchronization.

In.radio.frequency.communications,.carrier.synchronization.refers.to.the.process.of.generating.a.
sinusoidal.signal.that.closely.tracks.the.phase.and.frequency.of.a.received.noisy.carrier,.transmitted.
by.a.possibly.distant.transmitter..Thus,.carrier.synchronization.in.general.refers.to.both.frequency.
and.phase.acquisition.and.tracking..Of.the.two,.in.many.cases.the.more.difficult.problem.is.extract-
ing.the.carrier.phase,.which. is.often.a.much.faster-varying.process.compared.to. frequency.offset..
This. is. especially. so. since. the. advent. of. highly. stable. crystal. oscillators. operating. in. the. UHF. or.
lower-frequency.bands,.although.the.problem.is.still.prevalent.at.the.higher,.microwave,.frequencies.
where.crystal.oscillators.are.not.available..Frequency.acquisition.is.also.a.problem.in.mobile.radio.
applications. where. due. to. the. Doppler. effect,. there. is. an. offset. in. the. frequency. of. the. received.
carrier.

Communication.systems.that.have.available,.or.somehow.extract.and.make.use.of.good.(theoreti-
cally.perfect).carrier.frequency.and.phase.information.are.known.as.coherent.systems,.in.contrast.to.
incoherent.systems.that.neglect.the.carrier.phase..Systems.that.attempt.to.acquire.phase.informa-
tion,. but. do. not. do. a. perfect. job,. are. known. as. partially coherent. systems.. Coherent. systems. are.
known.to.perform.better.than.incoherent.ones,.at.the.price,.however,.of.more.complexity.required.
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for.carrier.synchronization..In this.chapter.we.discuss.some.of.the.classical.techniques.for.carrier.
acquisition,.as.well.as.some.of. the.modern.techniques,.which.often. involve.operating.on.sampled.
instead.of.analog.data.

Symbol.synchronization.is.the.process.of.deriving.at.the.receiver.timing.signals.that.indicate.where.
in.time.the.transmitted.symbols.are.located..The.decision.part.of.the.receiver.subsequently.uses.this.
information.in.order.to.decide.what.the.symbols.are..As.with.carrier.synchronization,.the.data.avail-
able.to.the.receiver.for.making.timing.estimates.is.noisy..Thus,.perfect.timing.information.cannot.be.
obtained.in.practice,.although.practical.systems.come.close.

Once. symbol. synchronization. is. achieved,. the. next. highest. synchronization. level. is. frame.
.synchronization..Frame.synchronization.is.necessary.in.systems.for.which.the.unit.of.information.is.
not.a.symbol,.but.rather.a.sequence.of.symbols..Such.systems.are,.for.example,.coded.systems.where.
the.unit.of.information.is.a.codeword.which.consists.of.a.number.of.symbols..In.this.case,.it.is.clear.
that.knowing.where.the.symbols.are.is.not.enough,.and.further.knowledge.of.where.the.codewords.
are.is.needed..It.is.easily.seen.that.the.existence.of.frame.synchronization.automatically.implies.sym-
bol.synchronization,.but.the.converse.is.not.true..Thus,.one.might.be.tempted.to.attempt.frame.syn-
chronization. before. symbol. synchronization. is. achieved,. thus. achieving. both. at. once.. Such. an.
approach,.although.in.theory.resulting.in.better.performance,.has.the.disadvantage.of.requiring.more.
complex.processing. than.the.approach.of.first.achieving. lower-level.synchronization.before.higher.
ones.are.attempted..In.practice,.almost.invariably.the.latter.approach.is.followed..A.rather.standard.
approach. to. achieving. frame. synchronization. is. for. the. transmitter. to. insert. at. the. start. of. every.
frame.a.special.synchronization.pattern,.whose.detection.at.the.receiver. locates.frame.boundaries..
We.will.look.at.the.optimal.frame.synchronization.processing,.as.well.as.some.of.the.desirable.char-
acteristics.of.synchronization.sequences.later.

There.are.two.general.methodologies.for.achieving.the.various.synchronization.levels.needed.by.
the.receiver..One.way.is.to.provide.at.the.receiver.side.an.unmodulated.carrier,.or.a.carrier.modulated.
by.a.known.sequence,.which.can.be.used.solely.for.the.purpose.of.synchronization..This.approach.has.
the.advantage.of.decoupling.the.problem.of.data.detection.and.synchronization,.and.makes.the.syn-
chronization.system.design.easier..On.the.other.hand,.the.overall.communication.efficiency.suffers.
since.signal.energy.and.time.are.used.but.no.information.is.sent..A.second.approach,.which.is.often.
preferred,. is. to. derive. synchronization. from. the. data-modulated. carrier,. the. same. signal. used. for.
symbol.decisions..In.this.way,.no.efficiency.is.sacrificed,.but.the.processing.becomes.somewhat.more.
involved.. In. the. sequel,. we. will. only. consider. algorithms. that. use. a. modulated. received. signal. to.
derive. synchronization..We.first. start.with.a. look.at.carrier. synchronization.algorithms..Excellent.
general.treatments.of.this.and.the.other.synchronization.problems.studied.later.can.be.found.in.the.
classic.texts.of.Stiffler.[1].and.Lindsey.and.Simon.[2],.and.more.recently.by.Meyr.[3,4],.and.Mengali.
and.D’Andrea.[5].

11.2 carrier Synchronization

11.2.1 carrier Frequency Synchronization

The.objective.of.a.carrier.frequency.synchronization.system.consists.of.estimating.and.compensating.
the.carrier.frequency.offset.that.may.be.induced.at.the.receiver.by.oscillator.instabilities.and/or.Doppler.
shifts..According.to.the.degree.of.knowledge.of.the.transmitted.symbols,.carrier.frequency.synchroniz-
ers.are.classified.into.three.main.categories:.Data-Aided.(DA),.Decision-Directed.(DD),.and.Non-Data-
Aided.(NDA),.or.blind.methods..DA.methods.assume.perfect.knowledge.of.the.transmitted.symbols,.
while.NDA.methods.do.not.require.such.knowledge..Being.more.spectrally.efficient,.the.NDA.methods.
are.well.suited.for.burst.applications..As.an.intermediate.category.between.the.DA.and.NDA.methods,.
the. DD. methods. rely. on. knowledge. of. the. symbols. obtained. at. the. output. of. a. symbol-by-symbol.
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decoder..According.to.the.magnitude.of. the.carrier. frequency.offset. that.they.can.cope.with,.carrier.
frequency.synchronizers.may.be.classified.into.two.classes:
. 1.. Carrier.frequency.synchronizers.that.can.compensate.frequency.offsets.much.smaller.than.the.

symbol.rate.(1/T),.in.general.less.than.10%.of.the.symbol.rate
. 2.. Carrier.frequency.synchronizers.that.can.compensate.for.large.frequency.offsets.of.the.order.of.

the.symbol.rate.(1/T)

During.initial.carrier.frequency.acquisition,.the.second.class.of.carrier.synchronizers.are.used.in.
order.to.reduce.large.carrier.frequency.offsets.to.a.small.percentage.of.the.symbol.rate.and.to.facilitate.
other. carrier. or. symbol. synchronization. operations.. Compensation. of. large. frequency. offsets. with.
magnitudes.in.the.range.of.100%.of.the.symbol.rate.can.be.performed.using.either.closed-loop.(feed-
back).or.open-loop.(feedforward).frequency.synchronizers..Within.the.class.of.closed-loop.frequency.
synchronizers,.the.most.used.carrier.recovery.systems.are.the.approximate.maximum.likelihood.(ML).
frequency.error.detectors.[6,7],.quadricorrelators.[8–11].and.dual-filter.detectors.[12,10],.which.were.
shown.to.be.equivalent.in.Reference.13..Open-loop.frequency.recovery.schemes.[14,15],.also.referred.to.
as.delay-and-multiply.methods,.present.shorter.acquisition.time.and.are.simpler.to.implement.than.the.
closed-loop.frequency.recovery.methods..They.also.exhibit.comparable.performance.as.the.approxi-
mate.ML.frequency.error.detectors.[6,7]..Due.to.these.features,.open-loop.carrier.recovery.schemes.are.
used.in.spontaneous.packet.transmissions,.where.the.frequency.synchronization.must.be.performed.
within.a.fixed.time.interval.

Once.that.the.compensation.of.the.large.carrier.frequency.offsets.has.been.accomplished.and.the.
receiver.operates.under.steady-state.conditions,.carrier.frequency.recovery.systems.that.can.track.and.
compensate. carrier. frequency. offsets. of. magnitude. much. less. than. the. symbol. rate. are. usually.
employed..Compensation.of.frequency.offsets.with.magnitudes.in.the.range.of.10%.of.the.symbol.rate.
can. be. performed. by. employing. DA. methods,. such. as. those. proposed. by. Fitz. [16,17],. Luise. and.
Reggiannini.[18],.and.the.approximate.ML.estimator.[5,p.91],[15]..These.methods.appear.to.be.the.best.
methods.available.in.the.literature.in.terms.of.implementation.complexity.and.performance..All.these.
methods.practically.achieve.the.Cramer–Rao.bound.at.a.signal-to-noise.ratio.(SNR).of.zero.dB..For.
burst.mode.applications,.open-loop.NDA.frequency.recovery.schemes.have.been.proposed.for.arbi-
trary.QAM.and.M-ary.PSK.input.symbol.constellations.[19–21]..Open-loop.NDA.frequency.recovery.
schemes. estimate. the. frequency. offset. based. on. certain. higher-order. statistics. computed. from. the.
received.samples,.and.present.limited.performance.due.to.the.self-noise.that.is.induced.by.computing.
the.associated.higher-order.statistics..Due.to.this.reason,.second-order.cyclostationary.statistics-based.
methods.were.proposed.for.NDA.carrier.frequency.offset.estimation.in.both.flat-fading.and.frequency-
selective.channels.(see,.e.g..[22–25]).

11.3 carrier Phase Synchronization

In.this.section.we.will.formulate.the.carrier.synchronization.problem.in.mathematical.terms.as.an.esti-
mation. problem. and. then. see. how. the. optimal. equations. derived. can. be. practically. implemented.
through.appropriate.approximations..Our.optimality.criterion.is.in.the.sense.of.ML,.under.which.esti-
mates.maximize.with.respect.to.the.parameter.to.be.estimated.the.conditional.probability.density.of.the.
data.given.the.parameter.(see,.e.g.,.[26])..As.pointed.out.in.the.Introduction,.carrier.synchronization.
may.be.achieved.rather.easily.by.tracking.the.phase.of.an.unmodulated.carrier.that.is.frequency.multi-
plexed.with.the.modulated.carrier..In.this.case,.we.need.not.worry.about.the.noise.(uncertainty).intro-
duced.by.the.random.modulation..On.the.other.hand,.the.resulting.system.is.inefficient.since.part.of.the.
transmitter.power.carries.no.information.and.is.used.solely.for.carrier.phase.estimation..Although.we.
will.look.at.such.synchronizers,.our.emphasis.will.be.on.the.more.efficient.carrier.synchronizers.that.
derive.their.carrier.phase.estimates.from.suppressed.carrier.signals.
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11.3.1 Unmodulated carrier

The.received.unmodulated.signal.r(t).is

.
r t s t n t t T( ) ( ; ) ( ),= + ∈φ 0 . (11.1)

where.s(t,.ϕ).=.A.cos(2πfct.−.ϕ).is.the.transmitted.(unmodulated).signal,.ϕ.is.the.carrier.phase,.and.n(t).is.
a.zero-mean,.white.Gaussian.noise.process.with.spectral.density.N0/2..The.ML.estimate.of.the.received.
noisy.carrier.is.the.value.of.ϕ.that.maximizes.the.likelihood.function,.given.by.(see,.e.g.,.[26])
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Since.the.second.integral.above.is.not.a.function.of.ϕ,.it.can.be.dropped..Taking.the.logarithm.of.the.
resulting.expression,.we.can.equivalently.maximize.the.simplified.log-likelihood.function.given.by

.
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Differentiating.with.respect.to.ϕ.and.setting.to.zero.we.obtain.the.following.necessary.condition.for.
the.ML.estimate.φ�

.
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Solving.for.φ� .we.obtain

.

�φ

π

π
=

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
−

∫

∫
tan

( )sin( )

( )cos( )
1

2

2
0

0

r t f t t

r t f t t
T

T

 d

 d

c

c

⎥⎥
⎥
⎥
⎥

.

Figure.11.1.shows.how.the.above.estimator.can.be.implemented.in.block-diagram.form.in.what. is.
referred.to.as.an.open-loop.realization.

A.closed-loop. or. tracking. synchronizer. that.uses. the.optimality. condition. in.Equation.11.4. in.a.
tracking. loop.referred.to.as.a.phase-locked loop. (PLL). is.shown.in.Figure.11.2..In.this.figure,.VCO.
stands. for. voltage. controlled. oscillator. and. is. a. device. that. produces. a. sinusoid. at. the. carrier. fre-
quency.fc.and.having.an.instantaneous.frequency.which.is.proportional.to.its.input.(or.equivalently.a.
phase.that.is.the.integral.of.its.input)..The.integrator.in.Figure.11.2.over.the.interval.T0.is.a.linear.filter.
that.in.general.can.be.modeled.by.an.impulse.response.g(t).or.a.transfer.function.G(s).and.is.referred.
to.as.the.loop filter.

Let.us.now. investigate. the.performance.of. the.PLL.synchronizer..We.have. the. following.equation.
describing.the.PLL.in.Figure.11.2:

.

� �d
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where.*.represents.convolution..Substituting.for.r(t).from.Equation.11.1.the.product.term.becomes

.
�r t f t t A f t t t( )sin ( ) sin ( ) sin ( )2 2 4π φ π φ φ φ φ  c c+⎡⎣ ⎤⎦ = + +⎡⎣ ⎤⎦ + −⎡⎣ ⎤⎤⎦{ } + ʹn t( )��

.
(11.6)

where.n′(t).can.be.argued.to.be.white.and.Gaussian.with.zero.mean.and.spectral.density.N0/4..Dropping.
the.double-frequency.term.in.Equation.11.6,.since.it.will.be.filtered.out.by.the.much.lower.bandwidth.of.
the.loop,.we.obtain.the.following.model.for.the.PLL:

.
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Equation.11.7.is.a.nonlinear.stochastic.differential.equation.that.describes.the.evolution.of.the.phase.
estimate.and.is.modeled.in.Figure.11.3..If.we.let.e t t( ) [ ( ) ]= −φ φ� .be.the.phase.error,.then.it.is.easily.seen.
(since.ϕ.is.not.a.function.of.time).that.the.phase-error.is.described.by
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FIGURE 11.1 ML.synchronizer:.Open-loop.
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FIGURE 11.3 Equivalent.PLL.model.for.performance.analysis.
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An.analytical.solution.for.the.density.of.the.error.e(t).in.steady.state.has.been.derived.(see.Viterbi.[27]).
for.the.special.case.when.G(s).=.1.and.is.given.by.the.Tichonov density function

.
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where.α.=.4A/N0.and.I0(·).is.the.zero-order.modified.Bessel.function..For.large.α,.that.is,.large.signal-to-
noise.ratios.(SNRs),.the.variance.of.the.phase-error.computed.from.Equation.11.9.can.be.approximated.
by.σ αe

2 1≅ / ..Further,.for.large.SNRs,.the.error.will.be.small.on.the.average,.and.so.in.Equation.11.8.
sin(e).≅.e..Under.this.approximation,.Equation.11.8.(and.consequently.Equation.11.7).become.linear..
Figure.11.4.shows.the.linearized.model.for.a.PLL.

For.the.linear.model.in.Figure.11.4,.an.expression.for.the.variance.of.the.estimation.error.in.steady.
state.can.be.derived.easily.by.computing.the.variance.of.the.output.φ� .when.the.input.is.just.the.noise.
n′(t)..The.following.expression.for.the.variance.of.the.estimation.error.can.be.derived.(which.is.a.good.
approximation.to.the.actual.variance.at.high.SNRs.when.the.linearized.model.is.valid)
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where.the.parameter.BL.is.known.as.the.(one.sided).loop noise equivalent bandwidth.and.is.given.by
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In.Equation.11.11,.H(s).is.the.closed-loop.transfer.function.of.the.(linearized).loop.and.is.given.by

.
H s AG s

s AG s( ) ( )
( ) .=

+2 .
(11.12)

A.simple.computation.of.the.variance.given.by.Equation.11.9.for.the.special.case.when.G(s).=.1.yields.
1/α,.as.expected..The.advantage.of.Equation.11.10.is.that.it.can.be.used.for.a.general.function.G(s),.provided.
the.signal-to-noise.ratio.is.large.enough.for.the.linear.approximation.to.hold..Note.also.that.the.estimation.
error.becomes.smaller.with.decreasing.bandwidth.BL..Thus,.one.might.be.tempted.to.reduce.BL.to.zero..The.

ϕ(t)
1/sG(s)

ń (t)

A
2

ϕ

ϕ(t)

+

–

FIGURE 11.4 Linearized.PLL.model.for.performance.computation.
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problem.in.this.case.is.that.the.transient.performance.of.the.loop.degrades.to.the.extent.that.it.may.take.a.
longer.period.of.time.to.achieve.a.small.error..Also,.in.practice.the.input.phase.ϕ.is.time.varying,.in.which.
case.the.loop.bandwidth.should.be.large.enough.so.that.the.loop.can.track.the.changes.in.the.input..We.
now.turn.our.attention.to.finding.the.performance.of.the.ML.carrier.synchronizer.in.Figure.11.1.

We.make.use.of.the.Cramer–Rao.lower.bound.[26].that.states.that.under.some.conditions,.the.vari-
ance.of.the.estimation.error.for.any.unbiased.estimate.of.a.parameter.ϕ.is.lower.bounded.by
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where.ln.p(r|ϕ).is.the.log-likelihood.function,.given.by.Equation.11.3.for.the.phase.estimation.problem..
Using.Equation.11.13,.we.obtain
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Simple.calculations.show.that.1/T0.corresponds.to.the.equivalent.noise.bandwidth.of.the.integrator..
Thus,.if.the.equivalent.noise.bandwidths.in.Equations.11.10.and.11.14.are.the.same,.the.performances.of.
the.ML.and.the.PLL.synchronizers.are.the.same.(assuming.that.the.bound.in.Equation.11.14.is.achieved.
closely)..Next,.we.address.carrier.extraction.from.a.modulated.carrier,.which.as.pointed.out.earlier,.is.in.
practice.the.preferred.approach.for.efficiency.reasons.

11.3.2 Synchronization from a Modulated carrier

A.suboptimal.approach,.often.used.in.practice,.to.extract.carrier.synchronization.from.a.modulated.signal.
is.to.first.nonlinearly.pre-process.the.signal.to.“wipe.off”.the.modulation,.and.then.follow.that.by,.for.exam-
ple,.a.PLL,.as.described.above..For.M-ary.phase-shift.keying.(PSK),.the.nonlinear.pre-processing.involves.
taking.the.M-th.power.of.the.signal..This.has.the.effect.of.multiplying.the.carrier.phase.by.M,.and.thus.a.
subsequent.division.by.M.is.needed.to.match.the.original.carrier.phase..For.PSK.signaling,.a.side.effect.of.
the.power-law.nonlinearity.is.to.introduce.a.phase.ambiguity,.which.must.be.resolved.either.by.using.pilot.
symbols.or.(which.is.the.case.in.practice).through.the.use.of.differential encoding.of.the.data.(information.is.
conveyed.by.the.change.in.the.phase.relative.to.the.previous.baud.interval,.rather.than.absolute.phase).

Besides.the.suboptimal.power-law.technique,.ML.estimation.can.be.used.to.suggest.the.optimal.pro-
cessing.and.possible.approximations,.which.we.study.next..Let.the.modulated.data.be

. r t s t d n t( ) ( ; , ) ( )= +φ . (11.15)

where.d.is.a.sequence.of.N.modulation.symbols..For.simplicity.we.will.assume.binary.antipodal.signals.
in.which.case.each.component,.dk,.of.d.is.either.1.or.−1..If.we.let.the.baud.rate.be.1/T.symbols/s,.then.the.
signal.part.in.Equation.11.15.can.be.expressed.as
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where.p(t).is.a.baseband.pulse.which.determines.to.a.large.extent.the.spectral.content.of.the.transmitted.
signal..In.addition,.we.are.assuming.a.data.window.of.length.N..For.simplicity,.we.will.assume.a.unit.
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height.rectangular.pulse.next,.but.the.results.can.be.generalized.to.any.arbitrary.pulse.shape..Assuming.
for.the.moment.that.the.modulation.sequence.d.is.known,.we.have.the.following.conditional.likelihood.
function
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All.we.need.to.do.now.is.take.the.expectation.of.the.conditional.likelihood.function.in.Equation.11.17.
with.respect.to.the.random.modulation.sequence..Assuming.that.each.binary.symbol.occurs.with.prob-
ability. 1/2. and. that. symbols. are. independent,. we. obtain. the. following. log-likelihood. function. after.
dropping.terms.that.are.not.functions.of.ϕ.and.taking.the.logarithm.of.the.resulting.expression
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A.ML.estimator.maximizes.the.above.expression.with.respect.to.the.phase.ϕ..To.reduce.the.imple-
mentation.complexity,.the.following.approximations.ln.cosh(x).∝.x2.and.ln.cosh(x).∝.|.x.|,.are.used.at.
small.and.large.signal-to-noise.ratios,.respectively..In.the.case.of.small.SNRs,.the.log-likelihood.simpli-
fies.to
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Taking.the.derivative.of.Equation.11.19.with.respect.to.ϕ,.the.following.necessary.condition.for.the.
ML.estimate.φ� .of.ϕ.is.obtained
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A.tracking.loop.that.dynamically.forces.the.condition.in.Equation.11.20.is.shown.in.Figure.11.5..Note.
that.the.product.of.the.two.integrals.effectively.removes.the.modulation..In.practice,.the.summation.
operator.may.be.replaced.by.a.digital.filter.that.applies.different.weights.to.the.past.and.present.data.in.
order.to.improve.response.

sin(2π fct + ϕ)

cos(2π fct + ϕ)

T∫ (.)dt

Σ(.)

T∫ (.)dt

–π/2

r(t)
VCO

kT

kT

FIGURE 11.5 Carrier.synchronization.from.modulated.data.
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11.4 carrier Acquisition for QAM constellations

The.need.for.high.throughputs.required.by.several.high-speed.applications.(such.as.digital.TV,.satellite.
communications,.broadcasting.networks).has.pushed.system.designers.toward.more.throughput-effi-
cient.modulation.schemes..Because.of.their.relatively.good.performance,.large.QAM.constellations.are.
being.used.in.many.of.these.applications..One.of.the.problems.associated.with.their.use.is.that.of.carrier.
acquisition,.which.for.reasons.of.efficiency.must.often.be.done.without.the.use.of.a.preamble..The.prob-
lem.is.further.complicated.for.cross.QAM.constellations,.for.which.the.high-SNR.corner.points.used.by.
some.simple.carrier.phase.estimators.are.not.available..Clearly,.due. to. the.phase.symmetry.of.QAM.
constellations,.only.phase.offsets.modulo.π/2.are.detectable.and.differential.encoding.is.used.to.resolve.
the.ambiguity.

The.phase.synchronization.problem.is.invariably.divided.into.an.acquisition.and.a.tracking.part..In.
many.practical.systems,.tracking.is.done.simply.and.efficiently.in.a.DD.mode.after.acquisition.has.been.
established,.and. it. is. the.acquisition.problem.that. is. the.most.problematic,. especially. in.applications.
where.no.preamble.is.allowed..For.square.QAM.constellations.a.simple.technique.for.phase.acquisition.
is.based.on.detecting.the.signals.at.the.four.corners.and.using.them.to.produce.an.estimate.of.the.phase-
offset.which.can.be.averaged.in.time.to.converge.to.a.reliable.estimate..The.problem.is.more.complicated.
for.cross.constellations.which.do.not.have.the.corner.points.

We.first.look.at.the.ML.carrier.phase.estimator..Let

. r d nk k k= +e jθ

be.the.baud-rate.samples.of.the.output.of.a.matched.filter,.where.dk.is.a.complex.number.denoting.the.
transmitted.QAM.symbol.at.time.kT.(1/T.is.the.signaling.rate),.and.θ.denotes.the.unknown.phase-offset.
to.be.estimated..The.effect.of.noise.is.modeled.in.terms.of.the.variables.nk,.which.are.complex,.indepen-
dent,.identically.distributed.(i.i.d.),.zero-mean.Gaussian.random.variables.with.independent.real.and.
imaginary.parts.of.variance.σ2..Without.loss.of.generality,.we.assume.that.E dk

2 1⎡⎣ ⎤⎦ = .(i.e.,.a.unit.average.
energy.constellation),.in.which.case.the.signal-to-noise.ratio.per.symbol.is.SNR.=.1/2σ2..Then.the.ML.
phase.estimate.of.θ.from.data.over.a.window.of.length.N.is.easily.obtained.as.the.value.of.ϕ.that.maxi-
mizes.the.log-likelihood.function
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where.the.inner.summation.is.performed.with.respect.to.the.data.d.present.in.the.constellation..The.
complexity.of.the.ML.algorithm.is.due.in.part.to.this.inner.summation,.which.even.for.small.constella-
tions.will.require.more.computations.than.possible,.especially.for.high-speed.systems..Another.compli-
cation. in. implementing.the.ML.estimator. is. the.need.to.solve.a.nonlinear.maximization.problem.in.
order.to.find.the.ML.estimate.of.ϕ..Some.simplifications.of.the.ML.estimator.can.be.obtained.for.square.
constellations,.but.they.are.not.sufficient.to.bring.the.ML.estimator.into.a.practical.form.

For.square.constellations,.a.simple.algorithm.can.be.used.to.extract.carrier.phase.by.detecting.the.
presence.of.one.of.the.four.corner.points.in.the.constellation..These.points.can.be.detected.by.setting.an.
amplitude.threshold.between.the.peak.amplitude.of.the.corner.points.and.the.second-largest.amplitude..
The.angles.of.these.four.points.can.be.expressed.as

.
φ

π πi i i= + ⋅ =4 2 0 1 2 3, , , , .
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Thus,

.
φ

π πi =
⎛
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⎞
⎠⎟4 2mod .

Since. only. phase. rotations. modulo. π/2. are. required,. a. simple. estimator. looks. at. the. angle. of. the.
received.sample.rk.modulo.π/2.and.subtracts.it.from.π/4..The.result.is.the.required.estimate,.which.can.
be.refined.in.time.as.more.data.are.observed.

Another.often.used.algorithm,.which.has.been.shown.in.Reference.28.to.be.asymptotically.the.ML.
estimator.in.the.limit.of.small.SNRs,.is.the.M-th.power-law.estimator,.where.M.=.4.for.QAM.constella-
tions,.and.it.equals.the.size.of.the.constellation.for.PSK.signaling..For.QAM.signaling,.the.4-the.power.
estimator.extracts.a.phase.estimate.according.to
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The. approximate. mean-square. error. performance. of. the. above. estimator. was. also. obtained. in.
Reference 28..Another.algorithm.that.seems.to.work.well.for.both.square.and.cross.constellations.was.
reported.in.Reference.29..The.algorithm.referred.to.as.the.histogram.algorithm.(HA).assumes.the.fol-
lowing.steps:.(1).For.each.received.sample.rk.it.finds.the.set.of.signals.whose.magnitude.is.closest.to.|rk|..
(2).Compute.the.angle.of.the.subset.of.signals.from.Step.1.belonging.to.the.first.quadrant..(3).Subtract.
each.of.the.angles.computed.at.Step.2.from.the.angle.of.rk..(4).Uniformly.quantize.the.angle.interval.
from.0°.to.90°.into.L.bins,.and.associate.a.counter.with.each;.increment.the.counters.corresponding.to.
the.quantization.intervals.where.the.angles.computed.at.Step.3.fall.in..(5).Repeat.this.process.for.new.
data.rk.as.they.arrive..(6) When.enough.data.is.received,.find.the.bin.that.has.the.largest.counter.value..
The.angle.corresponding.to.this.bin.is.produced.as.the.phase.estimate.

Figure.11.6.compares.the.performance.of.the.ML.and.HA.algorithms.obtained.through.simulation.to.
the.Cramer–Rao.bound.for.the.128-QAM.(cross).constellation..Results.for.the.4-th.power.estimator.are.
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shown.separately.in.Figure.11.7.since.the.performance.of.this.estimator.is.about.two.orders.of.magni-
tude.worse.than.the.ML.and.HA.algorithms..The.reason.behind.the.poor.performance.of.the.4-th.power.
estimator.is.the.existence.of.large.self-noise,.partly.due.to.the.absence.of.the.corner.points..These.results.
indicate. that. the.4-th.power.estimator. is.not.an.option. for.cross.constellations,.at. least.not. for. sizes.
greater.than.or.equal.to.128.

Figure.11.8.compares.the.HA.and.the.4-th.power.estimators.for.the.256-QAM.(square).constellation..
As.can.be.seen,.the.4-th.power.estimator.performs.much.better.with.square.constellations,.and.in.fact.it.
outperforms.the.HA.for.a.range.of.data.sequence.lengths.at.25.dB.SNR..As.the.SNR.increases,.however,.
the.self-noise.dominates.and.the.performance.of.the.4-th.power.estimator.degrades.

In.closing.this.section,.we.mention.that.an.algorithm.for.joint.estimation.of.carrier.phase.and.fre-
quency. for. 16-QAM. input. constellations. was. proposed. in. Reference. 30. and. shown. to. achieve. the.
Cramer–Rao.bound.for.SNR’s.greater.than.15.dB..A.comprehensive.performance.analysis.of.the.NDA.
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carrier.phase.estimators.that.have.been.proposed.for.large.QAM.modulations.and.assessment.of.their.
relative.merits.was.reported.in.Reference.31.

11.5 Symbol Synchronization

We.first.investigate.symbol.synchronizers.that.are.optimal.in.a.ML.sense..The.ML.symbol.synchronizer.
can.be.used.to.suggest.suboptimal.but.more.easily.implementable.algorithms,.and.provides.a.bench-
mark.against.which. the.performance.of.other. synchronizers. can.be.compared..Let.T. be. the. symbol.
duration.and.r(t).be.the.received.data..A.channel.model.of.the.following.form.is.assumed:

. r t s t d n t( ) ( ; , ) ( ),= +τ . (11.21)

where.n(t).is.zero-mean.white.Gaussian.noise.having.spectral.density.N0/2,.d.denotes.the.sequence.of.
modulation.symbols.dk,.k.=.. . .,.−1,0,1,.. . .,.and.τ.stands.for.the.timing-error..Assuming.pulse-amplitude.
modulation.(PAM),.the.data.carrying.signal.is.described.explicitly.by

.
s t d d p t kTk
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( ; , ) ( ),τ τ= − −∑
.

(11.22)

where.p(t).stands.for.the.baseband.pulse..The.timing.recovery.problem.reduces.to.processing.the.received.
signal.r(t). in.order.to.obtain.an.estimate.of. the.timing-error.τ..To.avoid. loss. in.communication.effi-
ciency,. we. will. do. this. in. the. presence. of. modulation. symbols.. For. simplicity,. a. binary. system. with.
antipodal.signals.(one.signal.is.just.the.negative.of.the.other),.dk.∈.{1,.−1},.is.assumed.

As. previously. for. carrier. phase. estimation,. ML. synchronization. requires. the. probability. density.
function.of.the.data.given.the.timing-error.τ..Conditioned.on.knowing.the.data.sequence.d,.the.likeli-
hood.function.is.given.by.Equation.11.2.(with.the.signal.part.now.given.by.Equation.11.22)..Since.the.
quadratic.term.does.not.depend.on.τ,.the.ML.function.can.be.reduced.to
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All. we. need. to. do. now. is. take. the. expectation. of. the. above. conditional. likelihood. function. with.
respect.to.the.data.sequence.to.obtain.the.likelihood.function..Performing.the.expectation.and.assum-
ing.independent.and.equiprobable.data,.we.obtain.(after.taking.the.logarithm.of.the.resulting.expres-
sion).the.reduced.log-likelihood.function
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where
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(11.25)

A.ML.synchronizer.finds.the.estimate.τ�,.which.maximizes.the.log-likelihood.function.in.Equation.
11.24.based.on.the.received.data..Several.problems.arise.as.we.try.to.implement.this.optimal.synchro-
nizer:.(a).obtaining.an.ML.estimate.requires.maximizing.in.real-time.(11.24),.an.impossible.task.in.most.
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practical.cases;.(b).implementation.of.Equation.11.24.requires.knowledge.of.the.signal-to-noise.ratio,.
which.is.not.readily.available.and.must.be.estimated;.(c).there.is.no.simple.way.to.exploit.Equation.11.24.
to.extract.timing.estimates.in.real.time..The.problem.associated.with.(a).above.can.be.partly.alleviated.
by.approximating.the.ln.cosh.(·).function.for.large.and.small.SNRs.as.was.done.before,.which.results.in
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In.addition. to. simplifying. the. log-likelihood. function,. the.approximations. above.also.obviate. the.
need.for.knowing.the.SNR..The.need,.however,.to.maximize.a.nonlinear.function.in.real.time.still.exists.

As.for.the.carrier.synchronization.problem,.a.number.of.open-loop.realizations.of.the.ML.timing.
estimator.exist..Perhaps.the.more.interesting.algorithms.from.a.practical.viewpoint.are.the.closed-loop.
algorithms,.two.of.which.we.motivate.next..Taking.the.derivative.of.Equation.11.24.with.respect.to.τ.and.
equating.to.zero.results.in.an.equation.whose.solution.yields.the.ML.timing.estimate:
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where.we.have.assumed.that.p(−∞).=.p(∞).=.0..Note.that.if.the.timing.τ.is.other.than.the.ML.estimate.τ�.
that.makes.the.left-hand.side.of.Equation.11.27.equal.to.zero,.the.above.derivative.will.be.either.positive.
or.negative.depending.on.the.sign.of.the.error.( )τ τ− � ..Thus,.the.derivative.can.be.used.in.a.tracking.loop.
to.provide.a.correcting.signal.in.a.system.that.dynamically.produces.the.ML.timing.estimate..Such.a.
system.is.shown.in.Figure.11.9,.where.the.timing.pulse.generator.adjusts.the.phase.of.the.timing.depend-
ing.on.the.output.of.the.accumulator.once.every.T.seconds..In.practice,.the.accumulator.may.be.replaced.
by.a.digital.filter.whose.response.is.such.that.it.puts.more.emphasis.on.recent.data.and.less.on.past.data..
Clearly,.when.the.timing-jitter. is. fast.changing,.better.results.may.be.obtained.by.employing.a.short.
memory.filter..On.the.other.hand,.if.the.timing-jitter.is.slowly.varying,.a.filter.with.a.long.memory.(low.
bandwidth).will.yield.better.results.
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FIGURE 11.9 Closed-loop.timing.synchronizer.
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Further.simplifications.to.the.above.tracking.synchronizer.can.be.made.under.the.assumptions.of.low.
or.high.signal-to-noise.ratios,.in.which.case.Equation.11.26.instead.of.Equation.11.24.may.be.used..If.the.
derivative.of.the.likelihood.function.with.respect.to.τ.is.approximated.by.the.difference
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then.under.the.high-SNR.approximation,.Equation.11.27.can.be.replaced.by
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A.tracking-loop.synchronizer,.known.as.an.early-late gate symbol synchronizer,.implements.Equation.
11.29. and. is. shown. in. Figure. 11.10.. A. similar. synchronizer. using. a. low-SNR. approximation. can. be.
developed..The.intuitive.explanation.of.how.early-late.gate.symbol.synchronizers.work.is.simple.and.can.
be.easily.illustrated.for.the.case.of.nonreturn.to.zero.(NRZ).pulses.whose.pulse.shape.p(t).and.autocor-
relation.function.a(t).are.shown.in.Figure.11.11.

In.the.absence.of.timing-error,.the.receiver.samples.the.output.of.the.matched.filter.at.the.times.cor-
responding.to.the.peak.of.the.autocorrelation.function.of.the.NRZ.pulse.(which.results.in.the.largest.
SNR)..When.a.timing.error.exists,.the.samples.occur.at.either.side.of.the.peak.depending.on.whether.the.
error.is.positive.or.negative..In.either.case,.because.of.the.symmetry.of.the.autocorrelation.function,.the.
samples.are.of.the.same.value.(on.the.average)..In.an.early–late.gate.synchronizer,.two.samples.are.taken,.
separated.by.δ.seconds.and.centered.around.the.current.timing.estimate..Depending.on.whether.the.
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error.is.positive.or.negative,.the.difference.between.the.absolute.values.of.these.samples.will.be.positive.
or.negative,.thus.providing.a.control.signal.to.increase.or.decrease.τ�.in.the.desired.direction.to.reduce.
the.error..Note.that.on.the.average,.due.to.the.even.symmetry.of.the.autocorrelation.function,.the.differ-
ence.between.the.absolute.values.of.the.two.samples.is.zero.at.the.actual.symbol.timing.phase,.that.is,.
when.the.timing.error.is.zero..Thus,.at.least.intuitively,.the.system.in.Figure.11.10.is.a.stable.loop.for.
tracking.the.symbol.timing.phase..We.end.this.section.by.noting.that.a.number.of.practical.implementa-
tions.based.on.some.further.simplification.of.the.synchronizers.discussed.above.are.used.in.practice.
[3–5,32].

11.6 to Browse Further

In.modern.receivers,.more.and.more.of.the.processing.is.done.in.the.discrete.domain,.which.allows.for.
more.complicated.algorithms.to.be.accurately.implemented.compared.to.analog.implementations..For.
timing.recovery,.the.preferred.technique.is.to.process.samples.taken.at.the.output.of.a.matched.(or.other.
suitable).filter.at.rates.as. low.as.the.baud.rate.to.a.few.samples.per.baud..The.advantage.of.baud-rate.
sampling.is.that.it.uses.the.same.samples.that.the.detector.uses.to.make.symbol.decisions,.and.it.is.the.
lowest.rate.possible,.making.the.sampler.less.costly,.and.processing.of.samples.faster..The.disadvantage.
is.that.baud-rate.sampling.is.below.the.Nyquist.rate.and.thus.acquisition.performance.tends.to.suffer.
somewhat..For.bandlimited.signaling,.two.or.more.samples.per.baud.are.at.or.above.the.Nyquist.rate,.
and.thus.all.information.contained.in.the.original.analog.signal.is.preserved.by.the.sampling.process..
This.means.that.the.sampler.can.be.free-running.without.the.need.to.adjust.its.sampling.phase.since.that.
can.be.done.in.the.discrete.domain.through.interpolation.

Perhaps.the.most.known.paper.on.timing-recovery.from.baud-rate.samples.is.that.by.Mueller.and.
Muller.[33]..The.timing.algorithms.studied.in.[33].are.decision-directed.(make.use.of.tentative.symbol.
decisions).and.use.the.baud-rate.samples.in.order.to.estimate.the.timing.error..The.timing.error.infor-
mation.is.then.used.to.adjust.the.phase.of.the.sampler.toward.reducing.the.timing.error..Other.works.
that.consider.two.or.more.samples.per.baud.have.been.reported.in.References.34.through.36.

11.7 Frame Synchronization

As.noted.in.the.introduction,.frame.synchronization.is.obtained.in.practice.by.locating.at.the.receiver.
the.position.of.a.frame.synchronization.pattern.(referred.to.also.as.a.marker),.periodically.inserted.in.
the.data.stream.by.the.transmitter..In.most.systems,.partly.for.simplicity.and.partly.because.the.period-
icity.of.the.marker.insertion.makes.it.easily.identifiable.when.enough.frames.are.processed,.the.marker.
is.not.prevented.from.appearing.in.the.random.data.stream..This.means.that.it.should.be.long.enough.
compared.to.the.frame.length.to.make.the.probability.of.it.appearing.in.the.data.small..If.we.let.the.
synchronization.pattern.be.of.length.L.and.the.frame.size.(including.the.marker).be.of.length.N,.then.
the.efficiency.of.such.a.system,.measured.by.the.number.of.data.symbols.per.total.frame.length.is

.
e L

N= −1 .
.

(11.30)

The.efficiency.can.be.made.arbitrarily.close.to.one.by.increasing.N.for.a.fixed.L,.or.by.decreasing.L.for.
a.fixed.N..In.both.cases,.however,.the.probability.of.correctly.detecting.the.position.of.the.marker.is.
reduced..In.practice,.good.first.pass.acquisition.probabilities.can.be.achieved.with.efficiencies.of.about.
97%..Figure.11.12.shows.the.contents.of.a.frame.

As.for.the.symbol.synchronization.case,.we.will.first.introduce.the.optimum.(ML).frame.synchro-
nizer.and.then.investigate.some.sub-optimum.synchronizers..For.simplicity,.we.will.only.look.at.binary.
antipodal.baseband.signaling,.although.in.qualitative.terms.similar.results.hold.for.nonbinary.systems..
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In.the.sequel,.we.assume.that.perfect.symbol.synchronization.is.present..As.usual,.we.assume.an.addi-
tive.white.Gaussian.noise.channel,.in.which.case.the.sufficient.statistic.(loosely.speaking,.the.simplest.
function. of. the. data. required. by. the. optimum. synchronizer. to. retain. its. efficiency). is. the. baud-rate.
samples.of.the.output.of.a.matched.filter..Let.r.=.(r1,.r2,.. . .,.rN).be.the.vector.of.the.observed.data.obtained.
by.sampling.the.output.of.a.matched.filter.(matched.to.the.baseband.pulse).at.the.correct.symbol.rate.and.
phase.(no.symbol.timing-error),.but.not.necessarily.at.the.correct.frame.phase..Under.a.Gaussian.noise.
assumption,.the.discrete.matched.filter.samples.can.be.modeled.by

. r Ed nk k k= + , . (11.31)

where.E.is.the.signal.energy,.dk.∈.{1,.−.1}.is.the.k-th.modulation.symbol.and.the.nk’s.constitute.a.sequence.
of.independent.and.identically.distributed.(i.i.d.).Gaussian.random.variables.with.zero.mean.and.vari-
ance.σ2.

It. is.clear. that.since. the. frame. length. is.N,. there. is.exactly.one. frame.marker.within. the.observation.
.window..Our.problem.is.to.locate.the.position.m.∈.(0,1,2,.. . .,.N.−.1).of.the.marker.from.the.observed.data.r..
If.m.is.the.actual.position.of.the.marker,.then.the.data.vector.corresponding.to.the.observed.vector.r.is

. d d d d d d dm m m L N= − + −( , , , , , , , , ),1 2 1 1… … …

where.the.L-symbol.sequence.starting.at.position.m.is.the.marker..If.we.denote.the.marker.by.S,.this.
means

. S s s s d d dL m m m L= = + + −( , , , ) ( , , , ).1 2 1 1… …

For.ML.estimation.of.m,.we.need.to.maximize.the.following.conditional.density:
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where.d′.is.the.(N.−.L)-symbol.data.sequence.that.surrounds.the.marker..Assuming.equiprobable.sym-
bols,.Massey.[37].derived.the.following.log-likelihood.function
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To.account.for.the.periodicity.of.the.marker,.indices.in.Equation.11.33.are.interpreted.modulo.N..An.
optimal.frame.synchronizer.computes.the.above.expression.for.all.values.of.m.and.chooses.as.its.best.
estimate.of.the.marker.position.the.value.that.maximizes.L(m).

A.few.observations.are.now.in.order.regarding.the.above.likelihood.function..First,.we.note.that.L(m).
is.the.sum.of.two.terms:.a.linear.term.and.a.nonlinear.term..The.first.term.can.be.recognized.as.the.

N-bit frame

Marker Data bits
(N–L) bitsL bits

Marker Data bits

FIGURE 11.12 The.composition.of.a.frame.
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.correlation.between.the.received.data.r.and.the.known.marker,.while.the.second.term.can.be.interpreted.
as.an.energy.correction.term.that.accounts.for.the.random.data.surrounding.the.marker.

For.practical. implementation,. some.approximations.of. the.optimal. rule.can.be.obtained.easily.by.
approximating.ln.cosh(·)..For.high.SNRs,.by.replacing.ln.cosh(x).by.|x|,.it.follows.that
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For.low.SNR’s,.replacing.ln.cosh(x).by.x2/2,.the.optimal.rule.becomes
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A.further.approximation.that.is.quite.often.used.is.to.drop.the.second.nonlinear.term.altogether..The.
resulting.rule.then.becomes
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and.is.known.as.the.simple correlation rule.for.obvious.reasons..The.high.SNR.approximation.and.the.
simple.correlation.rule.have.the.added.advantage.that.no.knowledge.of.the.SNR.is.needed.for.implemen-
tation,.compared.to.the.optimum.and.the.low-SNR.approximation.rules.

Practical.frame.synchronizers.use.the.periodicity.of.the.marker.in.order.to.improve.performance.in.
time,. and. usually. include. algorithms. for. detecting. loss. of. synchronization. in. which. reacquisition. is.
initiated..The.above.algorithms.can.be.used.as.the.basis.for.these.practical.synchronizers.in.estimating.
the.marker.position.from.a.frame’s-worth.of.data..Their.performance.in.correctly.identifying.the.marker.
position.significantly.affects.the.overall.performance.of.the.frame.synchronizer,.as.measured.not.only.
by.the.probability.of.correct.acquisition,.but.also.the.time.it.takes.for.the.algorithm.to.acquire.

Other.techniques.for.marker.acquisition.(besides.those.based.on.the.ML.principle).can.be.used.as.
well..For.example,. in.some.practical. implementations.of.the.simple.correlation.rule,.often.sequential.
detection.of.the.marker.is.implemented:.the.correlation.of.the.marker.with.the.data.is.computed.sequen-
tially.for.each.frame.position.and.the.result.is.compared.to.some.threshold..When.for.some.value.of.m.
the.computed.correlation.exceeds.the.threshold,. the.frame.synchronizer.declares.a.marker.presence..
Otherwise.the.search.continues..The.value.of.the.threshold.is.critical.for.performance.and.it.is.usually.
chosen.to.minimize.the.time.to.marker.acquisition.

Another.important.aspect.of.frame.synchronization.design.is.the.design.of.good.marker.sequences..
Although.the.above.algorithms.work.with.any.chosen.sequence,.the.resulting.performance.of.the.syn-
chronizer.depends.critically.on.the.sequence.used..In.general,.sequences.that.have.good.autocorrelation.
properties.perform.well.as.frame.markers..These.sequences.have.the.property.that.their.autocorrelation.
function.is.uniformly.small.for.all.shifts.other.than.the.zero.shift..Examples.of.such.sequences.include.
the. Barker sequences. [38]. and. the. Neuman–Hofman sequences. [39].. Barker. sequences. are. binary.
sequences. whose. largest. side-lobe. (nonzero. shift. correlation). is. at. most. 1.. Unfortunately,. the. largest.
known.Barker.sequence.is.of.length.13,.and.there.is.proof.that.no.Barker.sequences.of.length.between.14.
and.6084.exist..In.many.cases,.however,.there.is.a.need.for.larger.sequences.to.improve.performance..
Neuman–Hofman.sequences.were.specifically.designed.to.maximize.performance.when.a.simple.cor-
relation.rule. is.used..Thus,. these.sequences.perform.somewhat.better. than.Barker.sequences.when.a.
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correlation.rule.is.used..What.is.more.important.though.is.that.Neuman–Hofman.sequences.of.large.
length.exist..Examples.of.Barker.and.Neuman–Hofman.sequences.of.length.7.and.13.are

. (1,.−1,.1,.1,.−1,.−1,.−1),.Barker,.L.=.7,

. (1,.1,.1,.1,.1,.−1,.−1,.1,.1,.−1,.1,.1,.1),.Barker,.L.=.13,

. (−1,.−1,.−1,.−1,.−1,.−1,.1,.1,.−1,.−1,.1,.−1,.1),.Neuman–Hofman,.L.=.13.

11.7.1 Performance

We.address.briefly.next.the.performance.of.the.ML.and.two.suboptimal.synchronizers.given.above,.as.
measured.by.the.probability.of.erroneous.synchronization..First,.we.look.at.the.question.of.how.well.any.
frame.synchronizer.can.perform,.as.a.function.of.the.frame.length.N,.marker.length.L,.and.SNR..Clearly,.
in.the.limit.of.infinite.SNR.we.obtain.the.best.performance.(smallest.probability.of.erroneous.marker.
detection)..In.this.case,.an.error.can.be.made.when.the.marker.appears.randomly.in.one.or.more.posi-
tions.in.the.random.data.part..For.bifix-free.sequences.(i.e.,.sequences.for.which.no.prefix.is.also.a.suffix).
Nielsen.[40].has.obtained.the.following.expression.for.the.probability.of.erroneous.synchronization:
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where
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and.M.is.the.size.of.the.modulation.(M.=.2.for.binary.signaling)..The.bifix-free.condition.guarantees.
that. no. partial. overlap. of. the. marker. with. itself. results. in. a. perfect. match. for. the. overlapped. parts..
Figure.11.10.shows.simulation.results. for. the.performance.of. the.ML,.high-SNR.approximation,.and.
simple-correlation.rules.of.Equations.11.33,.11.34,.and.11.36,.respectively..Shown.also.is.the.lower.bound.
in.Equation.11.37,.which.is.achieved.by.the.ML.rule.and.its.high.SNR.approximation..On.the.other.hand,.
the.simple-correlation.rule.performs.significantly.worse.(Figure.11.13).

11.8 Synchronization of MiMo Systems

11.8.1 General considerations

Deployment.of.multiple. transmit.and.receive.antennas.over.multiple-input.multiple-output.(MIMO).
wireless.fading.channels.has.been.considered.an.efficient.means.to.increase.channel.capacity.and.over-
come.channel.fading.via.diversity..However,.to.take.advantage.of.the.capacity.and.diversity.gains,.car-
rier.and.timing.synchronization.is.required.at.the.multiple-antenna-based.receiver.to.perform.optimum.
demodulation.

In.general,.achieving.synchronization.in.a.MIMO.communication.system.is.much.more.complex.and.
difficult.than.in.a.single-input.single-output.(SISO).system..This.is.due.to.the.fact.that.synchronization.
of.a.MIMO.system.assumes.acquisition.of.an. increased.number.of.parameters.(e.g.,.different.carrier.
frequency.offsets/Doppler.shifts.between.different.transmit.(Tx)—receive.(Rx).antennas,.and.different.
timing.delays.in.the.data.streams.collected.by.the.Rx.antennas).relative.to.a.SISO.system..In.addition,.
the.data.streams.sent.in.parallel.by.different.Tx.antennas.get.superposed.at.each.Rx.antenna..Therefore,.
the.output.of.each.Rx.antenna.represents.a.combination.of.different.signals.with.possibly.different.fre-
quency.offsets.and.timing.delays,.which.makes.the.synchronization.problem.difficult.
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Fortunately,. for. many. applications. the. Tx. and. Rx. antennas. are. placed. in. close. proximity. of. one.
another,.and.different.collocated.antennas.use.the.same.oscillator.or.different.oscillators.with.a.prior.
known.and.correctable.difference..Therefore,.a.quite.general.modeling.framework.is.to.suppose.that.all.
Tx/Rx.antenna.pairs.are.subject.to.the.same.carrier.frequency.offset.(Doppler.shift).and.timing.delay..
Under.such.a.modeling.framework,.we.will.see.that.the.synchronization.of.MIMO.systems.greatly.sim-
plifies.and.resembles.to.the.synchronization.in.parallel.of.multiple.SISO.systems..In.fact,.we.will.see.that.
some.of.the.standard.carrier.and.timing.acquisition.schemes.(e.g.,.the.ML-based.schemes).proposed.for.
SISO.systems.find.their.equivalent.extensions.in.the.context.of.MIMO.systems.

11.8.2 timing Recovery in MiMo Systems

To.illustrate.the.effects.of.spatial.diversity.on.timing.acquisition.and.the.special.design.considerations,.
next.we.examine.the.problem.of.time.synchronization.in.a.MIMO.system.which.assumes.no.carrier.
frequency.offset..The.channel.modeling.framework.is.depicted.in.Figure.11.14,.where.a.generic.NT.×.NR.
MIMO.system,.consisting.of.NT.transmit.antennas.and.NR.receive.antennas,.is.shown.

The. MIMO. propagation. channel. will. be. represented. by. the. NR.×.NT. channel. matrix. H,. and. it. is.
assumed. frequency. flat. and. quasi-static.. The. (i,j)th. entry. hij. of. HT. represents. the. channel. coefficient.
between.the.ith.Tx.antenna.and.the.jth.Rx.antenna..The.complex.envelope.of.the.received.signal.at.the.
jth.receive.antenna.takes.the.expression:
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(11.39)

where.Es/NT.stands.for.the.Tx.symbol.energy,.di(k).denotes.the.data.symbol.transmitted.by.the.ith.Tx.
antenna.at.time.k,.p(t).represents.the.transmit.pulse.(e.g.,.a.square-root.raised.cosine.pulse),.T.denotes.
the.symbol.period.and.the.unknown.time.phase.offset.is.represented.by.the.variable.τo.∈.(0,1)..The.term.
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FIGURE 11.13 The.performance.of.the.ML.and.other.rules.
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nj(t).in.Equation.11.39.represents.the.complex.circularly.distributed.Gaussian.noise.at.receive.antenna.j.
and.it.assumes.the.power.density.No..The.outputs.of.Rx.antennas.are.sampled.at.the.rate.fs.=.1/Ts,.where.
Ts.=.T/Q.and.Q.≥.1.denotes.the.oversampling.factor..The.length.of.observation.data.(measured.in.sym-
bol.periods).is.equal.to.K..Furthermore,.stacking.together.into.the.vector.rj.the.KQ.consecutive.samples.

collected.at.the.output.of.the.jth.receive.antenna:.rj j j jr r T r KQ T= −⎡⎣ ⎤⎦( ) ( ) (( ) )0 1    s s
T

… ,.from.Equation.
11.39.it.follows.that:

. r P DH nj j j= +α τo
T

,: . (11.40)

where.α = E N Ts T/ ,.Hj,:.denotes.the.jth.column.of.H,.and
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The.variable.Kp.stands.for.the.number.of.symbols.affected.by.the.intersymbol.interference.(ISI).gen-
erated.by.one.side.of.pulse.p(t),.whose.support.is.−.KpT.≤.t.≤.KpT..Therefore,.the.observation.interval.
0.≤.t.≤.KT. contains. contributions. from. the. symbols. d(−. Kp),. . . .,. d(0),. . . .,. d(K.+.Kp.−.1).. Stacking.

together.all.the.vectors.rj,.j.=.1,.. . .,.NR,.into.the.column.vector.r r r r= ⎡⎣ ⎤⎦1 2
T T T T

    … NR
.yields.the.modeling.

equation:

. r I P DH n= ⊗ +α τ( ) ,N vec
R o

T( ) . (11.41)

Transmitter (Tx)
Tx 1 Tx 2 Tx NT

Receiver (Rx)
Rx 1 Rx 2 Rx NR

FIGURE 11.14 An.NT.×.NR.MIMO.system.
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where.n n n n= ⎡⎣ ⎤⎦1 2
T T T T

      … NR
,.notations.⊗.and.vec.stand.for.Kronecker.product.and.vectorization.of.a.

matrix.(i.e.,.stacking.all.the.matrix.columns.one.on.top.of.another),.respectively,.and.INR
.denotes.the.

NR.×.NR.unit.matrix..Equation.11.41.will.prove.pivotal.in.the.development.of.the.ML.estimator.of.timing.
delay.τo..We.will.derive.the.ML.timing.delay.estimator.under.two.general.frameworks:.the.DA.ML.setup.
which.assumes.knowledge.of.training.data.(pilot.symbols,.training.sequences),.and.NDA.or.blind.ML.
setup.in.which.the.transmit.data.symbols.are.supposed.unknown.

11.8.2.1 Data-Aided Symbol training Recovery

Using.formula.vec(ABC).=.(CT.⊗.A)vec(B),.the.contributions.of.matrix.data.D.and.channel.matrix.H.
can.be.separated.in.Equation.11.41..It.turns.out.that.Equation.11.41.can.be.recast.as

. r I P D H n= ⊗α τ( ) .N vec
R o

T( ) + . (11.42)

Because.n.assumes.a.Gaussian.distribution,.the.joint.ML.estimator.of.unknown.timing.delay.τo.and.
propagation. channel. h.=.vec(HT). is. obtained. by. minimizing. the. reduced. negative. log-likelihood.
function:

. LDA( | , ) ( ) ( ),r h r P h r P hτ τ τ= − −H
. (11.43)

where.P I P Dτ τα= ⊗( )NR
,.and.τ,.h.denote.trial.values.for.τo.and.vec(HT),.respectively..Equating.to.zero.

the.gradient.of.L(r|.τ,.h).with.respect.to.h,.it.follows.that.the.ML.estimate.of.channel.vector.h� .can.be.
expressed.in.terms.of.unknown.timing.delay.as.follows:

.
�h P P P r= −( ) .τ τ τ

H H1
. (11.44)

Plugging.Equation.11.49. into.Equation.11.48.and.simplifying,. it. follows. that. the.ML.timing.delay.
estimate.must.minimize.the.function:

. LDA( ) ( ) ,τ τ τ τ τ= −r P P P P rH H H1
. (11.45)

which.can.be.further.expanded.as

.
LDA j
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N

j( ) ( ) .τ τ τ τ τ=
=

−∑r P D D P P D D P rH H H H H H
R

1

1

.
(11.46)

Therefore,.the.DA.ML.timing.delay.estimator.can.be.expressed.as

.
�τ τ

τ
ML DA= arg max ( ),L

.
(11.47)

with.LDA.(τ).expressed.in.Equation.11.46.as.a.sum.of.NR.terms.that.depend.nonlinearly.with.respect.to.τ..
Therefore,.finding. �τML.requires.solving.a.nonlinear.optimization.problem.and.no.closed-form.expres-
sion.for.DA.ML.estimator.is.possible..Determination.of.the.global.maximum.of.Equation.11.47.could.be.
performed.via.a.two-step.approach..First,.a.grid-based.search.might.be.performed.to.localize.approxi-
mately.the.location.of.global.maxim,.which.might.then.be.followed.by.a.gradient.descent.or.interpola-
tion-based.approach.to.refine.the.location.of.global.maximum.
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Assuming.that.the.training.sequences.sent.by.different.Tx.antennas.are.orthonormal,.p(t).is.a.square-
root.raised.cosine.pulse.and.the.observation.interval.K.is.sufficiently.large,.then.the.DA.reduced.log-
likelihood.function.(11.46).simplifies.further.to.[41]

.
L i j

i

N

j

N

DA
H H

TR

( ) ,τ τ=
==
∑∑ d P r

2

11 .
(11.48)

where.P rτ
H

j.represents.the.matched.filtering.output.of.the.jth.Rx.antenna.with.one.sample.per.symbol..
Equations.11.46.and.11.48.show.that.the.reduced.log-likelihood.function.for.timing.recovery.in.a.MIMO.
system.reduces.to.a.sum.of.NR.reduced.log-likelihood.functions.corresponding.to.the.NR.Rx.antennas..
This.suggests.that.the.tracking.and.timing.estimation.techniques.from.SISO.systems.could.be.extended.
mutatis-mutandis.to.the.MIMO.setup.

The. performance. of. the. resulting. ML. timing. estimator. can. be. assessed. by. comparing. its. mean-
square-error.(MSE).with.performance.bounds.such.as.the.conditional.Cramer–Rao.bound.(CCRB).[42].
and. modified. Cramer–Rao. bound. (MCRB). [43].. CCRB. represents. the. Cramer–Rao. bound. derived.
under.the.assumption.that.the.nuisance.parameters.are.treated.as.deterministic.and.estimated.jointly.
with.the.unknown.time.delay..Proposed.as.a.computational.efficient.alternative.to.CCRB,.MCRB.repre-
sents.a.lower.bound.to.any.unbiased.estimator,.in.which.the.unwanted.parameters.are.averaged.out.from.
the.log-likelihood.function..For.a.given.delay.τo,.CCRB.assumes.the.expression.[42]:

.
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τ τ
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(11.49)

where.tr(·).denotes.the.trace.operator,.B P B P Sτ τ τ ττ τ= = ⊥d d d d P/  /  , , .represents.the.orthogonal.projec-
tor.onto.the.null.space.of.Pτo

.and.C hh Ih N N
= =Ε( )H

T R
..Similarly,.the.MCRB.for.a.given.time.delay.τo.can.

be.expressed.as.[21]:
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(11.50)

Numerical. evaluation. of. Equations. 11.49. and. 11.50. show. that. CCRB(τo). and. MCRB(τo). depend.
inversely.proportional.with.respect.to.the.number.of.Rx.antennas.(NR).[44]..Therefore,.the.spatial.diver-
sity.manifests.not.only.through.the.averaging.of.NR.SISO.log-likelihood.functions.as.in.Equation.11.46.
but.also.through.the.inverse.proportional.dependence.on.NR.in.CCRB.and.MCRB..Thus,.every.increase.
in.the.number.of.Rx.antennas.(NR).translates.through.a.proportional.reduction.in.CCRB.and.MCRB,.
and,.as.the.computer.simulations.illustrate.in.Figures.11.15.and.11.16,.in.a.proportional.reduction.of.the.
MSE.of.DA.ML.estimator..Assuming.orthonormal.training.sequences.sent.by.Tx.antennas,.Figures.11.15.
and.11.16.depict.the.MSE.performance.of.ML.estimator.and.CCRB.for.different.numbers.of.Tx.and.Rx.
antennas..It.turns.out.that.the.MSE.of.DA.ML.estimator.improves.when.the.number.of.Rx.antennas.
increases,.and.remains.invariant.to.changes.in.the.number.of.Tx.antennas..The.MSE.simulation.plots.
also.illustrate.that.DA.ML.estimator.is.efficient.because.it.approaches.the.CCRB..Although.not.plotted.
explicitly,.numerical.evaluations.show.that.in.the.DA-estimation.setup.MCRB.coincides.with.CCRB..
For.the.DA.synchronization.setup,.the.simulation.results.shown.in.Figures.11.15.and.11.16.assumed.that.
the.length.of.training.data.was.40.(K.=.32,.Kg.=.4),.oversampling.factor.Q.=.2,.and.a.square-root.raised.
cosine.pulse.with.roll-off.factor.0.3..The.timing.delay.τo.was.uniformly.distributed.in.the.interval.[0,1),.
and.104.Monte-Carlo.simulations.were.conducted.for.each.value.of.τo.
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11.8.2.2 non-Data-Aided Symbol timing Recovery

Determination.of.non-data-aided.(NDA).or.blind.ML.estimator.for.timing.delay.follows.similar.steps.to.
the.derivation.of.DA.ML.estimator..Examining.Equation.11.41,.it.follows.that.the.unknown.data.matrix.
D.and.channel.matrix.H.could.be.merged.together.into.the.unknown.vector.z.=.vec(DHT),.and.there-
fore,.NDA.ML.joint.estimation.of.τ.and.z.reduces.to.the.minimization.of.function:

. LNDA
H( | , ) ( ) ( ),r z r P z r P zτ τ τ= − −

� �
. (11.51)
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where.
�
P I Pτ τα= ⊗( )NR

..Equating.to.zero.the.gradient.of.Equation.11.51.with.respect.to.z,.it.follows.that.
the.ML.of.z.is.given.by

. �z P P P r= −( ) .
� � �
τ τ τ
H H1

. (11.52)

Finally,.plugging.Equation.11.52.back.into.Equation.11.51,.it.follows.that.the.NDA.ML.estimate.of.τ.
can.be.expressed.as.the.argument.that.maximizes.the.reduced.log-likelihood.function:

. LNDA
H H H( ) ( ) ,τ τ τ τ τ= −r P P P P r

� � � �
1

. (11.53)

which.can.be.further.reduced.to
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Hence,.the.MIMO.log-likelihood.function.in.Equation.11.54.is.expressed.as.a.sum.of.NR.SISO.log-
likelihood.functions.corresponding.to.each.of.the.NR.Rx.antennas..As.in.the.DA.ML.estimation.case,.in.
the.NDA.ML.estimation.framework,.spatial.diversity.manifests.through.the.exploitation.of.information.
(averaging.of.the.log-likelihood.functions).at.all.NR.receive.antennas..This.remark.is.enforced.by.the.
computer.simulations,.which.illustrate.that.the.MSE.performance.of.NDA.ML.estimator.is. inversely.
proportional.to.the.number.of.Rx.antennas.(NR)..Also,.the.CCRB.and.MCRB.are.inversely.proportional.
with.respect.to.the.number.of.Rx.antennas..Following.the.calculations.in.[42,43],.the.following.closed-
form.expressions.for.CCRB.and.MCRB.were.found.[44]:
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where.
� �
B Pτ τ τ= d

o
/d ,.S �

P
⊥ .represents.the.orthogonal.projection.onto.nullspace.of.

�
Pτo

.and.Cz.=.E(zzH).
Assuming.the.same.simulation.conditions.as. in.the.previous.subsection,.and.QPSK.data.symbols,.

Figures.11.17.and.11.18.illustrate.the.MSE.performance.of.the.NDA.ML.estimator.and.the.correspond-
ing.CCRB.for.different.number.of.Tx.and.Rx.antennas..Similar.to.the.DA.ML.estimator,.the.MSE.per-
formance. of. NDA. ML. estimator. is. inversely. proportional. with. respect. to. the. number. (NR). of. Rx.
antennas..In.addition,.the.performance.of.NDA.ML.estimator.is.well.predicted.by.the.NDA.CCRB.

Finally,.in.Figure.11.19,.we.plotted.the.MSE.performances.of.DA.ML.and.NDA.ML.estimators.and.
their. corresponding. CCRBs.and.MCRBs. for. a.4.×.4.MIMO.system..Figure.11.19. shows. the. superior.
performance.of.DA.ML.estimator.relative.to.NDA.ML.estimator..This.is.a.reasonable.fact.because.DA.
ML.exploits.the.additional.information.given.by.knowledge.of.Tx.data.symbols..Furthermore,.Figure.
11.19.shows.that.in.the.NDA.estimation.framework,.there.a.significant.gap.between.CCRB.and.MCRB,.
a.fact.which.might.suggest.the.existence.of.NDA.estimators.with.improved.performance.with.respect.to.
NDA.ML.estimator.
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11.8.3 carrier Recovery in MiMo Systems

Herein. subsection,. we. will. consider. the. carrier. synchronization. problem. in. an. NT.×.NR. MIMO. flat-
fading.channel,.where.all.the.Tx/Rx.antenna.pairs.are.subject.to.the.same.frequency.offset.F..Assuming.
perfect.timing.synchronization.(no.timing.delay.τo.=0),.based.on.Equation.11.39.the.output.of.the.jth.Rx.
antenna.is.modeled.as

.
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(11.57)

Sampling. rj(t). at. the. symbol. period. T. leads. to. the. discrete-time. model. for. the. output. of. the. jth.
antenna:
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(11.58)

where. rj(k).=.rj(kT). and. nj(k).=.nj(kT).. Introducing. the. vectors:. r( ) ( ) ( )k r k r kN= ⎡⎣ ⎤⎦1     …
R

T
,.

d n( ) ( ) ( ) ( ) ( ) ( ) ,k d k k k n k n kN N= ⎡⎣ ⎤⎦ = ⎡⎣ ⎤⎦1 1    d , and     … …
T R

T T
. Equation. 11.58. is. expressed. in. the.

equivalent.vector-form.equation:

. r k k k k KFTk( ) ( ) ( ), , , .= + = −α πH d nT je 2 0 1… . (11.59)
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Based.on.Equation.11.59,.the.DA.ML.estimates.of.carrier.frequency.offset.F.and.unknown.channel.
matrix.H.are.obtained.by.following.the.same.steps.as.in.the.SISO.case,.and.it.reduces.to.the.minimiza-
tion.of.the.nonlinear.least-squares.criterion:
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Equating.to.zero.the.gradient.of.L(r|H,F).with.respect.to.H.and.F,.it.follows.that.the.DA.ML.estimates.
of.H.and.F.are.given.by.[45]:
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where
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Similar.to.the.SISO.setup,.no.closed-form.expression.exists.for.the.DA.ML.estimator.of.carrier.fre-
quency.offset.in.the.MIMO.setup..Because.finding.the.maximum.of.Equation.11.61.is.computationally.
expensive,.in.practice,.sub-optimal.but.more.computationally.efficient.carrier.frequency.offset.estimators.
are.preferred..An.example.of.such.sub-optimal.but.computationally.efficient.carrier.offset.estimator.was.
recently.proposed.in.Reference.45.by.mimicking.the.frequency.estimators.proposed.for.SISO.channels.in.
[17,18],.which.basically.resumes.to.weighting.appropriately.the.phases.of.correlation.terms.R(k).and.tak-
ing.advantage.of.diversity.offered.by.the.NR.receive.antennas..In.closing.this.subsection,.we.remark.that.
the.ML.estimator. (11.61). is. efficient. in. the. sense. that. it. achieves. the.CRB.at.medium.and.high.SNRs.
[45,46].

11.8.4 conclusions

The.slightly.more.general.problem.of.DA.ML.joint.estimation.of.carrier.frequency.offsets.and.channel.
gains.in.a.MIMO.flat-fading.channel.with.different.frequency.offsets.between.different.Tx/Rx.antenna.
pairs.was.recently.addressed.in.Reference.46..However,.the.more.general.problem.of.designing.compu-
tationally.efficient.ML.algorithms.for. joint.estimation.of.carrier.frequency.offsets,. timing.delays.and.
propagation.channel.in.a.MIMO.flat.or.frequency-selective.fading.channel.is.still.open..Partial.attempts.
based.on.the.use.of.EM-algorithm.and.message.passing.algorithms.in.factor.graphs.were.proposed.for.
SISO.and.MIMO.joint.carrier.synchronization.and.data.demodulation..However,.the.high.computational.
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complexity.and.lack.of.guaranteed.convergence.results.still.prohibit.the.wide.spread.of.these.algorithms.
to. practical. systems.. Another. open. research. problem. is. the. design. of. optimal. training. sequences. to.
reduce.the.implementation.complexity.of.channel.estimation.and.synchronization.algorithms.and.in.
the.same.time.to.improve.the.estimation.accuracy.of.channel.and.synchronization.parameters..In.this.
context,.[46].developed.a.set.of.optimal.training.sequences.that.minimize.the.asymptotic.Cramer–Rao.
bound.of.carrier.frequency.offsets.in.a.MIMO.system.and.that.also.reduce.the.implementation.complex-
ity.of.the.ML.estimator.

Good. functioning. of. communication. receivers. requires. proper. time. and. carrier. frequency. and.
phase.synchronization..Despite.the.huge.advances.reported.during.the.last.few.decades,.synchroniza-
tion.continues.to.represent.a.complex,.and.very.challenging.and.important.task.in.the.design.of.any.
communication. system.. Furthermore,. current. developments. in. the. field. of. telecommunications.
.suggest. that. more. complex. and. diverse. communications. systems. are. being. built.. Therefore,. one.
expects.a.proportional.increase.in.the.complexity.and.diversity.of.the.synchronization.schemes.that.
will.have.to.satisfy.the.design.challenges.and.requirements.of.these.new.communications.systems..It.
is.interesting.to.observe.that.current.research.directions.in.the.field.of.cooperative.(virtual.MIMO).
wireless. communications. networks. and. wireless. ad-hoc. (sensor). networks. bring. new. challenges. in.
terms.of.synchronizing.the.nodes.of.these.networks..These.trends.have.also.been.visible.during.the.
recent.years.due.to.the.huge.interest.toward.developing.efficient.synchronization.schemes.for.multi-
carrier.OFDM,.OFDMA.and.MIMO–OFDM.systems,.as.well.as.for.ultra-wideband.communication.
systems.
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12.1 introduction

Pseudonoise sequences.(PN.sequences),.also.referred.to.as.pseudorandom.sequences,.are.sequences.that.
are.deterministically.generated.and.yet.possess.some.properties.that.one.would.expect.to.find.in.ran-
domly.generated.sequences..Applications.of.PN.sequences.include.signal.synchronization,.navigation,.
radar.ranging,. random.number.generation,. spread-spectrum.communications,.multipath.resolution,.
cryptography,. and. signal. identification. in. multiple-access. communication. systems.. The. correlation.
between.two.sequences.{x(t)}.and.{y(t)}.is.the.complex.inner.product.of.the.first.sequence.with.a.shifted.
version.of.the.second.sequence..The.correlation.is.called.(1).an.autocorrelation.if.the.two.sequences.are.
the.same,.(2).a.cross-correlation.if.they.are.distinct,.(3).a.periodic.correlation.if.the.shift.is.a.cyclic.shift,.
(4).an.aperiodic. correlation. if. the. shift. is.not. cyclic,. and. (5).a.partial-period.correlation. if. the. inner.
.product. involves. only. a. partial. segment. of. the. two. sequences.. More. precise. definitions. are. given.
subsequently.

Binary.m.sequences,.defined.in.the.next.section,.are.perhaps.the.best-known.family.of.PN.sequences..
The.balance,.run-distribution,.and.autocorrelation.properties.of.these.sequences.mimic.those.of.ran-
dom.sequences..It.is.perhaps.the.random-like.correlation.properties.of.PN.sequences.that.make.them.
most.attractive.in.a.communication.system,.and.it.is.common.to.refer.to.any.collection.of.low-.correlation.
sequences.as.a.family.of.PN.sequences.

Section.12.2.begins.by.discussing.m.sequences..Thereafter,.the.discussion.continues.with.a.descrip-
tion.of.sequences.satisfying.various.correlation.constraints.along.the.lines.of.the.accompanying.self-
explanatory.figure.(Figure.12.1).
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Expanded.tutorial.discussions.on.pseudorandom.sequences.may.be.found.in.[9],.[11],.[12],.[13, Chapter 21],.
[27],.and.[28,.Chapter.5]..Sequence.design.related. to.peak-power.control. is.covered. in. [19].while. some.
recent.advances.in.the.area.are.covered.in.[10].

12.2 m Sequences

A.binary.{0,1}.shift-register.sequence.{s(t)}.is.a.sequence.that.satisfies.a.linear.recurrence.relation.of.the.
form

.
f s t i ti

i

r

( ) ,+ = ≥
=
∑ 0 0

0

for all 
.

(12.1)

where.r.≥.1.is.the.degree.of.the.recursion;.the.coefficients.fi.belong.to.the.field.GF(2).=.{0,1}.where.the.
leading.coefficient.fr.=.1..Thus,.both.sequences.{a(t)}.and.{b(t)}.appearing.in.Figure.12.2.are.shift-register.
sequences.
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FIGURE 12.1 Overview.of.pseudonoise.sequences.
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FIGURE 12.2 An.example.Gold.sequence.generator..Here,.{a(t)}.and.{b(t)}.are.m.sequences.of.length.7.
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A.sequence.satisfying.a.recursion.of.the.form.in.Equation.12.1.is.said.to.have.characteristic  polynomial.
f x f xi

r
i

i( ) = ∑ =0 .. Thus,. {a(t)}. and. {b(t)}. have. characteristic. polynomials. given. by. f(x).=.x3.+.x.+.1. and.
f(x).=.x3.+.x2.+.1,.respectively.

Since.an.r-bit.binary.shift.register.can.assume.a.maximum.of.2r.different.states,.it.follows.that.every.
shift-register.sequence.{s(t)}.is.eventually.periodic.with.period.n.≤.2r,.that.is,

. s t s t n t N( ) ( ),= + ≥for all 

for.some.integer.N..In.fact,.the.maximum.period.of.a.shift-register.sequence.is.2r – 1,.since.a.shift.register.
that.enters.the.all-zero.state.will.remain.forever.in.that.state..The.upper.shift.register.in.Figure.12.2.when.
initialized.with.starting.state.001.generates.the.periodic.sequence.{a(t)}.given.by

. 0010111 0010111 0010111 � . (12.2)

of.period.n.=.7..It.follows.then.that.this.shift.register.generates.sequences.of.maximal.period.starting.
from.any.nonzero.initial.state.

An.m. sequence. is. simply.a.binary.shift-register.sequence.having.maximal.period..For.every.r.≥.1,.
m sequences.are.known.to.exist..The.periodic.autocorrelation.function.θs.of.a.binary.{0,1}.sequence.{s(t)}.
of.period.n.is.defined.by

.
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An.m.sequence.of.length.n.=.2r.–.1.has.the.following.attributes:.(1).Balance property:.in.each.period.
of.the.m.sequence.there.are.2r−1.ones.and.2r−1.–.1.zeros..(2).Run property:.every.nonzero.binary.s-tuple,.
s.≤.r.occurs.2r−s.times,.the.all-zero.s-tuple.occurs.2r−s.–.1.times..(3).Two-level autocorrelation function:
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The.first. two.properties. follow. immediately. from.the.observation. that.every.nonzero.r-tuple.occurs.
precisely.once.in.each.period.of.the.m.sequence..For.the.third.property,.consider.the.difference.sequence.
{s(t.+.τ).–.s(t)}.for.τ.≠.0..This.sequence.satisfies.the.same.recursion.as.the.m.sequence.{s(t)}.and.is.clearly.not.
the.all-zero.sequence..It.follows,.therefore,.that.{s(t.+.τ)–s(t)}.≡.{s(t.+.τ′)}.for.some.τ′,.0.≤.τ′.≤.n–1,.that.is,.a.
different.cyclic.shift.of.the.m.sequence.{s(t)}..The.balance.property.of.the.sequence.{s(t.+.τ′)}.then.gives.us.
attribute.3..The.m.sequence.{a(t)}.in.Equation.12.2.can.be.seen.to.have.the.three.listed.properties.

If.{s(t)}.is.any.sequence.of.period.n.and.d.is.an.integer,.1.≤.d.≤.n,.then.the.mapping.{s(t)}.→.{s(dt)}.is.
referred.to.as.a.decimation.of.{s(t)}.by.the.integer.d..If.{s(t)}.is.an.m.sequence.of.period.n.=.2r.–.1.and.d.is.
an. integer. relatively. prime. to. 2r.–.1,. then. the. decimated. sequence. {s(dt)}. clearly. also. has. period. n..
Interestingly,.it.turns.out.that.the.sequence.{s(dt)}.is.always.also.an.m.sequence.of.the.same.period..For.
example,.when.{a(t)}.is.the.sequence.in.Equation.12.2,.then

. a t( )3 0011101 0011101 0011101= … . (12.4)

and

. a t( )2 0111001 0111001 0111001= … .. (12.5)
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The.sequence.{a(3t)}.is.also.an.m.sequence.of.period.7,.since.it.satisfies.the.recursion

. s t s t s t( ) ( ) ( )+ + + + =3 2 0 for all t

of.degree.r.=.3..In.fact,.{a(3t)}.is.precisely.the.sequence.labeled.{b(t)}.in.Figure.12.2..The.sequence.{a(2t)}.
is. simply. a. cyclically. shifted. version. of. {a(t)}. itself;. this. property. holds. in. general.. If. {s(t)}. is. any. m.
sequence.of.period.2r.–.1,.then.{s(2t)}.will.always.be.a.shifted.version.of.the.same.m.sequence..Clearly,.
the.same.is.true.for.decimations.by.any.power.of.2.

Starting.from.an.m.sequence.of.period.2r.–.1,.it.turns.out.that.one.can.generate.all.m.sequences.of.the.
same. period. through. decimations. by. integers. d. relatively. prime. to. 2r.–.1.. The. set. of. integers. d,.
1.≤.d.≤.2r.–.1.satisfying.(d,2r.–.1).=.1.forms.a.group.under.multiplication.modulo.2r.–.1,.with.the.powers.
{2i|0.≤.i.≤.r.–.1}.of.2.forming.a.subgroup.of.order.r..Since.decimation.by.a.power.of.2.yields.a.shifted.ver-
sion. of. the. same. m. sequence,. it. follows. that. the. number. of. distinct. m. sequences. of. period. 2r.–.1. is.
[ϕ(2r.–.1)/r],.where.ϕ(n).denotes.the.number.of.integers.d,.1.≤.d.≤.n,.relatively.prime.to.n..For.example,.
when.r.=.3,. there.are. just. two.cyclically.distinct.m. sequences.of.period.7,.and.these.are.precisely. the.
sequences.{a(t)}.and.{b(t)}.discussed.in.the.preceding.paragraph..The.tables.provided.in.[25].can.be.used.
to.determine.the.characteristic.polynomial.of.the.various.m.sequences.obtainable.through.the.decima-
tion.of.a.single.given.m.sequence..The.classical.reference.on.m.sequences.is.[11].

If.one.obtains.a.sequence.of.some.large.length.n.by.repeatedly.tossing.an.unbiased.coin,.then.such.a.
sequence.will.very.likely.satisfy.the.balance,.run,.and.autocorrelation.properties.of.an.m.sequence.of.
comparable.length..For.this.reason,.it.is.customary.to.regard.the.extent.to.which.a.given.sequence.pos-
sesses. these.properties.as.a.measure.of.randomness.of. the.sequence..Quite.apart. from.this,. in.many.
applications.such.as.signal.synchronization.and.radar.ranging,. it. is.desirable.to.have.sequences.{s(t)}.
with.low.autocorrelation.sidelobes,.that.is,.|θs(τ)|.is.small.for.τ.≠.0..Whereas.m.sequences.are.a.prime.
example,. there. exist. other. methods. of. constructing. binary. sequences. with. low. out-of-phase.
autocorrelation.

Sequences.{s(t)}.of.period.n.having.an.autocorrelation.function.identical.to.that.of.an.m.sequence,.
that.is,.having.θs.satisfying.Equation.12.3.correspond.to.well-studied.combinatorial.objects.known.as.
cyclic Hadamard difference sets..Known.infinite.families.of.such.difference.sets.fall.into.three.classes:.
(1).Singer.and.Gordon,.Mills,.and.Welch.(GMW),.(2).quadratic.residue,.and.(3).twin-prime.difference.
sets..These.correspond,.respectively,.to.sequences.of.period.n.of.the.form.n.=.2r.–.1,.r.≥.1;.n.prime;.and.
n.=.p(p.+.2).with.both.p.and.p.+.2.being.prime.in.the.last.case..For.a.detailed.treatment.of.cyclic.differ-
ence.sets,.see.[3].

Some.40.years.after.the.appearance.of.the.GMW.construction,.new.and.interesting.cyclic.Hadamard.
difference.sets.with.Singer.parameters.were.discovered.in.the.late.1990s.by.several.research.groups..In.
1998,.Maschietti.[21].constructed.a.new.family.of.cyclic.Hadamard.difference.sets.that.were.based.on.the.
theory.of.hyperovals.in.finite.projective.geometry..Around.the.same.time,.several.difference.sets.were.
postulated.by.No.et al..in.[23].based.on.the.results.of.a.numeric.search.and.these.led.to.a.subsequent.
postulate.by.Dobbertin.[8]..All.postulates.have.now.been.confirmed.to.hold..The.difference.sets.postu-
lated.by.No.et al..and.Dobbertin.were.subsequently.shown.by.Dillon.[6].and.Dillon.and.Dobbertin.[7].to.
be.examples.of.difference.sets.constructed.by.considering.the.image.set,.in.a.finite.field.with.2m.elements,.
of.one.of.two.mappings

.

x x x d m k
x x x d

d d k k

d d

→ + + + = − + =

→ + + =

( ) gcd( , )
( )

1 1 2 2 1 1
1

2for and or 
for 22 2 1 3 12k k k− + ≡and  ( ).mod m

The.status.at.present.is.that.all.binary.sequences.of.period.2n.–.1.with.ideal.autocorrelation.for.n.≤.10.
can.now.be.explained.using.known.constructions.
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12.3 the q-ary Sequences with Low Autocorrelation

As.defined.earlier,.the.autocorrelation.of.a.binary.{0,1}.sequence.{s(t)}.leads.to.the.computation.of.the.
inner.product.of.an. {–1,.+1}.sequence.{(–1)s(t)}.with.a.cyclically. shifted.version.{(–1)s(t+τ)}.of. itself..The.
{–1,.+1}.sequence.is.transmitted.as.a.phase.shift.by.either.0°.or.180°.of.a.radio-frequency.carrier,.that.is,.
using.binary.phase-shift.keying.(PSK).modulation..If.the.modulation.is.q-ary.PSK,.then.one.is.led.to.
consider.sequences.{s(t)}.with.symbols.in.the.set.Zq ,.that.is,.the.set.of.integers.modulo.q..The.relevant.
autocorrelation.function.θs(τ).is.now.defined.by

.
θs

s t s t

t o

n

( ) ,( ) ( )τ ω τ= + −

=

−

∑
1

where. n. is. the. period. of. {s(t)}. and. ω. is. a. complex. primitive. qth. root. of. unity. such. as,. for. example,.
ω π= ei q( / )2 ..It.is.possible.to.construct.sequences.{s(t)}.over.Zq .whose.autocorrelation.function.satisfies

.
θs

n
( )

.
τ

τ
τ

=
=

≠

⎧
⎨
⎪

⎩⎪

if
if

0
0 0

For.obvious.reasons,.such.sequences.are.said.to.have.an.ideal autocorrelation function.
We.provide.without.proof. two. sample. constructions..The.sequences. in. the.first. construction.are.

given.by

.
s t

t n n
t t n n

( )
(mod )

( )
=

+

⎧
⎨
⎪

⎩⎪

2 2
1 2

/ when is even
/ (mod ) when is odd.

Thus,.this.construction.provides.sequences.with.ideal.autocorrelation.for.any.period.n..Note.that.the.
size.q.of.the.sequence.symbol.alphabet.equals.n.when.n.is.odd.and.2n.when.n.is.even.

The.second.construction.also.provides.sequences.over.Zq .of.period.n.but.requires.that.n.be.a.perfect.
square..Let.n.=.r2.and.let.π.be.an.arbitrary.permutation.of.the.elements.in.the.subset.{0,1,2,. . .,(r.–.1)}.of.Zn:.
Let.g.be.an.arbitrary.function.defined.on.the.subset.{0,1,2,. . .,r.–.1}.of.Zn ..Then,.any.sequence.of.the.form

. s t rt t g t n( ) ( ) ( ) (mod ),= +1 2 2π

where. t.=.rt1.+.t2. with. 0.≤.t1,. t2.≤.r.–.1. is. the. base-r. decomposition. of. t,. has. an. ideal. autocorrelation.
.function..When.the.alphabet.size.q.equals.or.divides.the.period.n.of.the.sequence,.ideal.autocorrelation.
sequences.also.go.by.the.name.generalized bent functions..For.details,.see.[17]..A.different.approach.to.
the.construction.of.ideal.autocorrelation.sequences.and.based.on.the.Zak.transform,.is.described.in.[1].

12.4 Families of Sequences with Low cross-correlation

Given. two. sequences. {s1(t)}. and. {s2(t)}. over.Zq . of. period. n,. their. cross-correlation. function. θ1,2(τ). is.
defined.by

.
θ1 2

1

1 2
,

( ) ( )( ) ,τ ω τ= + −

=

−

∑ s t s t

t o

n
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where.ω.is.as.before.a.primitive.qth.root.of.unity..The.cross-correlation.function.is.important.in.code-
division.multiple-access.(CDMA).communication.systems..Here,.each.user.is.assigned.a.distinct.signa-
ture. sequence. and. to. minimize. interference. due. to. the. other. users,. it. is. desirable. that. the. signature.
sequences.have.pairwise,. low.values.of.cross-correlation.function..To.provide.the.system.in.addition.
with.a.self-synchronizing.capability,.it.is.desirable.that.the.signature.sequences.have.low.values.of.the.
autocorrelation.function.as.well.

Let.F .=.{{si(t)}|1.≤.i.≤.M}.be.a.family.of.M.sequences.{si(t)}.over.Zq,.each.of.period.n..Let.θi,j(τ).denote.
the.cross-correlation.between.the.ith.and.jth.sequence.at.shift.τ,.that.is,

.
θi j

s t s t

t o

n
i j n,
( ) ( )( ) , .τ ω ττ= ≤ ≤ −+ −

=

−

∑ 0 1
1

The.classical.goal.in.sequence.design.for.CDMA.systems.has.been.minimization.of.the.parameter

. θ θmax ,max{| ( ) |= ≠ ≠i j i jτ τeither or 0}

for.fixed.n.and.M..It.should.be.noted.though.that,.in.practice,.because.of.data.modulation.the.correla-
tions.that.one.runs.into.are.typically.of.an.aperiodic.rather.than.a.periodic.nature.(see.Section.12.5)..The.
problem.of.designing.for.low.aperiodic.correlation,.however,.is.a.more.difficult.one..A.typical.approach,.
therefore,.has.been.to.design.based.on.periodic.correlation,.and.then.to.analyze.the.resulting.design.for.
its. aperiodic. correlation. properties.. Again,. in. many. practical. systems,. the. mean. square. correlation.
properties.are.of.greater.interest.than.the.worst-case.correlation.represented.by.a.parameter.such.as.θmax..
The.mean.square.correlation.is.discussed.in.Section.12.6.2..Low.correlation.zone.sequences,.described.
in. Section. 12.6.3,. are. of. interest. when. the. CDMA. system. possesses. approximate,. but. not. perfect.
synchronism.

Bounds.on.the.minimum.possible.value.of.θmax.for.given.period.n,.family.size.M,.and.alphabet.size.q.
are.available. that.can.be.used.to. judge.the.merits.of.a.particular.sequence.design..The.most.efficient.
bounds.are.those.due.to.Welch,.Sidelnikov,.and.Levenshtein;.see.[13]..In.CDMA.systems,.there.is.great-
est. interest. in. designs. in. which. the. parameter. θmax. is. in. the. range. n n≤ ≤θmax 2 .. Accordingly,.
Table 12.1.uses.the.Welch,.Sidelnikov,.and.Levenshtein.bounds.to.provide.an.order-of-magnitude.upper.
bound.on.the.family.size.M.for.certain.θmax.in.the.cited.range.

Practical.considerations.dictate.that.q.be.small..The.bit-oriented.nature.of.electronic.hardware.makes.
it.preferable.to.have.q.a.power.of.2..With.this.in.mind,.a.description.of.some.efficient.sequence.families.
having.low.auto-.and.cross-correlation.values.and.alphabet.sizes.q.=.2.and.q.=.4.are.described.below..
Also.included.below.is.a.description.of.a.family.of.low-correlation.sequences.over.the.M2-quadrature.
amplitude.modulation.(QAM).alphabet.for.M.=.2m.as.this.is.an.alphabet.in.common.use.in.present-day.
communication. systems..A.discussion.on. the.construction.of. families.of. ideal-autocorrelation q-ary.
sequences.with.low.values.of.cross-correlation.can.be.found.in.[1].

TABLE 12.1 Bounds.on.Family.Size.M.for.Given.n,.θmax

θmax Upper.Bound.on.M.(q.=.2) Upper.Bound.on.M.(q.>.2)

n n/2 n

2n n n2/2

2 n 3n2/10 n3/2
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12.4.1 Gold and Kasami Sequences

Given.the.low.autocorrelation.sidelobes.of.an.m.sequence,.it.is.natural.to.attempt.to.construct.families.
of.low.correlation.sequences.starting.from.m.sequences..Two.of.the.better.known.constructions.of.this.
type.are.the.families.of.Gold.and.Kasami.sequences.

Let.r.be.odd.and.d.=.2k.+.1,.where.k,.1.≤.k.≤.r.–.1,.is.an.integer.satisfying.(k,.r).=.1..Let.{s(t)}.be.a.cyclic.
shift.of.an.m.sequence.of.period.n.=.2r.–.1.that.satisfies.s t( )d /≡ 0.and.let.G.be.the.Gold.family.of.2r.+.1.
sequences.given.by

. G = + + ≤ ≤ −{ ( )} { ( )} {{ ( ) ( [ ])} | }.s t s t s t s d t n∪ ∪d τ τ0 1

Then,. each. sequence. in. G. has. period. 2r.–.1. and. the. maximum-correlation. parameter. θmax. of. G.
satisfies

. θmax .≤ ++2 11r

An.application.of.the.Sidelnikov.bound.coupled.with.the.information.that.θmax.must.be.an.odd.inte-
ger.yields.that.for.the.Family.G,.θmax.is.as.small.as.it.can.possibly.be..In.this.sense,.Family.G.is.an.optimal.
family..We.remark.that.these.comments.remain.true.even.when.d.is.replaced.by.the.integer.d.=.22k.–.2k.+.1.
with.the.conditions.on.k.remaining.unchanged..The.Gold.family.remains.the.best-known.family.of.m.
sequences.having. low.cross-correlation.. Applications. include. the.Navstar.Global.Positioning. System.
whose.signals.are.based.on.Gold.sequences.

The.family.of.Kasami.sequences.has.a.similar.description..Let.r.=.2v.and.d.=.2v.+.1..Let. {s(t)}.be.a.
cyclic. shift. of. an. m. sequence. of. period. n.=.2r.–.1. that. satisfies. s t( )d /≡ 0,. and. consider. the. family. of.
Kasami.sequences.given.by

. K = + + ≤ ≤ −{ ( )} {{ ( ) ( [ ])} | }.s t s t s d t v∪ τ τ0 2 2

Then.the.Kasami.family.K.contains.2v.sequences.of.period.2r.–.1..It.can.be.shown.that.in.this.case

. θmax .= +1 2v

This.time.an.application.of.the.Welch.bound.and.the.fact.that.θmax.is.an.integer.shows.that.the.Kasami.
family.is.optimal.in.terms.of.having.the.smallest.possible.value.of.θmax.for.given.n.and.M.

12.4.2 Quaternary Sequences

The.entries.in.Table.12.1.suggest.that.nonbinary.(i.e.,.q.>.2).designs.may.be.used.for.improved.perfor-
mance..A.family.of.quaternary.sequences.that.outperform.the.Gold.and.Kasami.sequences.is.now.dis-
cussed.below.

Let.f(x).be.the.characteristic.polynomial.of.a.binary.m.sequence.of.length.2r.–.1.for.some.integer.r..
The.coefficients.of.f(x).are.either.0.or.1..Now,.regard.f(x).as.a.polynomial.over.Z4 .and.form.the.product.
(–1)rf(x)f(–x)..This.can.be.seen.to.be.a.polynomial.in.x2..Define.the.polynomial.g(x).of.degree.r.by.set-
ting.g(x2).=.(–1)rf(x)f(–x)..Let. g x g xi

r
i

i( ) = ∑ =0 .and.consider. the.set.of.all.quaternary.sequences.{a(t)}.
satisfying.the.recursion.∑ + ==i

r
ig a t i0 0 4( ) (mod ).for.all.t.

It.turns.out.that.with.the.exception.of.the.all-zero.sequence,.all.of.the.sequences.generated.in.this.way.
have. period. 2r.–.1.. Thus,. the. recursion. generates. a. Family. A. of. 2r.+.1. cyclically. distinct. quaternary.
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sequences..Closer.study.reveals. that. the.maximum.correlation.parameter.θmax.of. this. family.satisfies.
θmax 1 2≤ + r ..Thus,. in.comparison.with.the.family.of.Gold.sequences,.the.Family.A.offers.a. lower.
value.of.θmax.(by.a.factor.of. 2 ).for.the.same.family.size..In.comparison.with.the.set.of.Kasami.sequences,.
it.offers.a.much.larger.family.size.for.the.same.bound.on.θmax..Family.A.sequences.are.discussed.in.[13].
and.in.the.references.contained.therein.

We.illustrate.with.an.example..Let.f(x).=.x3.+.x.+.1.be.the.characteristic.polynomial.of.the.m.sequence.
{a(t)}.in.Equation.12.1..Then,.over.Z4

. g x f x f x x x x( ) ( ) ( ) ( )2 3 6 4 21 2 3= − − = + + +

so.that.g(x).=.x3.+.2x2.+.x.+.3..Thus,.the.sequences.in.Family.A.are.generated.by.the.recursion.s(t.+.3) + 
2s(t.+.2).+.s(t.+.1).+.3s(t).=.0.(mod.4)..The.corresponding.shift.register.is.shown.in.Figure.12.3.

By. varying. initial. conditions,. this. shift. register. can. be. made. to. generate. nine. cyclically. distinct.
sequences,.each.of.length.7..In.this.case,.θmax ≤ +1 8 .

12.4.3 Binary Kerdock Sequences

The. Gold. and. Kasami. families. of. sequences. are. closely. related. to. binary. linear. cyclic. codes.. It. is.
known.in.coding.theory,.that.there.exists.nonlinear.binary.codes.the.performance.of.which.exceeds.
that.of.the.best-possible.linear.code..Surprisingly,.some.of.these.examples.come.from.binary.codes,.
which. are. images. of. linear quaternary. (q.=.4). codes. under. the. Gray. map:. 0.→.00,. 1.→.01,. 2.→.11,.
3.→.10..A.prime.example.of.this.is.the.Kerdock.code,.which.has.been.shown.to.be.the.Gray.image.of.
a.quaternary. linear.code..Thus,. it. is.not.surprising.that. the.Kerdock.code.yields.binary.sequences,.
which.we. term.as.Kerdock. sequences.here,.which. improve.upon. the.performance.of. the. family.of.
Kasami.sequences.

The.Kerdock.sequences.may.be.constructed.as.follows:.let.f(x).be.the.characteristic.polynomial.of.an.
m.sequence.of.period.2r.–.1,.r.odd..As.before,.regarding.f(x).as.a.polynomial.over.Z4 .(which.happens.to.
have.{0,.1}.coefficients),.let.the.polynomial.g(x).over.Z4 .be.defined.via.g(x2).=.–f(x)f(–x)..Thus,.g(x).is.the.
characteristic.polynomial.of.a.Family.A.sequence.set.of.period.2r.–.1..Set. h x g x h xi

r
i

i( ) ( )= − − = ∑ =0 ,.and.
let.S.be.the.set.of.all.Z4 .sequences.satisfying.the.recursion.∑ + ==i

r
ih s t i0 0( ) ..Then,.Family.S.contains.

4r-distinct.sequences.corresponding.to.all.possible.distinct.initializations.of.the.shift.register.
Let.T.denote.a.subset.of.S.of.size.2r.consisting.of.those.sequences.corresponding.to.initializations.of.

the.shift.register.only.using.the.symbols.0.and.2.in.Z4 ..Then.the.set.S.–.T.of.size.4r.–.2r.contains.a.set.U.
of.2r−1.cyclically.distinct.sequences.each.of.period.2(2r.–.1)..Given.x.=.a.+.2b ∈.Z4 .with.a,b.∈.{0,1},.let.
μ denote.the.most.significant.bit.(MSB).map.μ(x).=.b..Let.KE.denote.the.family.of.2r−1.binary.sequences.
obtained.by.applying.the.map.μ.to.each.sequence.in.U..It.turns.out.that.each.sequence.in.U.also.has.
period.2(2r.–.1).and.that,.furthermore,.for.the.Family.KE,.θmax ≤ + +2 2 1r ..Thus,.KE.is.a.much.larger.
family.than.the.Kasami.family,.while.having.almost.exactly.the.same.value.of.θmax.

s(t) s(t + 3)

++

× 3 2×

FIGURE 12.3 Shift.register.that.generates.family.A.quaternary.sequences.{s(t)}.of.period.7.
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For.example,. taking.r.=.3.and. f(x).=.x3.+.x.+.1,.we.have. from.the.previous.Family.A. example. that.
g(x).=.x3.+.2x2.+.x.+.3,.so.that.h(x).=.–g(–x).=.x3.+.2x2.+.x.+.1..Applying.the.MSB.map.to.the.head.of.the.
shift.register,.and.discarding.initializations.of.the.shift.register.involving.only.0’s.and.2’s.yields.a.family.
of.four.cyclically.distinct.binary.sequences.of.period.14..Kerdock.sequences.are.discussed.in.[13].and.in.
the.references.contained.therein.

12.4.3.1 QAM Sequences

For.M.an.even.integer,.the.M2-QAM.alphabet.is.given.by

{ | ( ) , ( ), , }a ib M a b M a b+ − − ≤ ≤ −1 1     odd .

When.M mm= ≥2 2,  ,.this.alphabet.can.alternately.be.represented.in.the.form:

.
2 2

0

1

4i i a
k

m
k a

k
k  ∑

=

−

∈
⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
| .Z

The. connection. with. Z4 . suggests. the. use. of. quaternary. sequences. in. the. construction. of. low-.
correlation.QAM.sequences.and.an.example.construction.over.the.16-QAM.alphabet.is.presented.below..
Sequences.over. the. QAM. alphabet. are. of. interest. as. QAM. is. a. signaling. alphabet. that. is. commonly.
employed.in.practice,.and.additionally,.in.the.context.of.a.CDMA.system,.a.QAM.sequence.can.poten-
tially.be.made.to.carry.a.greater.amount.of.data..Let.the.2r.sequences.in.Family.A.of.period.N r: = −2 1.
be. partitioned. into. 2 1r− . disjoint. pairs. {{ ( ), ( )} }a t b t ii i

r | 1 2 1≤ ≤ − .. Then,. a. Family. ��. (for. canonical.
QAM.family).of.16-QAM.sequences.may.be.described.as.follows:

. �� = ≤ ≤ −{ ( ) }s t ii
r | 1 2 1 ,

where

. s t i i ii
a t b ti i( ) ( )= +( ) ( )2 2 .

For.the.Family.��,.it.can.be.shown.that.the.maximum.correlation.parameter.θmax ,.after.normaliza-
tion,.satisfies

. θmax ≤ 1 8. .N

Normalization.is.carried.out.by.dividing.each.correlation.value.θ τi j, ( ).by.the.factor.10.because.each.
sequence.s ti ( ).has.energy

.
s t Ni

t

r

( ) ,2

0

2 2

10
=

−

∑ ≈

when.one.neglects.terms.of.order. N ,.whereas,.in.comparison,.each.q-ary.sequences.of.period.N.has.
energy.N..To.convey.data,.the.actual.signal.transmitted.by.the.user.is.then.given.by

. s t i i ii
a t b ti a i b( , ) ( ),( ) ( )κ κ κ= ++ +2 2

where.κ κa b,   lie in Z4 . and. represent. data,. so. that. one. period. of. the. sequence. carries. 4. bits. of. data..
Further.details.including.improved.constructions.and.generalization.to.the.general.22m -QAM.constel-
lation.alphabet.can.be.found.in.[2],.[5],.and.[10].
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12.5 Aperiodic correlation

Let.{x(t)}.and.{y(t)}.be.complex-valued.sequences.of.length.(or.period).n,.not.necessarily.distinct..Their.
aperiodic correlation.values.{ρx,y(τ)|.–.(n.–.1).≤.τ.≤.n.–.1}.are.given.by

.
ρ τx y

t

n n

x t y t,
max{ , }

min{ , }

( ) ( ) ( ),= + ∗

= −

− − −

∑ τ
τ

τ

0

1 1

where.y*(t).denotes.the.complex.conjugate.of.y(t)..When.x.≡.y,.we.will.abbreviate.and.write.ρx.in.place.of.
ρx,y..The.sequences.described.next.are.perhaps.the.most.famous.example.of.sequences.with.low-aperi-
odic.autocorrelation.values.

12.5.1 Barker Sequences

A.binary.{–1,.+1}.sequence.{s(t)}.of.length.n.is.said.to.be.a.Barker sequence.[3].if.the.aperiodic.autocor-
relation. values. ρs(τ). satisfy. |ρs(τ)|.≤.1. for. all. τ,. –(n.–.1).≤.τ.≤.n.–.1.. The. Barker. property. is. preserved.
under.the.following.transformations:

. s t s t s t s t s t s n tt( ) ( ), ( ) ( ) ( )→ − → − → − −1 1and ( ) ( )

as.well.as.under.compositions.of.the.preceding.transformations..Only.the.following.Barker.sequences.
are.known:

.

n
n
n
n
n
n
n

= + +

= + + −

= + + + −

= + + + − +

= + + + − − + −

= + + + − − − + − − + −

= + + +

2
3
4
5
7
11
13 ++ + − − + + − + − +,

where.+.denotes.+1.and.−.denotes.–1,.apart.from.sequences.that.are.generated.from.these.via.the.trans-
formations.already.discussed..It.is.known.that.if.any.other.Barker.sequence.exists,.it.must.have.length.
n.>.1,898,884,.that.is.a.multiple.of.4.

An.upper.bound.on.the.maximum.out-of-phase.aperiodic.autocorrelation.of.an.m.sequence.can.be.
found.in.[26].

12.5.2 Sequences with High Merit Factor

The.merit factor F.of.a.{–1,.+1}.sequence.{s(t)}.is.defined.by

.

F n

s

n=

=

−

∑
2

2
1

1
2 ρ ( )

.
τ

τ

Since.ρs(τ).=.ρs(–τ).for.1.≤.|τ|.≤.n.–.1.and.ρs(0).=.n,.the.factor.F.may.be.regarded.as.the.ratio.of.the.
square. of. the. in-phase. autocorrelation,. to. the. sum. of. the. squares. of. the. out-of-phase. aperiodic.
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.autocorrelation.values..Thus,.the.merit.factor.is.one.measure.of.the.aperiodic.autocorrelation.properties.
of.a.binary.{–1,.+1}.sequence..It.is.also.closely.connected.with.the.signal.to.self-generated.noise.ratio.of.
a.communication.system.in.which.coded.pulses.are.transmitted.and.received.

Let.Fn.denote. the. largest.merit. factor.of.any.binary. {–1,.+1}. sequence.of. length.n..For.example,.at.
length.n.=.13,.the.Barker.sequence.of.length.13.has.a.merit.factor.F.=.F13.=.14.08..Assuming.a.certain.
ergodicity.postulate.it.was.established.by.Golay.that.limn→∞.Fn.=.12.32..Exhaustive.computer.searches.
carried.out.for.n.≤.40.have.revealed.the.following.

. 1..For.1.≤.n.≤.40,.n.≠.11,13.

. 2..F11.=.12.1,.F13.=.14.08,.3.3.≤.Fn.≤.9.85.

The.value.F11.is.also.achieved.by.a.Barker.sequence..From.partial.searches,.for.lengths.up.to.117,.the.
highest.known.merit.factor.is.between.8.and.9.56;.for.lengths.from.118.to.200,.the.best-known.factor.is.
close.to.6..For.lengths.>200,.statistical.search.methods.have.failed.to.yield.a.sequence.having.merit.fac-
tor.exceeding.5.

An.offset sequence.is.one.in.which.a.fraction.θ.of.the.elements.of.a.sequence.of.length.n.are.chopped.
off.at.one.end.and.appended.to.the.other.end,.that.is,.an.offset.sequence.is.a.cyclic.shift.of.the.original.
sequence.by.nθ.symbols..It.turns.out.that.the.asymptotic.merit.factor.of.m.sequences.is.equal.to.3.and.is.
independent.of.the.particular.offset.of.the.m.sequence..There.exist.offsets.of.sequences.associated.with.
quadratic-residue.and.twin-prime.difference.sets.that.achieve.a.larger.merit.factor.of.6..Details.may.be.
found.in.[14,15].

In. 1999,. Kirilusha. and. Narayanaswamy. made. the. interesting. observation. that. when. one. started.
with. a. sequence. from. a. family. with. asymptotic. merit. factor. 6. and. appended. the. initial. part. of. the.
sequence.to.the.sequence,.the.resultant.sequence.was.found.through.numerical.experiments,.to.often.
have.a.merit.factor.strictly.greater.than.6..Following.up.on.this.approach,.[4].and.[16].were.able.to.con-
struct.sequence.families.whose.asymptotic.merit.factor.was.numerically.observed.to.approach.a.value.
greater.than.6.34..An.analytical.proof.of.the.same.however,.is.still.lacking..Their.constructions.were.
based.on.cyclic.shifts.Sr.of.a.Legendre.sequence.S.by.a.fraction.r.of.the.period.to.which.is.then.appended,.
a.fraction.t,.0.<.t.<.1,.of.the.initial.portion.of.Sr..There.is.extensive.numerical.evidence.to.indicate.that.
for.large.n,.the.merit.factor.of.the.new.sequence.is.greater.than.6.2.when.r.=.0.25.and.t.≈.0.03.and.fur-
ther.that.when.r.≈.0.22.and.t.≈.0.06,.the.merit.factor.of.the.new.sequence.is.greater.than.6.34..Providing.
an.analytical.proof.of.these.properties.remains.a.challenging.open.problem..There.is.of.course.beyond.
this,. the. larger.open.question.of.determining. the. largest.possible.asymptotic.merit. factor.Fn.of.any.
binary.sequence.

12.5.3 Sequences with Low Aperiodic cross-correlation

If.{u(t)}.and.{v(t)}.are.sequences.of.length.2n.–.1.defined.by

.
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Given.a.collection

. U x t i Mi= ≤ ≤{{ ( )} | }1

of.sequences.of.length.n.over.Zq,.let.us.define

.
ρ ρmax ,max ( ) , , ,= ∈ ≠ ≠{ }a b a b U a bτ τ either or 0

It.is.clear.from.Equation.12.6.how.bounds.on.the.periodic.correlation.parameter.θmax.can.be.adapted.
to.give.bounds.on.ρmax..Translation.of.the.Welch.bound.(mentioned.earlier.in.Section.12.4).gives.that.for.
every.integer.k.≥.1,
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Setting.k.=.1.in.the.preceding.bound.gives

.
ρmax ( ) .≥

−
− −

n M
M n

1
2 1 1 . (12.7)

Thus,.for.fixed.M.and.large.n,.Welch’s.bound.gives

. ρmax
/( ).≥ O n1 2

.

There.exist.sequence.families.which.asymptotically.achieve.ρmax.≈.O(n1/2).[22].

12.6 other correlation Measures

12.6.1 Partial-Period correlation

The. partial-period. (p-p). correlation. between. the. sequences. {u(t)}. and. {v(t)}. is. the. collection.
{Δu,v(l,τ,t0)|1.≤.l.≤.n,.0.≤.τ.≤.n.–.1,.0.≤.t0.≤.n.–.1}.of.inner.products

.
Δu v

t t

t l

l t u t v t, ( , , ) ( ) ( ),τ τ0

1

0

0

= + ∗
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+ −

∑

where.l.is.the.length.of.the.partial.period.and.the.sum.t.+.τ.is.again.computed.modulo.n..In.direct-
sequence.CDMA.systems,.the.pseudorandom.signature.sequences.used.by.the.various.users.are.often.
very.long.for.reasons.of.data.security..In.such.situations,.to.minimize.receiver.hardware.complexity,.
correlation.over.a.partial.period.of.the.signature.sequence.is.often.used.to.demodulate.data.as.well.as.
to. achieve. synchronization.. For. this. reason,. the. p-p. correlation. properties. of. a. sequence. are. of.
interest.
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Researchers.have.attempted.to.determine.the.moments.of.the.p-p.correlation..Here,.the.main.tool.is.
the.application.of.the.Pless.power-moment.identities.of.coding.theory.[20]..The.identities.often.allow.the.
first.and.second.p-p.correlation.moments.to.be.completely.determined..For.example,.this.is.true.in.the.
case.of.m.sequences.(the.remaining.moments.turn.out.to.depend.upon.the.specific.characteristic.poly-
nomial.of.the.m.sequence)..Further.details.may.be.found.in.[28].

12.6.2 Mean Square correlation

Frequently. in. practice,. there. is. a. greater. interest. in. the. mean-square. correlation. distribution. of. a.
sequence. family. than. in. the. parameter. θmax.. Quite. often. in. sequence. design,. the. sequence. family. is.
derived.from.a.linear,.binary.cyclic.code.of.length.n.by.picking.a.set.of.cyclically.distinct.sequences.of.
period.n..The.families.of.Gold.and.Kasami.sequences.are.so.constructed..In.this.case,.as.pointed.out.by.
Massey,.the.mean.square.correlation.of.the.family.can.be.shown.to.be.either.optimum.or.close.to.opti-
mum,.under.certain.easily.satisfied.conditions,.imposed.on.the.minimum.distance.of.the.dual.code..A.
similar.situation.holds.even.when.the.sequence.family.does.not.come.from.a.linear.cyclic.code..In.this.
sense,.mean.square.correlation.is.not.a.very.discriminating.measure.of.the.correlation.properties.of.a.
family.of.sequences..More.details.may.be.found.in.[13].

12.6.3 Low-correlation Zone Sequences

For.the.case.when.there.is.approximate,.but.not.perfect.synchronism.present.in.a.CDMA.communica-
tion.system,.there.is.interest.in.the.design.of.families.of.sequences.whose.auto-.and.cross-correlations.
are.small.for.small.values.of.relative.time.shift.[18]..In.this.context,.a.low.correlation.zone.(LCZ).sequence.
family.{ ( )}s ti i

M
=1 . is.defined.as.one.in.which.the.nontrivial.auto-.and.cross-correlation.values.are.small.

(typically.0.or.−1).for.small.values.of.the.time-shift.parameter.τ,.that.is,

. | ( ) | | | , , | | ,,θ τ δ τ τi j L i j L≤ ≠ ≤ <for and for when < =1 i j.

Four.parameters.(N,M,L,δ).characterize.an.LCZ.sequence.family,.namely,.the.size.M.of.the.family,.
the.common.period.N.of.each.sequence.in.the.family,.the.time.duration.L.of.the.low.correlation.zone,.
and.the.upper.bound.δ.on.correlation.magnitudes.within.the.low.correlation.zone..The.size.M.of.an.
(N,M,L,δ).LCZ.sequence.family.is.upper.bounded.[29].by

.
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1 1

1
2δ

.

.

(12.8)

For.more.details,.the.reader.is.referred.to.the.overview.in.[10].and.to.the.references.cited.therein.

12.6.4 optical orthogonal codes

Given.a.pair.of.{0,1}.sequences.{s1(t)}.and.{s2(t)}.each.having.period.n,.we.define.the.Hamming correlation.
function.θ12(τ),.0.≤.τ.≤.n.–.1,.by

.
θ12 1 2

0

1

( ) ( ) ( ).τ τ= +
=

−

∑ s t s t
t

n

Such.correlations.are.of.interest,.for.instance,.in.optical.communication.systems.where.the.1’s.and.0’s.
in.a.sequence.correspond.to.the.presence.or.absence.of.pulses.of.transmitted.light.
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An.(n,w,λ).optical.orthogonal.code.(OOC).is.a.Family.F .=.{{si(t)}|i.=.1,2,. . .,M},.of.M{0,1}.sequences.
of.period.n,. constant.Hamming.weight.w,.where.w. is. an. integer. lying.between.1.and.n.–.1. satisfying.
θij(τ).≤.λ.whenever.either.i.≠.j.or.τ.≠.0.

Note.that.the.Hamming.distance.da,b.between.a.period.of.the.corresponding.codewords.{a(t)},.{b(t)},.
0.≤.t.≤.n.–.1. in.an.(n,w,λ).OOC.having.Hamming.correlation.ρ,.0.≤.ρ.≤.λ,. is.given.by.da,b.=.2(w.–.ρ),.
and,.thus,.OOCs.are.closely.related.to.constant-weight.error.correcting.codes..Given.an.(n,w,λ).OOC,.by.
enlarging.the.OOC.to.include.every.cyclic.shift.of.each.sequence.in.the.code,.one.obtains.a.constant-
weight,. minimum-distance. dmin.≥.2(w.–.λ). code.. Conversely,. given. a. constant-weight. cyclic. code. of.
length.n,.weight.w,.and.minimum.distance.dmin,.one.can.derive.an.(n,w,λ).OOC.code.with.λ.≤.w.–.dmin/2.
by.partitioning.the.code.into.cyclic.equivalence.classes.and.then.picking.precisely.one.representative.
from.each.equivalence.class.of.size.n.

By.making.use.of.this.connection,.one.can.derive.bounds.on.the.size.of.an.OOC.from.known.bounds.
on.the.size.of.constant-weight.codes..The.bound.given.next.follows.directly.from.the.Johnson.bound.for.
constant.weight.codes.[20]..The.number.M(n,w,λ).of.codewords.in.a.(n,w,λ).OOC.satisfies

.
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An.OOC.code.that.achieves.the.Johnson.bound.is.said.to.be.optimal..A.family.{Fn}.of.OOCs.indexed.
by.the.parameter.n.and.arising.from.a.common.construction.is.said.to.be.asymptotically.optimum.if

.
lim ( , , ) .
n

n

M n w→∞
=

F
λ

1

Constructions.for.OOCs.are.available.for.the.cases.when.λ.=.1.and.λ.=.2..For.larger.values.of.λ,.there.
exist.constructions.which.are.asymptotically.optimum..Further.details.may.be.found.in.[13].

2-D OOC:.The.OOC.discussed.above.correspond.to.sequences.of.pulses.of.a.single.beam.of.mono-
chromatic. light..The.advent.of.wavelength-division.multiplexing.has.made. it.possible. to.design. low-
correlation.optical.signals.that.are.spread.across.both.wavelength.and.time..While.such.signals.are.often.
called.wavelength-time.hopping.codes.or.multiple-wavelength.codes,.we.will.refer.to.these.codes.as.two-
dimensional.OOCs.(2-D.OOCs)..A.2-D.(Λ.×.T,ω,κ).OOC.C.is.a.family.of.{0,1}.(Λ.×.T).arrays.of.constant.
Hamming.weight.ω..Every.pair.{A,B}.of.arrays.in.C.is.required.to.satisfy
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where.either.A.≠.B.or.τ.≠.0..We.will.refer.to.κ.as.the.maximum.collision.parameter.(MCP).if.κ.≥.0.is.the.
smallest.integer.for.which.Equation.12.10.holds..Note.that.asynchronism.is.present.here.only.along.the.time.
axis..As.in.the.1-D.case,.in.a.2-D.optical.CDMA.system,.each.user.is.assigned.a.distinct.2-D.OOC.and.when.
the.particular.user.wishes.to.send.either.a.1.or.a.0,.the.user.either.transmits.or.else.does.not.transmit.the.
user’s.code.sequence,.respectively..Given.a.parameter.set,.let.ϕ(Λ.×.T,ω,κ).denote.the.largest.possible.cardi-
nality.of.a.2-D.OOC.having.these.parameters..The.analog.of.the.Johnson.bound.for.2-D.OOC.is.given.by
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The.parameters.n.in.the.case.of.a.1-D.OOC.and.the.parameter.T.in.the.case.of.a.2-D.OOC.represent.
the.multiplicative.factor.by.which.the.pulse.rate.in.the.optical.communication.system.has.to.be.raised..
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Comparing.Equation.12.11.with.Equation.12.9,.we.see.that.for.the.same.family.size.ϕ,.the.value.of.T.in.
Equation.12.11. is.significantly.smaller. than.the.value.of.n. in.Equation.12.9.and.this. is.an. important.
advantage.enjoyed.by.a.2-D.OOC..For.details.and.constructions.of.2-D.OOC,.the.reader.is.referred.to.
[24].and.[30].
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13.1 introduction

Spread.spectrum.signals.typically.refer.to.signals.that.use.a.bandwidth.that.is.significantly.higher.than.
the.minimum.bandwidth.required.to.transmit.that.information.sequence..Although.bandwidth.is.a.pre-
cious.commodity,.increasing.the.bandwidth.of.the.signal.prior.to.transmission.results.in.several.advan-
tages:.(i).The.resulting.power.spectral.density.(PSD).of.the.spread.signal.is.lower.than.the.PSD.of.the.
signal.prior.to.spreading..(ii).The.resulting.signal. is.more.resistant.to.narrow.band.interference/jam-
ming..(iii) The.signal.has.a.low.probability.of.being.intercepted..(iv).The.spread.signal.is.readily.suitable.
for.multiple.access..These.advantages.have.resulted.in.several.military.and.commercial.applications.for.
spread.spectrum.systems.

The.early.developments.in.spread.spectrum.systems.were.primarily.in.military.applications,.where.
the.low.probability.of.intercept.and.antijam.features.were.especially.useful..Subsequently,.they.found.
utility.in.the.commercial.area..For.instance,.commercial.applications.of.spread.spectrum.in.the.cel-
lular.wide.area.networks.are.similar. to. the.military.predecessors. in.many.aspects..However,.a. few.
specific.innovations.enable.them.to.attain.superior.performance..For.instance,.in.the.cellular.applica-
tion,.primary.innovations.include.the.use.of.universal.frequency.reuse.with.intelligent.adaptive.power.
control.and.the.use.of.noise-like.signal.waveforms..Further,.wireless.personal.area.networks.such.as.
Zigbee.[1,2].and.Bluetooth.networks.[3,4].are.based.on.spread.spectrum.technology.

Consider.a.simple.multiuser.spread.spectrum.system.where.the.received.signal.is.at.power.P.and.the.
interference.from.(M – 1).users.equals.(M – 1)P..Given.a.system.bandwidth.of.W.Hz,.the.received.Eb/N0.
can.be.calculated.as.(P/R)/(N.+.(M – 1)P/W),.where.R.is.the.data.rate.in.bits.per.second.and.N.is.the.noise.
power.spectral.density..Thus,.the.desired.minimum.value.of.Eb/N0.can.be.satisfied.in.the.presence.of.
large.number.of.users,. if. the.bandwidth.W. is.appropriately.scaled..A.similar.analysis.can.be.used.to.
demonstrate.the.advantages.of.spread.spectrum.system,.if.the.interference.is.from.an.intentional.narrow.
band.jammer.
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This.chapter. is.organized.as. follows.. In.Section.13.2,.we.discuss.direct. sequence. spread.spectrum.
systems..In.Section.13.3,.we.focus.on.frequency.hopping.systems..Applications.of.spread.spectrum.are.
discussed.in.Section.13.4.followed.by.some.brief.concluding.remarks.in.Section.13.5.

13.2  Direct Sequence Spread Spectrum

In.a.direct.sequence.(DS).code.division.multiple.access.(CDMA).system,.the.data.sequence.is.multiplied.
by.a.pseudo-random.signal.before.transmission..This.pseudo-random.signal.is.derived.from.a.spreading.
code.or.spreading.sequence..Each.bit.of.the.spreading.sequence.is.also.sometimes.referred.to.as.a.chip..
The.time.period,.Tc,.of.a.chip. is.usually.much.smaller. than.the.symbol. time.period,.Ts.and.the.ratio.
L.=.Ts/Tc.is.referred.to.as.the.bandwidth.expansion.factor..In.many.systems.this.value.L.is.selected.to.be.
an.integer..The.value.L.also.represents.the.maximum.number.of.orthogonal.users.that.can.be.supported.
without.any.multiuser.interference.

In.a.multiuser.uplink.scenario,.the.signals.transmitted.by.the.various.users.are.not.synchronous.with.
each.other..However,.for.simplicity.of.exposition,.we.first.consider.a.synchronous.DS–CDMA.system..In.
a. synchronous. system,. the. signals. of. all. the. users. are. perfectly. synchronized. at. the. receiver.. Such. a.
model.is.appropriate.for.a.downlink.cellular.system.in.which.the.signals.of.all.the.users.are.transmitted.
from.a.single.base.station..Let.there.be.K.users.and.let.the.bit.sequence.of.the.kth.user.be.denoted.by.
bk(n)..Let.ck(t).denote.the.spreading.signal.used.to.modulate.the.kth.user’s.signal..Let.the.channel.from.
the.kth.user.to.the.central.receiver.be.denoted.by.Ak..The.received.signal,.r(t),.is.given.by

.
r t A b n c t nT z tk k k s

n k

( ) ( ) ( ) ( )
,

= − +∑ ,
.

(13.1)

where.z(t).represents.the.additive.noise.at.the.receiver.and.is.typically.modeled.as.a.Gaussian.process..The.
spreading.sequence,.ck(t).is.usually.nonzero.only.in.the.interval.0.≤.t.<.Ts..Thus,.there.is.no.inter-symbol.
interference.(ISI).in.the.system..This.code.sequence.is.generated.based.on.the.PN.spreading.sequence.and.a.
pulse.shaping.signal.p(t).which.is.nonzero.in.the.interval.0.≤.t.<.Tc..An.example.of.the.time-domain.and.
frequency.domain.representation.of.the.DS-CDMA.signal.is.shown.in.Figure.13.1a.and.b,.respectively.

Depending.on.the.length.of.the.spreading.codes,.the.sequences.are.also.referred.to.as.long.codes.or.
short.codes..In.a.short.code.DS–CDMA.system,.the.same.spreading.code.is.used.for.all.symbols.of.a.
particular.user..In.other.words,.the.spreading.code.length.Lc.equals.L.the.bandwidth.expansion.factor..
In.this.case,.the.spreading.signal.ck(t).is.given.by

.
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In.a.long.code.DS–CDMA.system,.the.length.of.the.code.Lc.is.much.greater.than.L.the.bandwidth.
expansion.factor..In.this.case,.the.received.signal.r(t).is.given.by

.
r t A b n c t nT z tk k k n

n k
s( ) ( ) ( ) ( ),

,
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(13.3)

where. �n n= .modulo.L.and.the.concatenation.of.the.Lc/L.segments.of.the.spreading.signal.is.based.on.
the.long.spreading.code..Many.practical.systems.such.as.IS-95.and.CDMA-2000.use.a.combination.of.
both.a.short.code.and.long.code..Short.orthogonal.codes.are.used.to.separate.the.signals.of.the.various.
users.in.a.cell..Long.codes.are.used.for.synchronization.purposes.and.to.differentiate.the.signals.of.users.
in.different.cells.
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At. the. receiver,. the. signal. is. first. typically. passed. through. a. set. of. matched. filters. (MFs). corre-
sponding.to.each.of.the.users..The.output.of.the.MF.corresponding.to.the.nth.bit.for.the.kth.user.is.
given.by

.
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FIGURE 13.1 (a).The.time.domain.representation.of.a.narrow.band.signal.and.the.equivalent.DS-CDMA.signal..
(b).The.frequency.domain.representation.of.the.same.narrow.band.signal.and.DS-CDMA.signal.
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where. ρ jk j k
t

T
c t c t t=

=∫ ( ) ( )d
0

.represents.the.cross-correlation.between.the.spreading.waveforms.of.user.
j.and.user.k.

The. outputs. yk(n). from. the. MFs. essentially. represent. a. discrete. time. equivalent. signal. for. the.
DS–CDMA. signal.. The. collection. of. these. outputs. is. succinctly. represented. in. matrix. form. as.
follows:

. y b z,= RA + . (13.6)

where.R.and.A.represent,.respectively,.the.code.correlation.and.channel.gain.of.the.various.users..The.
vector.b.=.[b1.b2.......bK]T.represents.the.information.from.all.users.

In. the.special.case.of. the.cross-correlation.between. the.various. spreading.waveforms.being.0,. the.
multiuser.interference.in.Equation.13.6.is.completely.eliminated.and.the.channel.effectively.behaves.like.
K. orthogonal. single. user. channels.. In. general,. for. nonorthogonal. spreading. waveforms,. the. perfor-
mance.of.the.MF.receiver.is.dependent.on.the.amount.of.cross.correlation.and.the.relative.amplitudes.of.
the.various.users..For.instance,.the.bit.error.rate.(BER).Pe,MF(k).of.user.k.using.a.MF.in.the.synchronous.
case.is.bounded.as

.
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If. the. spreading. waveforms. of. the. users. are. not. orthogonal,. then. a. multiuser. detector. is. used. to.
improve.the.performance.[5].over.that.of.a.simple.MF.receiver..The.optimum.receiver.that.minimizes.
the.probability.of.error.is.the.maximum.likelihood.sequence.detector..However,.the.complexity.of.such.
a.receiver.is.high.since.it.involves.enumeration.of.a.large.set.of.possible.sequences..Two.alternate.receiv-
ers.with.lower.complexity.are.the.linear.minimum.mean.squared.error.(LMMSE).and.the.decorrelating.
receiver..In.a.decorrelating.receiver,.the.signal.in.Equation.13.6.is.multiplied.by.the.inverse.R−1.of.the.
cross-correlation.matrix.R..The.advantage.of.such.a.decorrelating.receiver.is.that.it.completely.elimi-
nates. the.multiuser. interference..However,. the.decorrelating.receiver.can.result. in.an. increase. in.the.
effective.noise.variance..The.LMMSE.receiver.on.the.other.hand.offers.an.optimal.trade-off.between.
reducing. the. multiuser. interference. and. the. effective. noise.. In. the. LMMSE. receiver,. the. signal. in.
Equation. 13.6. is. multiplied. by. M.=.(R.+.σ2A−2)−1. and. the. resulting. output. is. passed. through. a. sign.
detector.(in.the.case.of.antipodal.signaling)..The.exact.probability.of.error.of.the.LMMSE.receiver.has.
been.calculated.in.Reference.5,.but.as.in.the.earlier.case,.its.evaluation.requires.a.computational.com-
plexity.that.is.exponential.in.the.number.of.users..Consequently,.low.complexity.approximations.for.the.
error.rate.have.been.obtained.using.a.Gaussian.approximation.for.the.multiuser.interference..One.such.
approximation.for.the.error.rate.for.user.k.is.given.by

.
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where.μ σk k kk kkA R RM= ( )( ) / ( )M M .
A.plot.of.the.BER.of.the.various.multiuser.detectors.is.given.in.Figure.13.2a.as.a.function.of.the.SNR..

In.this.case,.each.user.is.assigned.a.random.binary.code..It.is.clear.from.the.figure.that.the.performance.
of.the.MF.is.poor.due.to.the.presence.of.significant.multiuser.interference..As.expected.the.LMMSE.
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detector.performs.slightly.better.than.the.decorrelating.receiver..The.variation.of.the.BER.with.the.num-
ber.of.users.is.given.in.Figure.13.2b.for.the.various.multiuser.detectors..Owing.to.the.random.nature.of.
the.spreading.codes.used.to.generate.this.figure,.it.can.be.clearly.seen.that.the.BER.increases.as.the.num-
ber.of.users.increase..In.addition.to.the.various.multiuser.detectors.discussed.so.far,.there.are.several.
other.linear.and.nonlinear.multiuser.detectors.such.as.serial.or.parallel.interference.cancellation.receiv-
ers.[5].

Another.advantage.of.the.DS–CDMA.systems.when.used.for.voice.applications.is.that.the.voice.
users.are.not.active.for.the.entire.duration.of.the.call..The.typical.voice.activity.factor.α.is.lesser.than.
50%.and.ensures.that.the.effective.interference.is.only.a.fraction.α.of.the.total.interference..Thus,.
unlike. in. fixed. TDMA. systems,. the. actual. interference. experienced. in. a. DS–CDMA. system. is.
smaller.
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FIGURE 13.2 .BER.of.various.multiuser.detectors.are.shown.as.a.function.of.(a).the.SNR.and.(b).the.number.
of.users.
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The. analysis. of. an. asynchronous. CDMA. system. follows. along. similar. lines. with. some. additional.
modifications..In.this.case,.the.received.signal.is.given.by

.
r t A b n c t nT z tk k k k

n k

( ) ( ) ( ) ( )
,

= − − +∑ s τ

.
(13.9)

The.maximum.likelihood.sequence.detector,.LMMSE.and.decorrelating.receivers.are.defined.in.a.man-
ner. similar. to. the. synchronous.case..The.performance.evaluation.can.also.be.generalized. to. this. case;.
however,.the.analysis.is.more.involved.since.each.bit.for.a.particular.user.may.be.affected.by.portions.of.2.
bits.from.each.of.the.other.users..In.other.words,.each.bit.sees.interference.from.2(K – 1).other.bits.

The. power. spectral. density. (PSD). of. a. DS–CDMA. system. using. a. raised. cosine. transmit. pulse. is.
shown.in.Figure.13.1..For.reference.the.PSD.of. the.data.sequence.as.well.as.a.realization.of. the.data.
sequence. and. spread. sequence. are. shown. in. Figure. 13.1.. The. increased. bandwidth. of. DS–CDMA.
sequence.is.clearly.evident.from.this.figure.

A.DS–CDMA.signal.has.good.performance.even.in.the.presence.of.a.narrow.band.interference.signal..
Clearly,.the.process.of.spreading.at.the.transmitter.ensures.that.a.narrow.band.signal.is.now.spread.over.
a. wider. bandwidth.. The. narrow. band. interference. now. additively. interferes. with. the. spread. CDMA.
signal..The.process.of.despreading.gathers.the.energy.from.the.spread.signal.into.a.narrow.band..On.the.
other.hand,.the.despreading.operation.results.in.a.spreading.of.the.narrow.band.interference.signal.over.
a.wider.band..Hence,.the.effective.power.spectral.density.of.the.narrow.band.interference.after.despread-
ing.is.reduced.and.thus.its.effect.on.the.CDMA.signal.is.also.reduced..If.σ I

2.is.the.energy.of.the.interfer-
ing.signal,.then.the.effective.SNR.of.the.DS–CDMA.signal.is.given.by. ( )P Nn/ /σ σ2 2+ I , where.N.is.the.
length.of.the.spreading.code.

It. has,. however,. been. shown. that. the. performance. of. the. DS–CDMA. signal. can. be. significantly.
improved. by. actively. suppressing. the. narrow. band. interference. signal. prior. to. despreading. at. the.
receiver.[6,7]..These.active.noise.suppression.schemes.have.been.widely.investigated.and.can.be.classi-
fied.into.the.following.major.schemes.

•. Time.domain.estimation.and.interference.subtraction..In.these.methods,.an.estimator.is.used.to.
predict. the.narrow.band.signal.and. then.subtract. this.estimated.narrow.band.signal. from.the.
spread.signal.using.a.notch.filter.

•. Frequency.domain.filtering..A.Fourier.transform.of.the.spread.signal.is.first.created.and.then.the.
signal.is.filtered.at.a.few.selected.frequencies..The.resulting.signal.is.passed.through.an.inverse.
Fourier.transform..The.frequencies.to.filter.can.be.calculated.in.an.adaptive.manner,.for.instance,.
by.selecting.spectral.components.that.have.energy.higher.than.a.certain.threshold.

•. Nonlinear.techniques..Unlike.the.earlier.two.methods,.there.are.also.several.nonlinear.filtering.
methods.that.have.been.studied.in.the.literature.for.narrow.band.interference.suppression..One.
such.method.uses.a.decision.feedback.mechanism.to.predict.the.narrow.band.interference.signal.
and.then.cancel.its.effect.from.the.spread.signal.

13.3  Frequency Hopping Spread Spectrum

Frequency.hopping.was.first.invented.during.World.War.II.by.Hedy.Lamarr.in.a.patent.titled.“Secret.
Communication.System”.[8]..In.a.frequency.hopping.spread.spectrum.system,.the.actual.signal.transmit-
ted.has.narrow.bandwidth..However,.the.center.frequency.of.the.transmission.signal.is.varied.over.a.wide.
band..The.rate.at.which.the.center.frequency.of.the.signal.is.varied.determines.whether.the.system.is.a.
slow-hopping.or.fast-hopping.system..The.variation.of.the.frequency,.commonly.referred.to.as.hopping.
pattern,.is.usually.based.on.a.pseudorandom.sequence..The.advantage.of.a.frequency.hopping.system.is.
that. its.performance. is.not.significantly.affected.by.a.narrow.band.interference.source,.since.only.the.
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packets.that.are.transmitted.when.the.systems.hops.at.the.frequencies.of.the.interfering.signal.are.affected..
The.FH.system.also.enables.multiple.point-to-point.links.in.a.given.location.if.the.hopping.sequences.
used.by.the.various.links.are.effectively.different..Note.that.the.difference.in.the.effective.hopping.pattern.
used.by.the.various.nodes.could.result.from.the.use.of.different.phases.of.the.same.hopping.sequence.for.
the.various.links..A.block.diagram.of.a.typical.FH.spread.spectrum.signal.is.shown.in.Figure.13.3.

The.modulation.in.an.FH.system.is.typically.selected.to.be.a.form.of.Frequency.Shift.Keying.(FSK).or.
Phase.Shift.Keying.(PSK)..For.instance,.in.a.binary.FSK–FH.system.a.binary.“0”.could.be.represented.by.
a.negative.frequency.deviation.fd.from.the.carrier.frequency.fc.and.a.binary.“1”.could.be.represented.by.
a.positive. frequency.deviation. fd. from. fc..The.center. frequency. fc. is.varied.based.on.the.PN.sequence.
generated.. In. a. MFSK. system. the. frequency. spacing. between. carriers. is. carefully. selected. to. ensure.
optimum.performance.for.a.given.receiver.structure..In.a.noncoherent.energy-based.detector.for.the.
MFSK.signal,.it.is.desirable.for.the.various.tones.representing.the.bits.to.be.orthogonal.to.each.other..
This. orthogonality. can. be. achieved. by. spacing. the. carriers. at. integer. multiples. of. 1/Ts.. A. common.
arrangement.for.a.FH–MFSK.system.is.to.consider.nonoverlapping.blocks.of.spectrum.of.width.M.·.1/Ts..
Each.block.of.this.spectrum.is.assigned.to.one.hopping.pattern.of.the.PN.code..Such.an.arrangement.of.
tones.is.depicted.in.Figure.13.4..In.Figure.13.4,.there.are.N.groups.of.M.tones.and.each.of.these.groups.
can.be.selected.based.on.a.PN.code.of.length.log(N).

As.another.example,.consider.a.FH–PSK.system..Using.differential.PSK.in.a.FH.system,.the.transmit-
ted.bandpass.signal.s(t).can.be.represented.as

. s t m t f t( ) ( )= { }Re e j c2π
. (13.10)

where.m(t).is.the.low-pass.signal..This.differential.PSK.signal.m(t).can.be.generated.using.a.pulse.shape.
p(t).as

.
m t m p t kTk

k

( ) ( )= −∑
.

(13.11)
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Data
in

Encoder
Frequency

generator and
modulation

PN sequence
generator

PN sequence
generator

Acquisition
and tracking

Frequency
generator

Channel
response

Noise

+
Dehop

and
detect

Decoder Data
out

FIGURE 13.3 Block.diagram.of.a.frequency.hopping.system.



260 Mobile Communications Handbook

where.m mk k
k= −1e jφ .is.the.differential.PSK.signal..For.an.8-ary.signal,.ϕk..∈..{0,.π/4,.π/2,.3π/4,.π,.5π/4,.

3π/2,.7π/8}..The.pulse.shape.p(t).that.is.commonly.used.is.the.raised.cosine.pulse.[9].
At.the.receiver,.acquisition.and.tracking.of.the.PN.sequence.used.for.frequency.hopping.is.critical.for.

successful.decoding.of.the.signal,.as.discussed.in.Section.13.4.4..Once.the.carrier.frequency.is.obtained,.
the. received. signal. is. then. converted. into. baseband. in. a. process. that. is. sometimes. called. frequency 
dehopping..The.differential.PSK.signal.can.then.be.detected.using.a.noncoherent.detector.

In.a.slow.frequency.hop.system.multiple.symbols.are.transmitted.on.each.hop..In.contrast,.in.a.fast.
frequency.hop.system.there.are.one.or.more.hops.for.each.symbol..A.graphical.representation.of.the.
slow.and.fast.hopping.FH.systems.is.shown.in.Figure.13.5.

The.BER.of.a.slow.FH.system.with.orthogonal.FSK.can.be.derived.as

.
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.
(13.12)

This.expression.for.the.BER.is.derived.for.the.signal.transmission.in.the.presence.of.AWGN..In.a.fast.
FH.system.with.M.hops.per.bit,.the.signal.from.each.of.the.M.subintervals.corresponding.to.a.bit.are.
combined.together.before.detection..In.this.scenario,.it.turns.out.that.the.probability.of.error.is.greater.
than.Equation.13.12.and.the.difference. is.known.as. the.noncoherent.combining. loss.[9]..The.perfor-
mance.of.FH.systems.in.fading.channels.is.studied.in.Reference.10.and.the.performance.in.the.presence.
of.an.interference.signal.is.discussed.in.Reference.11.

13.3.1 time Hopping Spread Spectrum

A.time.hopping.spread.spectrum.(THSS).system.is.analogous.to.a.frequency.hopping.spread.spectrum.
system..In.a.THSS.each.time.slot.of.duration.T.is.divided.into.smaller.subintervals.of.length.Tm..The.
coded.information.bits.of.the.user.are.transmitted.in.a.pseudo-randomly.selected.subintervals..Let.the.
information.data.be.at.rate.R.bits/s.and.the.coded.rate.equals.R/r,.where.r.is.the.rate.of.the.channel.code.
used..Since.this.rate.needs.to.be.transmitted.in.an.interval.of.length.Tm.<.T,.the.bandwidth.required.is.
increased.
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261Introduction to Spread Spectrum Systems

13.4  Applications of Spread Spectrum

In.this.section,.we.highlight.some.of.the.important.applications.of.spread.spectrum.signals..We.first.
discuss.cellular.applications.in.Section.13.4.1,.followed.by.applications.in.Bluetooth.(Section.13.4.2).and.
ultrawideband.systems.(Section.13.4.3)..Finally,.we.discuss.synchronization.issues.in.Section.13.4.4.

13.4.1  DS–cDMA-Based cellular Systems

One.of. the.original.applications.of.DS–CDMA.in.digital. cellular. systems. is. the. IS-95. standard..The.
second-generation.cellular.technology.uses.a.combination.of.a.Walsh.code.and.a.long.PN.code.to.spread.
the.data.bits..The.receiver.uses.a.rake.receiver.to.combine.the.signal.from.the.various.multipaths.and.
boost.signal.performance..The.standard.also.supports.a.soft.handover.process.between.multiple.cells..
Subsequently,.this.standard.has.been.replaced.by.the.CDMA2000.and.W-CDMA.standards.

13.4.2  Bluetooth

The.Bluetooth.technology.is.an.excellent.example.that.demonstrates.the.commercial.success.of.spread.
spectrum.technology.in.enabling.multiple.independent.peer-to-peer.networks.to.simultaneously.oper-
ate.in.the.same.geographical.area..The.first.version.of.the.Bluetooth.standard.was.released.in.1999..It.has.
subsequently.been.revised.multiple.times.with.the.latest.version.being.Version.4..Bluetooth.is.designed.
as.a.short.range,.low.energy,.and.inexpensive.means.for.transferring.voice,.video.and.data.between.two.
or.more.devices.without.any.infrastructure.support..Bluetooth-based.products.have.appeared.in.several.
applications.such.as.hands.free.calling.in.cars.and.mobile.phones,.wireless.game.controllers,.and.wire-
less.computer.peripheral.devices.

The.basic.Bluetooth.network.architecture.is.a.piconet.in.which.upto.8.devices.communicate.with.each.
other.by.selecting.one.of.the.participating.nodes.as.a.master..The.remaining.nodes.in.the.piconet.are.
labeled.as.the.slave.nodes..Bluetooth.operates.in.the.2.4.GHz.ISM.band.and.uses.79.channels.of.1.MHz.
bandwidth.from.2.402.to.2.48.GHz..Bluetooth.is.essentially.an.FH.system.in.which.the.hopping.fre-
quency.is.determined.by.the.Master.node.in.a.piconet.from.among.these.79.frequencies..In.addition,.
Bluetooth.also.uses.an.adaptive.frequency.hopping.mechanism.[12].to.avoid. interference.from.other.
devices.operating.in.the.same.frequency.band.and.also.to.better.exploit.the.frequency-dependent.behav-
ior.of.the.wideband.channel.

13.4.3  Ultrawideband Systems

Ultrawideband.communication.systems.have.a.long.history.with.the.original.transmit.signal.pulses.of.
very.short.duration,.resulting.in.very. large.bandwidths..Subsequently,. the.need.for.multiplexing.and.
coexistence.of.various.signals.in.a.given.area.resulted.in.the.use.of.narrow.band.signals.of.larger.time.
duration..More.recent.interest.in.UWB.signals.is.a.result.of.the.FCC’s.decision.(followed.by.similar.rules.
in.several.other.countries).to.open.up.the.spectrum.from.3.1.to.10.6.GHz.for.the.operation.of.unlicensed.
UWB.devices.

Ultrawideband.systems.are.loosely.defined.as.systems.that.transmit.information.over.a.bandwidth.in.
excess.of.the.minimum.of.500.MHz.or.using.a.fractional.bandwidth.of.at.least.0.2,.that.is,.the.bandwidth.
exceeds.20%.of.the.center.frequency.of.transmission.[13]..These.systems.include.both.UWB.based.radar/
imaging.systems.and.short.range,.high.data.rate.communication.systems.

Buoyed.by.the.commercial.success.of.Bluetooth,.several.companies.decided.to.create.a.high-speed,.
ultrawideband.personal.area.communication.system.to.replace.wires.between.the.computer.and.periph-
erals.such.as.monitors.and.also.between.media.players.and.high-definition.TVs..The.wireless.commu-
nity.developed.two.competing.approaches.to.achieve.this.goal..The.first.approach,.labeled.the.multiband.
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OFDM.ultrawideband.system,.uses.a.combination.of.OFDM.and.frequency.hopping.[14]..The.second.
approach.is.based.on.DS–CDMA.signaling.[15].

While.both.approaches.have.their.advantages.and.disadvantages,.the.lack.of.a.consensus.solution.was.
detrimental.to.the.standardization.process.and.to.the.development.of.an.ecosystem.to.support.this.tech-
nology.and.led.to.the.eventual.commercial.failure..It.is.the.hope.of.this.author.that.newer.ultrawideband.
systems.based.on.spread.spectrum.signaling.would.become.available.in.the.near.future.

13.4.4  Synchronization issues in Spread Spectrum Systems

One.of.the.major.challenges.in.a.spread.spectrum.system.is.to.ensure.that.the.PN.sequences.at.the.trans-
mitter.and.receiver.are.perfectly.synchronized..There.are.several.factors.that.cause.an.uncertainty.in.
time.and.frequency.between.the.PN.sequences.at.the.transmitter.and.receiver..For.instance,.the.propa-
gation. delay,. the. use. of. different. clocks. and. different. phases. of. the. carrier. cause. a. temporal. shift..
Similarly,. the.Doppler.effect.due.to.the.relative.motion.between.the.transmitter.and.receiver.cause.a.
frequency.error.

A. maximum-likelihood. estimator. of. the. various. user’s. amplitude,. phase. and. delay. is. given. in.
Reference.16..In.most.practical.system,.the.PN.synchronization.is.accomplished.as.a.two-step.process..
In.the.first.step,.called.as.the.acquisition.step,.a.coarse.alignment.of.the.sequences.is.obtained..In.the.
second.phase,.called.the.tracking.phase,.fine.synchronization.is.obtained.and.continually.updated..The.
acquisition.is.essentially.carried.out.by.correlating.the.received.signal.with.various.shifted.versions.of.a.
copy.of.the.transmitted.signal..The.goal.is.to.select.the.shift.that.results.in.the.maximum.value.of.this.
correlation..In.practice,.the.value.of.the.correlation.becoming.higher.than.a.threshold.is.used.to.indicate.
a.potential.acquisition.of.the.PN.signal..The.fine.synchronization.is.obtained.using.for.instance.a.delay.
locked.loop..In.this.case,.the.symmetric.property.of.the.autocorrelation.is.used.to.establish.fine.synchro-
nization..The.received.signal.is.correlated.with.two.versions.of.the.coarse.estimated.PN.sequence.with.
shifts.+τ.and.–τ,.respectively..The.difference.in.value.of.the.correlation.for.these.two.shifts.is.used.in.a.
feedback.loop.to.obtain.and.maintain.fine.synchronization.

13.5  conclusions

This.chapter.provides.a.basic.introduction.to.spread.spectrum.signals..Additional.details.are.available.
in.several.texts.such.as.in.References.17.through.20..A.note.of.caution.is.appropriate.when.discussing.the.
applicability.of.spread.spectrum.signals.to.very.large.bandwidths..It.is.well.known.that.for.the.additive.
white.Gaussian.noise.(AWGN).channel,.as.the.bandwidth.is.increased.the.capacity.equals.P/N0,.where.P.
is.the.power.constraint.and.N0/2.is.the.noise.spectral.density..It.is.also.known.that.any.orthogonal.sig-
naling.(over. time,. frequency,.or.code.space).can.achieve. this.capacity. for.asymptotically. large.band-
widths..However,.for.time-varying.channels,.under.certain.conditions,.it.has.been.shown.that.uniformly.
spreading.the.signals.in.time.and.frequency.as.in.DS–CDMA.system.does.not.achieve.the.asymptotic.
capacity.for.large.bandwidths.[21]..Instead,.peaky.signaling.using.for.instance.a.combination.of.FH.and.
DS–CDMA.could.be.used.to.achieve.capacity.[21]..It.is.this.author’s.expectation.that.spread.spectrum.
signals.will.continue.to.play.a.vital.role.in.the.future.wireless.networks.
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14.1 introduction

The.concept.of.signal.space.has.its.roots.in.the.mathematical.theory.of.inner.product.spaces.known.as.
Hilbert spaces.(Stakgold,.1967)..Many.books.on.linear.systems.touch.on.the.subject.of.signal.spaces.in.
the.context.of.Fourier.series.and.transforms.(Ziemer.et al.,.1998)..The.applications.of.signal.space.con-
cepts.in.communication.theory.find.their.power.in.the.representation.of.signal.detection.and.estimation.
problems.in.geometrical.terms,.which.provides.much.insight.into.signaling.techniques.and.communi-
cation.system.design..The.first.person.to.have.apparently.exploited.the.power.of.signal.space.concept.in.
communication.theory.was.the.Russian.Kotel’nikov.(1968),.who.presented.his.doctoral.dissertation.in.
January,.1947..Wozencraft.and.Jacobs.(1965).expanded.on.this.approach.and.their.work.is.still.today.
widely.referenced..Arthurs.and.Dym.(1962).made.use.of.signal.space.concepts.in.the.performance.anal-
ysis.of.several.digital.modulation.schemes..A.one-chapter.summary.of.the.use.of.signal.space.methods.
in.signal.detection.and.estimation. is.provided. in.Ziemer.and.Tranter.(2009)..Another.application.of.
signal.space.concepts.is.in.signal.and.image.compression..Wavelet.theory.(Rioul.and.Vetterli,.1991).is.
currently.finding.use.in.these.application.areas..Finally,.the.application.of.signal.space.concepts.to.non-
linear.filtering.is.discussed..In.the.next.section,.the.fundamentals.of.generalized.vector.spaces.are.sum-
marized,.followed.by.an.overview.of.several.applications.to.signal.representations.

14.2 Fundamentals

A.linear.space.or.vector space.(signal.space).(Stakgold,.1967).is.a.collection.of.elements.(called.vectors).
x,.y,.z,.. . .,.for.which.the.following.axioms.are.satisfied:

. 1.. To.every.pair.of.vectors.x.and.y.there.corresponds.a.vector.x.+.y.with.the.properties:

. a.. x.+.y.=.y.+.x

. b.. x.+.(y.+.z).=.(x.+.y).+.z
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. c.	 There.exists.a.unique.element.0.such.that.x.+.0.=.x,.for.every.x

. d. To.every.x,.there.exists.a.unique.vector.labeled.−x.such.that.x.+.(−x).=.0

. 2.. To.all.vectors,.x. and.y,. and.all.numbers. (scalars),.α. and.β,. the. following.commutative.and.
associative.rules.hold:

. a.	 α(βx).=.(αβ)x

. b.	 (α.+.β)x.=.αx.+.βx

. c.	 α(x.+.y).=.αx.+.αy

. d. 1x.=.x.where.1.is.the.identity element

A.vector.is.said.to.be.a.linear combination.of.the.vectors.x1,.x2,.. . .,.xk.in.a.vector.space.if.there.exist.
numbers.(not.all.0).α1,.α2,.. . .,.αk.such.that

.
x x=

=
∑αi i
i

k

1 .
(14.1)

The.vectors.x1,.x2,.. . .,.xk.are.said.to.be.linearly dependent.(or.form.a.dependent.set).if.there.exist.num-
bers.α1,.α2,.. . .,.αk.not.all.zero,.such.that

. α1.x1.+.α2.x2.+ . . ..+.αk.xk.=.0. (14.2)

If.Equation.14.2.can.be.satisfied.only.for.α1.=.α2.=.. . ..=.αk.=.0,.the.vectors.are.linearly independent.
One.is.tempted.to.use.the.infinite-sum.version.of.Equation.14.2.in.defining.the.notion.of.indepen-

dence. for.an. infinite.set.of.vectors..This. is.not. true. in.general;.one.needs. the.notion.of.convergence,.
which.is.based.on.the.concept.of.distance.between.vectors.

With.the.idea.of.linear.independence.firmly.in.mind,.the.concept.of.dimension.of.a.vector.space.read-
ily.follows..A.vector.space.is.n-dimensional.if.it.possesses.a.set.of.n.independent vectors,.but.every.set.of.
n.+.1.vectors.is.a.dependent.set..If.for.every.positive.integer.k,.a.set.of.k.independent.vectors.in.the.space.
can.be.found,.the.space.is.said.to.be.infinite.dimensional..A.basis.for.a.vector.space.means.a.finite.set.of.
vectors.e1,.e2,.. . .,.en.with.the.following.attributes:

. 1.. They.are.linearly.independent

. 2.. Every.vector.x.in.the.space.can.be.written.as.a.linear.combination.of.the.basis.vectors;.that.is

.
x e=

=
∑ξi i
i

n

1 .
(14.3)

It.can.be.proved.that.the.representation.(14.3).is.unique.and.that.if.the.space.is.n-dimensional,.any.set.
of.n.independent.vectors.e1,.e2,.. . .,.en.forms.a.basis.

The.next.concept.to.be.developed.is.that.of.a.metric space..In.addition.to.the.addition.of.vectors.and.
multiplication.of.vectors.by.scalars,.as.is.true.of.ordinary.three-dimensional.vectors,.it.is.important.to.
have.the.notions.of.length.and.direction.of.a.vector.imposed..In.other.words,.a.metric.structure.must.be.
added. to. the. algebraic. structure. already. defined.. A. collection. of. elements. x,. y,. z,. . . .. in. a. space. will.
be called.a.metric.space.if.to.each.pair.of.elements.x,.y there.corresponds.a.real.number.satisfying.the.
properties:

. 1.. d(x,.y).=.d(y,.x)

. 2.. d(x,.y).≥.0.with.equality.if.and.only.if.x.=.y

. 3.. d(x,.z).≤.d(x,.y)+.d(y,.z).(called.the.triangle inequality)



267Signal Space

The.function.d(x,.y).is.called.a.metric.(or.distance.function)..Note.that.the.definition.of.d(x,.y).does 
not require that the elements be vectors;. there.may.not.be.any.way.of.adding.elements.or.multiplying.
them.by.scalars.as.required.for.a.vector.space.

With.the.definition.of.a.metric,.one.can.now.discuss.the.idea.of.convergence.of.a.sequence.{xk}.of.ele-
ments.in.the.space..Note.that.d(x,.xk).is.a.sequence.of.real.numbers..Therefore,.it.is.sensible.to.write.that

.
lim
k k
→∞

=x x
. (14.4)

if.the.sequence.of.numbers.d(x,.xk).converges.to.0.in.the.ordinary.sense.of.convergence.of.sequences.of.
real.numbers..If

.
lim ,
,m p m p
→∞

( ) =d x x 0
.

(14.5)

the.sequence.{xk}.is.said.to.be.a.Cauchy sequence..It.can.be.shown.that.if.a.sequence.{xk}.converges,.it.is.
a.Cauchy.sequence..The.converse.is.not.necessarily.true,.for.the.limit.may.have.carelessly.been.excluded.
from.the.space..If.the.converse.is.true,.then.the.metric.space.is.said.to.be.complete.

The.next.vector.space.concept.to.be.defined.is.that.of.length.or.norm.of.a.vector..A.normed vector 
space.(or.linear.space).is.a.vector.space.in.which.a.real-valued.function.∙x∙.(known.as.the.norm.of.x).is.
defined,.with.the.properties

. 1.. ∙x∙.≥.0.with.equality.if.and.only.if.x.=.0.

. 2.. ∙α.x∙.=.∙α∙.∙x∙.

. 3.. ∙x1.+.x2∙.≤.∙x1∙.+ ∙x2∙.

A.normed.vector.space.is.automatically.a.metric.space.if.the.metric.is.defined.as

.. d( , )x y x y = − . (14.6)

which.is.called.the.natural.metric.for.the.space..A.normed.vector.space.may.be.viewed.either.as.a.linear.
space,.a.metric.space,.or.both..Its.elements.may.be.interpreted.as.vectors.or.points,.a.case.in.point.being.
ordinary.three-dimensional.geometry.wherein.we.can.identify.points.as.vectors.emanating.from.the.
origin.to.the.point.in.question.

The.structure.of.a.normed.vector.space.will.now.be.refined.further.with.the.definition.of.the.notion.
of.angle.between.two.vectors..In.particular,.it.will.be.possible.to.tell.whether.two.vectors.are.perpen-
dicular..The.notion.of.angle.between.two.vectors.will.be.obtained.by.defining.the.inner product (also.
known.as.a.scalar.or.dot.product)..In.general,.an.inner.product.in.a.vector.space.is.a.complex-valued.
function.of.ordered.pairs.x,.y.with.the.properties

. 1.. 〈x,.y〉.=.〈y,.x〉*.(the.asterisk.denotes.complex.conjugate)

. 2.. 〈α.x,.y〉.=.α.〈x,.y〉

. 3.. 〈x1.+.x2,.y〉.=.〈x1,.y〉.+.〈x2,.y〉

. 4.. 〈x,.x〉.≥.0.with.equality.if.and.only.if.x.=.0

From.the.first.two.properties,.it.follows.that

. x y x y, ,α α= * . (14.7)

Also,.Schwarz’s inequality.can.be.proved.and.is.given.by

.
x y x x y y, , ,/ /

ʺ
1 2 1 2

.
(14.8)
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with.equality.if.and.only.if.x.=.αy (or.x.=.0 or.y.=.0)..The.real,.nonnegative.quantity.〈x,.x〉1/2.satisfies.all.
the.properties.of.a.norm..Therefore,.it.is.adopted.as.the.definition.of.the.norm,.and.Schwartz’s.inequality.
assumes.the.form

. x y x y, ʺ .
(14.9)

The.natural.metric.in.the.space.is.given.by.Equation.14.6..An.inner.product.space,.which.is.complete.
in.its.natural.metric,.is.called.a.Hilbert.space.

Example 14.1

Consider.the.space.of.all.complex-valued.functions.x(t).defined.on.a.≤.t.≤.b.for.which.the.integral

.
E x t tx

a

b

= ( )∫
2

d
.

(14.10)

exists.(i.e.,.the.space.of.all.finite-energy.signals.in.the.interval.[a,b])..The.inner.product.may.be.
defined.as

.
x y, ( ) *( )= ∫ x t y t t

a

b

d
.

(14.11)

The.natural.norm.is

.
x =

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥∫ x t t

a

b

( )

/

2

1 2

d
.

(14.12)

and.the.metric.is

.
d x t y t t

a

b

x y x y,

/

( ) = − = ( )− ( )
⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥∫

2
1 2

d
.

(14.13)

respectively..Schwarz’s.inequality.becomes

.
x t y t t x t t y t t

a

b

a

b

a

b

( ) ( ) ≤ ( )
⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥

( )
⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥∫ ∫ ∫*

/ /

d d d
2

1 2
2

1 2

.
(14.14)

It.can.be.shown.that.this.space.is.complete.and,.hence,.is.a.Hilbert.space.

An.additional.requirement.that.can.be. imposed.on.a.Hilbert.space. is.separability,.which,.roughly.
speaking,.restricts.the.number.of.elements.in.the.space..A.Hilbert.space.H.is.separable.if.there.exists.a.
countable.(i.e.,.can.be.put.in.one-to-one.correspondence.with.the.positive.integers).set.of.elements.(f1,.f2,.
. . .,.fn,.. . .).whose.finite.linear.combinations.are.such.that.for.any.element.f.in.H.and.ε.>.0.there.exist.an.
index.N.and.constants.α1,.α2,.. . .,.αN.such.that

.

f f− <
=
∑α εk k
k

N

1 .
(14.15)
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The.set.(f1,.f2,.. . .,.fn,.. . .).is.called.a.spanning set..The.discussions.from.here.on.are.limited.to.separable.
Hilbert.spaces.

Any.finite-dimensional.Hilbert.space.En.is.separable..In.fact,.there.exists.a.set.of.n.vectors.(f1, f2,.. . .,.
fn).such.that.each.vector.x.in.En.has.the.representation

.
x f=

=
∑αk k
k

n

1 .
(14.16)

It.can.be.shown.that.the.spaces.consisting.of.square-integrable.functions.on.the.intervals.[a, b],.(−∞,.
b],.[a,.∞),.and.(−∞,.∞).are.all.separable,.where.a.and.b.are.finite,.and.spanning.sets.exist.for.each.of.these.
spaces..For.example,.a.spanning.set.for.the.space.of.square-integrable.functions.on.[a,b].is.the.set.(1,t,t2,.
. . ..),.which.is.clearly.countable..For.such.function.spaces,.convergence.is.in.the.sense.of.convergence.in.
the.mean.defined.as

.
lim
k kx t x t t
→∞

( ) − ( ) =∫
2

d 0
.

(14.17)

Similarly,.the.ideas.of.independence.and.basis.sets.apply.to.Hilbert.spaces.in.infinite-dimensional.form.
It.is.necessary.to.distinguish.between.the.concepts.of.a.basis.and.a.spanning.set.consisting.of.indepen-

dent.vectors..As.ε.is.reduced.in.Equation.14.15,.it.is.expected.that.N.must.be.increased,.and.it.may.also.
be.necessary.to.change.the.previously.found.coefficients.α1,.α2,.. . .,.αN..Hence,.there.might.not.exist.a.
fixed.sequence.of.constants.ξ1,.ξ2,.. . .,.ξn,.. . ..with.the.property

.
x f=

=

∞

∑ξk k
k 1 .

(14.18)

as.would.be.required.if.the.set.{fk}.were.a.basis..For.example,.on.the.space.of.square-integrable.functions.
on.[−1,1],.the.independent.set.f0.=.1,.f1.=.t,.f2.=.t2,. . . .. is.a.spanning.set,.but.not.a.basis,.since.there.are.
many.square-integrable.functions.on.[−1,1].that.cannot.be.expanded.in.a.series.like.Equation.14.18.(an.
example.is.|t|)..Odd.as.it.may.seem.at.first,.it.is.possible.if.the.powers.of.t.in.this.spanning.set.are.regrouped.
into.the.set.of.polynomials.known.as.the.Legendre.polynomials,.Pk.(t).

Two.vectors.x,.y.are.orthogonal or.perpendicular.if.〈x,.y〉.=.0..A.finite.or.countably.infinite.set.of.vec-
tors. {ϕ1,.ϕ2,. . . .,.ϕk,. . . .}. is. said. to.be.an.orthogonal set. if. 〈ϕi,.ϕj〉.=.0,. i.≠.j..A.proper orthogonal set. is.an.
orthogonal.set.none.of.whose.elements.is.the.zero.vector..A.proper.orthogonal.set.is.an.independent.set..
A.set.is.orthonormal.if

.
φ φi j

i j
i j

,
,
,

=
≠

=

⎧
⎨
⎪

⎩⎪

0
1

.
(14.19)

An.important.concept.is.that.of.a.linear manifold.in.a.Hilbert.space..A.set.M.is.said.to.be.a.linear.
manifold.if,.for.x.and.y.belonging.to.M,.so.does.αx.+.βy.for.arbitrary.complex.numbers.α.and.β;.thus,.
M.is.itself.a.linear.space..If.a.linear.manifold.is.a.closed.set,.it.is.called.a.closed.linear.manifold.(i.e.,.every.
Cauchy.sequence.has.a.limit.in.the.space).and.is.itself.a.Hilbert.space..In.three-dimensional.Euclidean.
space,.linear.manifolds.are.simply.lines.and.planes.containing.the.origin..In.a.finite-dimensional.space,.
every.linear.manifold.is.necessarily.closed.

Let.M.be.a.linear.manifold,.closed.or.not..Consider.the.set.M⊥.of.all.vectors.which.are.orthogonal.to.
every.vector.in.M..It.is.a.linear.manifold.that.can.be.shown.to.be.closed..If.M.is.closed,.M and.M⊥.are.
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known.as.orthogonal complements..Given.a.linear.manifold.M,.each.vector.in.the.space.can.be.decom-
posed.in.a.unique.manner.as.a.sum.xp.+.z,.where.xp.is.in.M.and.z is.in.M⊥.

Given.an.infinite.orthonormal.set.{ϕ1,.ϕ2,.. . .,.ϕk,.. . .}.in.the.space.of.all.square-integrable.functions.on.
the.interval.[a,b],.let.{an}.be.a.sequence.of.complex.numbers..The.Riesz–Fischer theorem.tells.us.how.to.
represent.an.element.in.the.space.and.states:

. 1.. If

.
an

n

2

1=

∞

∑
.

(14.20)

. diverges,.then

.
an n

n

φ
=

∞

∑
1 .

(14.21)

. diverges.
. 2.. If.Equation.14.20.converges,.then.Equation.14.21.also.converges.to.some.element.g.in.the.space.

and

 
an n= g,φ

 
(14.22)

The. next. question. that. arises. is. how. to. construct. an. orthonormal. set. from. an. independent. set.
{e1,  e2,  . . .,. en}.. A. way. of. doing. this. is. known. as. the. Gram–Schmidt procedure.. The. construction. is. as.
follows:

. 1.. Pick.a.vector.from.the.set.{e1,.e2,.. . .,.en},.say.e1..Let

.

φ1
1

1 1
1 2=

e
e e, / .

(14.23)

. 2.. Remove.from.a.second.vector.in.the.set,.say.e2,.its.projection.on.ϕ1..This.yields

.
g e e2 2 2 1 1= − ,φ φ

. (14.24)

. The.vector.g2.is.a.linear.combination.of.e1.and.e2,.and.is.orthogonal.to.ϕ1..To.normalize.it,.form

.

φ2
2

2 2
1 2=

g
g g, /

.
(14.25)

. 3.. Pick.another.vector.from.the.set,.say.e3,.and.form

.
g e e e3 3 3 2 2 3 1 1= − −, ,φ φ φ φ

. (14.26)

. Normalize.g3.in.a.manner.similar.to.that.used.for.g2.
. 4.. Continue.until.all.vectors.in.the.set.{ek}.have.been.used.
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Note.that.the.sets.{ek},.{gk},.and.{ϕk}.all.generate.the.same.linear.manifold..(Also,.if.{ek}.is.not.an.inde-
pendent.set,.the.construction.will.result.in.0.at.one.or.more.steps.)

A.basis.consisting.of.orthonormal.vectors.is.known.as.an.orthonormal basis..If.the.basis.vectors.are.
not.normalized,.it.is.simply.an.orthogonal basis.

Example 14.2

Consider. the. interval. [−1,.1].and.the. independent.set.e0.=.1,.e1.=.t,. . . .,.ek.=.tk,. . . ...The.Gram–
Schmidt.procedure.applied.to.this.set.without.normalization,.but.with.the.requirement.that.all.
orthogonal.functions.take.on.the.value.1.at.t.=.1,.gives.the.set.of.Lengendre polynomials,.which.is

.
ψ ψ ψ ψ0 1 2

2
3

31 1
2 3 1 1

2 5 3( ) , ( ) , ( ) ( ), ( ) ( ),t t t t t t t t= = = − = −    …
.

(14.27)

It.is.next.desired.to.approximate.an.arbitrary.vector.x.in.a.Hilbert.space.in.terms.of.a.linear.combina-
tion.of.the.independent.set.{e1,.e2,.. . .,.ek},.where.k.≤.n.if.the.space.is.an.n-dimensional.Euclidean.space,.
and.k.is.an.arbitrary.integer.if.the.space.is.infinite.dimensional..First,.the.orthonormal.set.{ϕk}.is.con-
structed.from.{ek}..The.unique,.best.approximation.to.x.is.the.Fourier sum

.
x,   φ φi

i

k

i
=
∑

1 .
(14.28)

which.is.geometrically.the.projection.of.x.onto.the.linear.manifold.generated.by.{ϕk},.or.equivalently,.the.
sum.of. the.projections.along. the. individual.axes.defined.by.ϕ1,.ϕ2,. . . .,.ϕk..The.square.of. the.distance.
between.x.and.its.projection.is

.
x x x x− = −

= =
∑ ∑, ,φ φ φi
i

k

i i
i

k

1

2
2

1

 
.

(14.29)

Since.the.left-hand.side.is.nonnegative,.Equation.14.29.gives.Bessel’s inequality,.which.is

.
x x2 2

1

≥
=
∑ ,φi
i

k

.
(14.30)

A.convenient.feature.of.the.Fourier.sum.is.as.follows:.If.another.vector.ϕk+1.is.added.to.the.orthonor-
mal.approximating.set.of.vectors,.the.best.approximation.now.becomes

.
x,φ φi

i

k

i
=

+

∑
1

1

 
.

(14.31)

Thus,.an.additional. term. is.added. to. the. series. expansion.without.changing.previously. computed.
coefficients,.which.makes.the.extension.to.a.countably.infinite.orthonormal.approximating.set.simple.to.
envision..In.the.case.of.an.infinite.orthonormal.approximating.set,.Bessel’s.inequality.(14.30).now.has.
an.infinite.limit.on.the.sum..Does.the.approximating.sum.(14.31).converge.to.x?.The.answer.is.that.con-
vergence.can.be.guaranteed.only.if.the.set.{ϕk}.is.extensive.enough,.that.is,.if.it.is.a.basis or a complete 
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orthonormal set.. In.such.cases,.Equation.14.30.becomes.an.equality.. In. fact,.a.number.of.equivalent.
criteria.can.be.stated.to.determine.whether.an.orthonormal.set.{ϕk}.is.a.basis.or.not.(Stakgold,.1967)..
These.are

. 1.. In.finite.n-dimensional.Euclidean.space,.{ϕk}.has.exactly.n.elements.for.completeness

. 2.. For.every.x.in.the.space.of.square-integrable.functions

.
x x=∑ ,φ φi

i
i 
.

(14.32)

. 3.. For.every.x.in.the.space.of.square-integrable.functions

.
x x2 2

=∑ ,φi
i .

(14.33)

. . (known.as.Parseval’s.equality)

. 4.. The.only.x. in. the.space.of.square-integrable. functions.for.which.all. the.Fourier.coefficients.
vanish.is.the.0 function

. 5.. There.exists.no.function.ϕ(t).in.the.space.of.square-integrable.functions.such.that.{ϕ,.ϕ1,.ϕ2,.. . .,.
ϕk,.. . .}.is.an.orthonormal.set

Examples. of. complete. orthonormal. sets. of. trigonometric. functions. over. the. interval. [0,T]. are. as.
.follows:. (1). The. complex. exponentials. with. frequencies. equal. to. the. harmonics. of. the. fundamental.
.frequency.ω0.=.2π/T,.or

.

1 2 20 0 0 0

T
j t
T

j t
T

j t
T

j t
T

,
exp

,
exp

,
exp

,
exp

,
ω ω ω ω( ) −( ) ( ) −( )  …

.
(14.34)

The.factor.T 1/2.in.the.denominator.is.necessary.to.normalize.the.functions.and.is.often.not.included.in.
the. definition. of. the. complex. exponential. Fourier. series.. (2). The. sines. and. cosines. with. frequencies.
equal.to.harmonics.of.the.fundamental.frequency.ω0.=.2.π/T.or

.

1
2 2
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2

2
2

0 0 0 0
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/
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/
,
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/
,
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/
,

ω ω ω ω( ) ( ) ( ) ( )
…

.
(14.35)

Note.that.if.any.function.is.left.out.of.these.sets,.the.basis.is.incomplete.

14.3  Application of Signal Space Representation 
to Signal Detection

The. M-ary. signal. detection. problem. is. as. follows:. given. M. signals,. s1(t),. s2(t),. . . .,. sM(t),. defined. over.
0.≤.t.≤.T..One.is.chosen.at.random.and.sent.each.T-second.interval.through.a.channel.that.adds.white,.
Gaussian.noise.of.power.spectral.density.N0/2.to.it..The.challenge.is.to.design.a.receiver.that.will.decide.
which.signal.was.sent.through.the.channel.during.each.T-second.interval.with.minimum.probability.of.
making.an.error.

An.approach. to. this.problem,.as.expanded.upon. in.greater.detail.by.Wozencraft.and.Jacobs. (1965,.
Chapter.4).and.Ziemer.and.Tranter.(2009,.Chapter.10),.is.to.construct.a.linear.manifold,.called.the.s.ignal.
space,.using.the.Gram–Schmidt.procedure.on.the.M.signals..Suppose.that.this.results.in.the.orthonormal.
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basis.set.{ϕ1,.ϕ2,.. . .,.ϕK}.where.K.≤.M.(the.number.of.basis.functions.may.be.less.than.the.number.of.signals.
because.the.signals.are.not.necessarily.linearly.independent)..The.received.signal.plus.noise.is.represented.
in.this.signal.space.as.vectors.with.coordinates.(note.that.they.depend.on.the.signal.transmitted)

.
Z A N

j K
i Mij ij j= +
=

=
,

, , ,
, ,

1 2
1 2

…
…

.
(14.36)

where

.
A s t t tij i j

T

= ∫ ( ) ( )φ d
0 .

(14.37)

The.numbers.Zij.are.components.of.vectors.referred.to.as.the.signal vectors,.and.the.space.of.all.signal.
vectors.is.called.the.observation space..They.may.be.produced.by.a.bank.of.matched.filters.or.correlators,.
with.one.filter.matched.to.each.orthonormal.function.

An.apparent.problem.with.this.approach.is.that.not.all.possible.noise.waveforms.added.to.the.signal.
can.be.represented.as.vectors.in.this.K-dimensional.observation.space..The.part.of.the.noise.that.is.rep-
resented.is

.
n t tj

j

K

j( ) ( )=
=
∑N

1

φ

.
(14.38)

where

.
N n t tj j

T

= ∫ ( ) ( )φ
0 .

(14.39)

In.terms.of.Hilbert.space.terminology,.Equation.14.38.is.the.projection.of.the.noise.waveform.onto.
the.observation.space.(i.e.,.a.linear.manifold)..The.unrepresented.part.of.the.noise.is

.
n t n t n t⊥ = −( ) ( ) ( )

. (14.40)

and.is.the.part.of.the.noise.that.must.be.represented.in.the.orthogonal.complement.of.the.observation.
space..The.question.is.whether.the.decision.process.will.be.harmed.by.ignoring.this.part.of.the.noise..It.
can.be.shown.that.n⊥(t).is.uncorrelated.with.n∙(t)..Thus,.since.n(t).is.Gaussian.they.are.statistically.inde-
pendent.and.n⊥(t).has.no.bearing.on.the.decision.process;.nothing.is.lost.by.ignoring.n⊥(t).

The.decision.process.can.be.shown.to.reduce.to.choosing.that.signal.sl.(t).minimizing.the.distance.to.
the.data.vector;.that.is,

.
d( , ) ( ) , , ,

/
z s z sl l ij ijZ A l M= − = −⎡

⎣
⎤
⎦

= =∑ 2
1 2
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(14.41)

where

.
z t Z tij j

j

K

( ) ( )=
=
∑ φ

1 .
(14.42)
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and

.
sl lj j

j

K

t A t( ) ( )=
=
∑ φ

1 .
(14.43)

Thus,.the.signal.detection.problem.is.reduced.to.a.geometrical.one,.where.the.observation.space.is.
subdivided. into.decision.regions. in.order. to.make.a.decision..Each.decision.region. is.constructed.to.
ensure.that.each.observation.point.included.in.it.is.closer.to.the.chosen.signal.point.than.to.any.other.

14.4  Application of Signal Space Representation to Parameter 
estimation

The.procedure.used.in.applying.signal.space.concepts.to.estimation.is.similar.to.that.used.for.signal.
detection..Consider.the.observed.waveform.consisting.of.additive.signal.and.noise.of.the.form

 y t s t A n t t T( ) = ( ) + ( ) ≤ ≤, , 0 . (14.44)

where.A. is. a.parameter. to.be.estimated.and. the.noise. is.white. as.before..Let. {ϕ1,.ϕ2,. . . .,.ϕk,. . . .}.be.a.
.complete.orthonormal.basis.set..The.observed.waveform.can.be.represented.as

.
y t S A t N tj j j j

jj

( ) ( ) ( ) ( )= +
=

∞

=
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11 .

(14.45)

where

.
S A s s t A tj j j

T

( ) = = ( )∫, , ( )*φ φ
0

dt
.

(14.46)

and. Nj. is. defined. by. Equation. 14.39.. Hence,. an. estimate. can. be. made. on. the. basis. of. the. set. of.
coefficients

. Z S A Nj j j= +( ) . (14.47)

or.on.the.basis.of.a.vector.in.the.signal.space.with.these.coordinates..A.reasonable.criterion.for.estimat-
ing. A. is. to. maximize. the. likelihood. ratio,. or. a. monotonic. function. thereof.. Its. logarithm,. for. n(t).
Gaussian,.can.be.shown.to.reduce.to

.
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(14.48)

In.the.limit.as.K.→.∞,.this.becomes

.
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(14.49)
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A.necessary.condition.for.the.value.of.A.that.maximizes.Equation.14.49.is

.
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∂
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∂
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 d
�

. (14.50)

The.value.of.A.that.maximizes.Equation.14.49,.denoted.A� ,.is.called.the.maximum.likelihood.estimate.

14.5 Miscellaneous Applications

14.5.1 Wavelet transforms

Wavelet.transforms.can.be.continuous.time.or.discrete.time..They.find.applications.in.speech.and.image.
compression,.signal.and.image.classification,.and.pattern.recognition.

The.continuous-time.wavelet transform.of.a.signal.x(t).takes.the.form.(Rioul.and.Vetterli,.1991)

.
W a x t h t tx aτ τ, ,

*( ) = ( ) ( )
−∞

∞

∫ d
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(14.51)

where

.
h t

a
h t

aa,τ
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1
. (14.52)

are.basis.functions.called.wavelets..Thus,.the.wavelets.defined.in.Equation.14.52.are.scaled.and.trans-
lated.versions.of.the.basic.wavelet.prototype.h(t).(also.known.as.the.mother wavelet),.and.the.wavelet.
transform.is.seen.to.be.a.convolution.of.the.conjugate.of.a.wavelet.with.the.signal.x(t)..Substitution.of.
Equation.14.52.to.14.51.yields

.
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(14.53)

Note.that.h(t/a).is.contracted.if.a.<.1.and.expanded.if.a >.1..Thus,.an.interpretation.of.Equation.14.53.
is.that.as.a.increases,.the.function.h(t/a).becomes.spread.out.over.time.and.takes.the.long-term.behavior.
of.x(t).into.account;.as.a.decreases.the.short-time.behavior.of.x(t).is.taken.into.account..A.change.of.
variables.in.Equation.14.53.gives

.
W a a x at h t a tx τ

τ, *( ) = ( ) −
⎛
⎝⎜

⎞
⎠⎟

−∞

∞

∫ d
.

(14.54)

Now.the.interpretation.of.Equation.14.54.is.as.the.scale.increases.(a.<.1),.an.increasingly.contracted.
version.of.the.signal.is.seen.through.a.constant-length.sifting.function,.h(t)..This.is.only.the.barest.of.
introductions.to.wavelets,.and.the.reader.is.urged.to.consult.the.references.to.learn.more.about.wavelets.
and.their.applications,.particularly.their.discrete-time.implementation.
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14.5.2 Mean-Square estimation: the orthogonality Principle

Given.n.random.variables,.X1,.X2,. . . .,.Xn. it. is.desired.to.find.n.constants.a1,.a2,. . . .,.an.such.that.when.
another.random.variable.S.is.estimated.by.the.sum

.
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1 .
(14.55)

then.the.mean-square.error.(MSE)

.

MSE = −
⎧

⎨
⎪

⎩⎪

⎫

⎬
⎪

⎭⎪=
∑E S a Xi i
i

n

1

2

.

(14.56)

is.a.minimum,.where.E{.}.denotes.expectation.or.statistical.average..It.is.shown.in.(Papoulis.and.Pillai,.
2001).that.the.MSE.is.minimized.when.the.error.is.orthogonal.to.the.data,.or.when
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This.is.known.as.the.orthogonality.principle.or.projection.theorem.and.can.be.interpreted.as.stating.
that. the. MSE. is. minimized. when. the. error. vector. is. orthogonal. to. the. subspace. (linear. manifold).
spanned.by.the.vectors.X1,.X2,.. . .,.Xn..The.projection.theorem.has.many.applications.including.filtering.
of.noisy.signals,.known.as.Wiener.filtering.

14.5.3 Volterra Adaptive Lattice Filtering

Volterra filters.are.nonlinear.filters.which,.in.discrete.time,.can.be.characterized.by.input–output.rela-
tionships.of.the.form.(Mathews,.1991)
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(14.58)

where.x[n].is.the.input.and.y[n].is.the.output.of.the.system.at.discrete.time.instantn..An.important.area.
for. their. application. is. inverse. filtering,. or. equalization,. for. nonlinear. communications. channels.
(Benedetto.and.Biglieri,.1983).wherein.some.type.of.feedback.adjustment.algorithm.is.used.to.adjust.the.
Volterra.kernels.(Haykin,.1996),.hp.[m1,.m2,.. . .,.mp].

Clearly,. Equation. 14.58. becomes. rapidly. complex. as. the. number. of. terms. included. is. increased..
Some. simplification. is. obtained. by. assuming. that. hp. [m1,. m2,. . . .,. mp]. is. symmetrical. in. its. indices..
Further.simplification.may.be.obtained.in.many.cases.if.the.channels.being.equalized.have.odd.sym-
metry,.which.is.often.the.case..As.an.example,.assume.that.both.of.these.to.be.the.case.and.let.the.series.
(14.58).be.truncated.at. the.third-order.sum.and.let.N.=.3..Then,.the.Volterra.expansion.for.this.case.
becomes
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The.terms.can.be.grouped.in.the.following.manner:

.

x n x n x n
x n x n x n
x n x n

⎡⎣ ⎤⎦ −⎡⎣ ⎤⎦ −⎡⎣ ⎤⎦
⎡⎣ ⎤⎦ −⎡⎣ ⎤⎦ −⎡⎣ ⎤⎦
⎡⎣ ⎤⎦ −

1 2
1 22 2 2

3 3 11 2
1 2
1

3

2 2

2

⎡⎣ ⎤⎦ −⎡⎣ ⎤⎦
⎡⎣ ⎤⎦ −⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦ −⎡⎣ ⎤⎦
⎡⎣ ⎤⎦ −⎡⎣

x n
x n x n x n x n
x n x n ⎤⎤⎦ ⎡⎣ ⎤⎦ −⎡⎣ ⎤⎦

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

x n x n2 2
Col. 0 Col. 1 Col. 2

.

(14.60)

The.basic.idea.for.forming.the.lattice.Volterra.filter.is.to.obtain.a.Gram–Schmidt.orthogonal.decom-
position.of.the.three.columns,. x x x0 1 2

b b bn n n⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦, , ..Let. b b b0 1 2n n n⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦, , .represent.the.correspond-
ing. orthogonal. basis. set.. Then,. any. linear. combination. of. x x x0 1 2

b b bn n n⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦, , . can. be. equivalently.
written.as.another. linear.combination.of.b0[n],.b1[n],.b2[n]..Let.d[n].be. the.desired.signal,.and. let. its.
estimate.be

. d� n n n nd T d T d T
⎡⎣ ⎤⎦ = ( ) ⎡⎣ ⎤⎦ + ( ) ⎡⎣ ⎤⎦ + ( ) ⎡⎣ ⎤⎦k b k b k b0 0 1 1 2 2 .

(14.61)

A.big.advantage.of.the.lattice.structure.is.that.because.of.the.orthogonality.of.b0[n],.b1[n],.b2[n].the.
coefficient.vector.k i

d.can.be.computed.solely.from.the.joint.statistics.of.d[n].and.b1n].
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15.1 introduction

Every.engineer.strives.for.optimality.in.design..This.is.particularly.true.for.communications.engineers.
since. in.many.cases. implementing.suboptimal.receivers.and.sources.can.result. in.dramatic. losses. in.
performance..As.such,.this.chapter.focuses.on.design.principles.leading.to.the.implementation.of.opti-
mum.receivers.for.the.most.common.communication.environments.

The.main.objective.in.digital.communications.is.to.transmit.a.sequence.of.bits.to.a.remote.location.
with.the.highest.degree.of.accuracy..This.is.accomplished.by.first.representing.bits.(or.more.generally.
short.bit.sequences).by.distinct.waveforms.of.finite.time.duration..These.time-limited.waveforms.are.
then.transmitted.(broadcasted).to.the.remote.sites.in.accordance.with.the.data.sequence.

Unfortunately,.because.of.the.nature.of.the.communication channel,.the.remote.location.receives.a.
corrupted.version.of.the.concatenated.signal.waveforms..The.most.widely.accepted.model.for.the.com-
munication. channel. is. the. so-called. additive white Gaussian noise*. channel (AWGN channel)..
Mathematical.arguments.based.upon.the.central.limit.theorem.[7],.together.with.supporting.empirical.
evidence,. demonstrate. that.many.common. communication. channels. are. accurately.modeled.by. this.
abstraction..Moreover,. from.the.design.perspective,. this. is.quite. fortuitous.since.design.and.analysis.
with.respect.to.this.channel.model.is.relatively.straightforward.

*. For.those.unfamiliar.with.AWGN,.a.random.process.(waveform).is.formally.said.to.be.white.Gaussian.noise.if.all.collec-
tions.of.instantaneous.observations.of.the.process.are.jointly.Gaussian.and.mutually.independent..An.important.conse-
quence.of.this.property.is.that.the.power.spectral.density.of.the.process.is.a.constant.with.respect.to.frequency.variation.
(spectrally.flat)..For.more.on.AWGN,.see.Papoulis.[4].
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15.2 Preliminaries

To.better.describe.the.digital.communications.process,.we.shall.first.elaborate.on.so-called.binary.com-
munications..In.this.case,.when.the.source.wishes.to.transmit.a.bit.value.of.0,.the.transmitter.broadcasts.
a.specified.waveform.s0(t).over.the.bit interval.t.∈.[0,.T]..Conversely,.if.the.source.seeks.to.transmit.the.
bit.value.of.1,. the. transmitter.alternatively.broadcasts. the. signal. s1(t).over. the. same.bit. interval..The.
received.waveform.R(t).corresponding.to.the.first.bit.is.then.appropriately.described.by.the.following.
hypotheses.testing.problem:

.

H R t s t t t T
H R t s t t

0 0

1 1

0: ( ) ( ) ( )
: ( ) ( ) ( )

= + ≤ ≤

= +

η

η .
(15.1)

where,.as.stated.previously,.η(t).corresponds.to.AWGN.with.spectral.height.nominally.given.by.N0/2..It.
is.the.objective.of.the.receiver.to.determine.the.bit.value,.that.is,.the.most.accurate.hypothesis.from.the.
received.waveform.R(t).

The.optimality.criterion.of.choice. in.digital.communication.applications. is. the. total probability of 
error.normally.denoted.as.Pe..This.scalar.quantity.is.expressed.as

.

P Pr Pr
Pr
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(
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declarring 0|1 transmitted 1 transmitted) ( )Pr

.
(15.2)

The.problem.of.determining.the.optimal.binary.receiver.with.respect.to.the.probability.of.error.is.
solved.by.applying.stochastic.representation.theory.[10].to.detection.theory.[5,9]..The.specific.waveform.
representation.of.relevance.in.this.application.is.the.Karhunen–Loève (KL) expansion.

15.3 Karhunen–Loève expansion

The.Karhunen–Loève.expansion.is.a.generalization.of.the.Fourier.series.designed.to.represent.a.random.
process.in.terms.of.deterministic.basis.functions.and.uncorrelated.random.variables.derived.from.the.
process..Whereas.the.Fourier.series.allows.one.to.model.or.represent.deterministic.time-limited.energy.
signals.in.terms.of.linear.combinations.of.complex.exponential.waveforms,.the.Karhunen–Loève.expan-
sion.allows.us.to.represent.a.second-order.random.process.in.terms.of.a.set.of.orthonormal.basis.func-
tions.scaled.by.a.sequence.of.random.variables..The.objective.in.this.representation.is.to.choose.the.basis.
of.time.functions.so.that.the.coefficients.in.the.expansion.are.mutually.uncorrelated.random.variables.

To.be.more.precise,.if.R(t).is.a.zero.mean.second-order.random.process.defined.over.[0,.T].with.cova-
riance.function.KR(t,.s),.then.so.long.as.the.basis.of.deterministic.functions.satisfy.certain.integral.con-
straints.[9],.one.may.write.R(t).as

.
R t R t t Ti i

i

( ) ( )= ≤ ≤
=

∞

∑ φ 0
1 .

(15.3)

where

.
R R t t ti i

T

= ∫ ( ) ( )φ  d
0

In.this.case.the.Ri.will.be.mutually.uncorrelated.random.variables.with.the.ϕi.being.deterministic.
basis.functions.that.are.complete.in.the.space.of.square-integrable.time.functions.over.[0,.T]..Importantly,.
in.this.case,.equality.is.to.be.interpreted.as.mean-square equivalence,.that.is,
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FACT 15.1:.If.R(t).is.AWGN,.then.any.basis.of.the.vector.space.of.square-integrable.signals.over.[0,.T].

results.in.uncorrelated.and.therefore.independent.Gaussian.random.variables.
The.use.of.Fact.15.1.allows. for.a.conversion.of.a.continuous. time.detection.problem. into.a.finite-

dimensional.detection.problem..Proceeding,.to.derive.the.optimal.binary.receiver,.we.first.construct.our.
set.of.basis.functions.as.the.set.of.functions.defined.over.t.∈.[0, T].beginning.with.the.signals.of.interest.
s0(t).and.s1(t)..That.is,

{s0(t),.s1(t),.plus.a.countable.number.of.functions.which.complete.the.basis}.

In.order.to.ensure.that.the.basis.is.orthonormal,.we.must.apply.the.Gramm–Schmidt.procedure*.[6].
to.the.full.set.of.functions.beginning.with.s0(t).and.s1(t).to.arrive.at.our.final.choice.of.basis.{ϕi(t)}.

FACT 15.2:.Let.{ϕi(t)}.be.the.resultant.set.of.basis.functions.
Then.for.all.i.>.2,.the.ϕi(t).are.orthogonal.to.s0(t).and.s1(t)..That.is,

.
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jt s t t( ) ( )
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for.all.i.>.2.and.j.=.0,1.
Using.this.fact.in.conjunction.with.Equation.15.3,.one.may.recognize.that.only.the.coefficients.R1.and.

R2.are.functions.of.our.signals.of.interest..Moreover,.since.the.Ri.are.mutually.independent,.the.optimal.
receiver.will,.therefore,.only.be.a.function.of.these.two.values.

Thus,. through. the. application. of. the. KL. expansion,. we. arrive. at. an. equivalent. hypothesis. testing.
problem.to.that.given.in.Equation.15.1,
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(15.4)

where.it.is.easily.shown.that.η1.and.η2.are.mutually.independent,.zero-mean,.Gaussian.random.variables.
with.variance.given.by.N0/2,.and.where.ϕ1.and.ϕ2.are.the.first.two.functions.from.our.orthonormal.set.of.
basis.functions..Thus,.the.design.of.the.optimal.binary.receiver.reduces.to.a.simple.two-dimensional.
detection.problem.that.is.readily.solved.through.the.application.of.detection.theory.

*. The.Gramm–Schmidt.procedure.is.a.deterministic.algorithm.that.simply.converts.an.arbitrary.set.of.basis.functions.
(vectors).into.an.equivalent.set.of.orthonormal.basis.functions.(vectors).
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15.4 Detection theory

It.is.well-known.from.detection.theory.[5].that.under.the.minimum.Pe.criterion,.the.optimal.detector.is.
given.by.the.maximum a posteriori rule.(MAP),

. choose  largest i H R ip H
i | ( | )R r= . (15.5)

that.is,.determine.the.hypothesis.that.is.most.likely,.given.that.our.observation.vector.is.r..By.a.simple.
application.of.Bayes.theorem.[4],.we.immediately.arrive.at.the.central.result. in.detection.theory:.the.
optimal.binary.detector.is.given.by.the.likelihood.ratio.test.(LRT),

.
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where.the.πi.are.the.a priori.probabilities.of.the.hypotheses.Hi.being.true..Since.in.this.case.we.have.
assumed.that.the.noise.is.white.and.Gaussian,.the.LRT.can.be.written.as

.

L
N

R s
N

N
R s

i i

i
( )

exp ( )

exp (

,

,
R =

∏ −
−⎛

⎝⎜
⎞

⎠⎟

∏ −
−

1
2

0

1
2

0

1
2

0

0

1 1
2 2

1 1
2

π

π

/

ii

N

H

H
)2

0

1

0

0

1

2/
⎛

⎝⎜
⎞

⎠⎟

>

<
π
π

.

(15.7)

where

.
s t s t tj i i j

T

, ( ) ( )= ∫φ d
0

By.taking.the.logarithm.and.cancelling.common.terms,.it.is.easily.shown.that.the.optimum.binary.
receiver.can.be.written.as

.
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This.finite-dimensional.version.of.the.optimal.receiver.can.be.converted.back.into.a.continuous.time.
receiver.by.the.direct.application.of.Parseval’s.theorem.[4].where.it.is.easily.shown.that
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By.applying.Equation.15.9.to.15.8.the.final.receiver.structure.is.then.given.by

.
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(15.10)

where. E1. and. E0. are. the. energies. of. signals. s1(t). and. s0(t),. respectively.. (See. Figure. 15.1. for. a. block.
.diagram.).Importantly,.if.the.signals.are.equally.likely.(π0.=.π1),.the.optimal.receiver.is.independent.of.
the.typically.unknown.spectral.height.of.the.background.noise.

One.can.readily.observe.that.the.optimal.binary.communication.receiver.correlates.the.received.
waveform.with.the.difference.signal.s1(t).–.s0(t).and.then.compares.the.statistic.to.a.threshold..This.
operation. can. be. interpreted. as. identifying. the. signal. waveform. si(t). that. best. correlates. with. the.
received.signal.R(t)..Based.on.this.interpretation,.the.receiver.is.often.referred.to.as.the.correlation 
receiver.

As.an.alternate.means.of.implementing.the.correlation.receiver,.we.may.reformulate.the.computa-
tion.of.the.left-hand.side.of.Equation.15.10.in.terms.of.standard.concepts.in.filtering..Let.h(t).be.the.
impulse.response.of.a.linear,.time-invariant.(LTI).system..By.letting.h(t).=.s1(T.−.t).−.s0(T.−.t),.then.it.
is.easily.verified.that.the.output.of.R(t).to.an.LTI.system.with.impulse.response.given.by.h(t).and.then.
sampled.at.time.t.=.T.gives.the.desired.result..(See.Figure.15.2.for.a.block.diagram.).Since.the.impulse.
response.is.matched.to.the.signal.waveforms,.this.implementation.is.often.referred.to.as.the.matched 
filter receiver.

15.5 Performance

On.account.of.the.nature.of.the.statistics.of.the.channel.and.the.relative.simplicity.of.the.receiver,.
performance.analysis.of. the.optimal.binary.receiver. in.AWGN.is.a.straightforward.task..Since. the.

R(t)

(E1 – E0)s1(t) – s0(t) 1
2

–× bi

�reshold
comparison∫T

0 dt ^

FIGURE 15.1 Optimal.correlation.receiver.structure.for.binary.communications.

R(t) h(t)

LTI filter

Sample at time t = T
–

(E1 – E0)1
2

bi
^	reshold

comparison

FIGURE 15.2 Optimal.matched.filter.receiver.structure.for.binary.communications..In.this.case.h(t).=.s1(T.−.t).−.
s0(T − t).
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conditional. statistics. of. the. log. likelihood. ratio. are. Gaussian. random. variables,. the. probability. of.
error.can.be.computed.directly.in.terms.of.Marcum.Q.functions*.as

.
P Q s s

Ne =
−⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

� �0 1

02

where.the.si.are.the.two-dimensional.signal.vectors.obtained.from.Equation.15.4,.and.where.∙x∙.denotes.
the.Euclidean.length.of.the.vector.x..Thus,.∙s0.−.s1∙.is.best.interpreted.as.the.distance.between.the.respec-
tive.signal.representations..Since.the.Q.function.is.monotonically.decreasing.with.an.increasing.argu-
ment,. one. may. recognize. that. the. probability. of. error. for. the. optimal. receiver. decreases. with. an.
increasing.separation.between.the.signal.representations,.that.is,.the.more.dissimilar.the.signals,.the.
lower.the.Pe.

15.6 Signal Space

The.concept.of.a.signal space.allows.one.to.view.the.signal.classification.problem.(receiver.design).within.
a.geometrical.framework..This.offers.two.primary.benefits:.first.it.supplies.an.often.more.intuitive.per-
spective.on.the.receiver.characteristics.(e.g.,.performance).and.second.it.allows.for.a.straightforward.
generalization.to.standard.M-ary.signaling.schemes.

To.demonstrate.this,.in.Figure.15.3,.we.have.plotted.an.arbitrary.signal.space.for.the.binary.signal.
classification.problem..The.axes.are.given.in.terms.of.the.basis.functions.ϕ1(t).and.ϕ2(t)..Thus,.every.point.
in.the.signal.space.is.a.time.function.constructed.as.a.linear.combination.of.the.two.basis.functions..By.
Fact.15.2,.we.recall.that.both.signals.s0(t).and.s1(t).can.be.constructed.as.a.linear.combination.of.ϕ1(t).and.
ϕ2(t).and.as.such.we.may.identify.these.two.signals.in.this.figure.as.two.points.

Since.the.decision.statistic.given.in.Equation.15.8.is.a.linear.function.of.the.observed.vector.R.which.
is.also. located. in. the.signal. space,. it. is.easily. shown.that. the.set.of.vectors.under.which. the.receiver.
declares. hypothesis. Hi. is. bounded. by. a. line. in. the. signal. space.. This. so-called. decision boundary. is.
obtained.by.solving.the.equation.ln[L(R)].=.0..(Here.again.we.have.assumed.equally.likely.hypotheses.).

*. The. Q. function. is. the. probability. that. a. standard. normal. random. variable. exceeds. a. specified. constant,. that. is,.

Q x z z
x

( ) exp( ) .= −
∞

∫ 1 2 22/ / dπ

“Declare H0”

“Declare H1”

x

x

Decision boundary

s1

s0

ϕ1

ϕ0

FIGURE 15.3 Signal.space.and.decision.boundary.for.optimal.binary.receiver.
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In.the.case.under.current.discussion,.this.decision.boundary.is.simply.the.hyperplane.separating.the.
two. signals. in. signal. space.. Because. of. the. generality. of. this. formulation,. many. problems. in.
.communication.system.design.are.best.cast. in.terms.of.the.signal.space,. that. is,.signal. locations.and.
decision.boundaries.

15.7 Standard Binary Signaling Schemes

The.framework.just.described.allows.us.to.readily.analyze.the.most.popular.signaling.schemes.in.
binary.communications:.amplitude-shift.keying.(ASK),.frequency-shift.keying.(FSK),.and.phase-
shift.keying.(PSK)..Each.of.these.examples.simply.constitute.a.different.selection.for.signals.s0(t).
and.s1(t).

In.the.case.of.ASK,.s0(t).=.0,.while.s t E T f t1( ) = /2 2sin( )≠ c ,.where.E.denotes.the.energy.of.the.wave-
form.and.fc.denotes.the.frequency.of.the.carrier.wave.with.fcT.being.an.integer..Because.s0(t).is.the.null.
signal,.the.signal.space.is.a.one-dimensional.vector.space.with.φ π1 2( )t T f t= /  sin(2 )c ..This,.in.turn,.
implies.that. s s E0 1− =  ..Thus,.the.corresponding.probability.of.error.for.ASK.is

.
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For.FSK,.the.signals.are.given.by.equal.amplitude.sinusoids.with.distinct.center.frequencies,.that.is,.
s t E T f ti i( ) sin( )= 2 2/ π .with. fiT.being. two.distinct. integers.. In. this.case,. it. is. easily.verified. that. the.
signal.space.is.a.two-dimensional.vector.space.with.φ πi it T f t( ) = 2/  sin(2 ) .resulting.in. s s E0 1 2− = ..
The.corresponding.error.rate.is.given.to.be

.
P Q E

Ne( )FSK =
⎛

⎝
⎜⎜

⎞

⎠
⎟⎟0

Finally,.with.regard.to.PSK.signaling,.the.most.frequently.utilized.binary.PSK.signal.set.is.an.exam-
ple.of.an.antipodal.signal.set..Specifically,. the.antipodal.signal.set.results. in.the.greatest.separation.
between.the.signals.in.the.signal.space.subject.to.an.energy.constraint.on.both.signals..This,.in.turn,.
translates.into.the.energy.constrained.signal.set.with.the.minimum.Pe..In.this.case,.the.si(t).are.typi-
cally.given.by. 2 2E T f t i/ sin[ ( )]π θc + ,.where.θ(0).=.0.and.θ(1).=.π..As.in.the.ASK.case,.this.results.in.a.
one-.dimensional.signal.space,.however,. in.this.case. s s E0 1 2− = . resulting. in.probability.of.error.
given.by

.
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Ne( )PSK =
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In.all. three.of. the.described.cases,.one.can.readily.observe. that. the.resulting.performance. is.a.
function.of.only. the.signal-to-noise.(SNR).ratio.E/N0.. In. the.more.general.case,. the.performance.
will.be.a.function.of.the.intersignal.energy.to.noise.ratio..To.gauge.the.relative.difference.in.perfor-
mance.of. the. three.signaling.schemes,. in.Figure.15.4,.we.have.plotted. the.Pe. as.a. function.of. the.
SNR..Please.note.the.large.variation.in.performance.between.the.three.schemes.for.even.moderate.
values.of.SNR.
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15.8 M-ary optimal Receivers

In.binary.signaling.schemes,.one.seeks.to.transmit.a.single.bit.over.the.bit.interval.[0,.T]..This.is.to.be.
contrasted.with.M-ary. signaling.schemes.where.one. transmits.multiple.bits. simultaneously.over. the.
so-called.symbol.interval.[0,.T]..For.example,.using.a.signal.set.with.16.separate.waveforms.will.allow.
one.to.transmit.a.length.four-bit.sequence.per.symbol.(waveform)..Examples.of.M-ary.waveforms.are.
quadrature.phase-shift.keying.(QPSK).and.quadrature.amplitude.modulation.(QAM).

The.derivation.of.the.optimum.receiver.structure.for.M-ary.signaling.requires.the.straightforward.
application.of.fundamental.results.in.detection.theory..As.with.binary.signaling,.the.Karhunen–Loève.
expansion. is. the. mechanism. utilized. to. convert. a. hypotheses. testing. problem. based. on. continuous.
waveforms.into.a.vector.classification.problem..Depending.on.the.complexity.of.the.M.waveforms,.the.
signal.space.can.be.as.large.as.an.M-dimensional.vector.space.

By. extending. results. from. the. binary. signaling. case,. it. is. easily. shown. that. the. optimum. M-ary.
receiver.computes

.
ξ πi i

i
T

iR t s t R t t E N i M[ ( )] ( ) ( ) ln , ,= − + =∫  d  2 2 10

0

…

where,.as.before,.the.si(t).constitute.the.signal.set.with.the.πi.being.the.corresponding.a priori.probabili-
ties..After.computing.M.separate.values.of.ξi,.the.minimum.probability.of.error.receiver.simply.choose.
the. largest. amongst. this. set.. Thus,. the. M-ary. receiver. is. implemented. with. a. bank. of. correlation. or.
matched.filters.followed.by.choose-largest.decision.logic.

In.many.cases.of.practical.importance,.the.signal.sets.are.selected.so.that.the.resulting.signal.space.
is.a.two-dimensional.vector.space.irrespective.of.the.number.of.signals..This.simplifies.the.receiver.
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FIGURE 15.4 Pe. versus. the. signal. to. noise. ratio. in. decibels. [dB.=.10.log(E/N0)]. for. amplitude-shift. keying,.
frequency-shift.keying,.and.phase-shift.keying;.note.that.there.is.a.3.dB.difference.in.performance.from.ASK.to.
FSK.to.PSK.
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structure.in.that.the.sufficient.statistics.are.obtained.by.implementing.only.two.matched.filters..Both.
QPSK.and.QAM.signal.sets.fit.into.this.category..As.an.example,.in.Figure.15.5,.we.have.depicted.the.
signal.locations.for.standard.16-QAM.signaling.with.the.associated.decision.boundaries..In.this.case.
we.have.assumed.an.equally. likely.signal.set..As.can.be.seen,. the.optimal.decision.rule.selects. the.
signal. representation. that. is. closest. to. the. received. signal. representation. in. this. two-dimensional.
.signal.space.

15.9 More Realistic channels

As.is.unfortunately.often.the.case,.many.channels.of.practical. interest.are.not.accurately.modeled.as.
simply.as.an.AWGN.channel..It.is.often.that.these.channels.impose.nonlinear.effects.on.the.transmitted.
signals..The.best.example.of.this.is.channels.that.impose.a.random.phase.and.random.amplitude.onto.
the.signal..This. typically.occurs. in.applications.such.as. in.mobile.communications,.where.one.often.
experiences.rapidly.changing.path.lengths.from.source.to.receiver.

Fortunately,.by.the.judicious.choice.of.signal.waveforms,.it.can.be.shown.that.the.selection.of.the.ϕi.in.
the.Karhunen–Loève.transformation.is.often.independent.of.these.unwanted.parameters..In.these.situ-
ations,.the.random.amplitude.serves.only.to.scale.the.signals.in.signal.space,.whereas.the.random.phase.
simply.imposes.a.rotation.on.the.signals.in.signal.space.

Since.the.Karhunen–Loève.basis.functions.typically.do.not.depend.on.the.unknown.parameters,.we.
may.again.convert.the.continuous.time.classification.problem.to.a.vector.channel.problem.where.the.
received.vector.R.is.computed.as.in.Equation.15.3..Since.this.vector.is.a.function.of.both.the.unknown.

Decision boundary

s16

s1

ϕ2

ϕ1

FIGURE 15.5 Signal.space.representation.of.16-QAM.signal.set..Optimal.decision.regions.for.equally.likely.sig-
nals.are.also.noted.
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parameters.(i.e.,.in.this.case.amplitude.A.and.phase.ν),.to.obtain.a.likelihood.ratio.test.independent.of.A.
and.ν,.we.simply.apply.Bayes.theorem.to.obtain.the.following.form.for.the.LRT:

.

L E p H A H A
E p H A H A

H

H

( ) [ | , , ( | , , )]
[ | , , ( | , , )]R R

R
R

R
=

>

<
1 1

0 0

1

0

0ν ν
ν ν

π
π11

where.the.expectations.are.taken.with.respect.to.A.and.ν,.and.where.pR|Hi,.A,.ν.are.the.conditional.prob-
ability.density.functions.of.the.signal.representations..Assuming.that.the.background.noise.is.AWGN,.
it.can.be.shown.that.the.LRT.simplifies.to.choosing.the.largest.amongst
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(15.11)

It.should.be.noted.that.in.the.Equation.15.11.we.have.explicitly.shown.the.dependence.of.the.trans-
mitted.signals. si.on. the.parameters.A. and.ν..The.final. receiver. structures,. together.with. their.corre-
sponding.performance.are,.thus,.a.function.of.both.the.choice.of.signal.sets.and.the.probability.density.
functions.of.the.random.amplitude.and.random.phase.

15.9.1 Random Phase channels

If.we.consider.first.the.special.case.where.the.channel.simply.imposes.a.uniform.random.phase.on.the.
signal,.then.it.can.be.easily.shown.that.the.so-called.in-phase.and.quadrature.statistics.obtained.from.
the.received.signal.R(t).(denoted.by.RI.and.RQ,.respectively),.are.sufficient.statistics.for.the.signal.classi-
fication.problem..These.quantities.are.computed.as

.
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where.in.this.case.the.index.i.corresponds.to.the.center.frequencies.of.hypotheses.Hi,.(e.g.,.FSK.signal-
ing)..As.in.Figure.15.6,.the.optimum.binary.receiver.selects.the.largest.from.amongst
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where.I0.is.a.zeroth-order,.modified.Bessel.function.of.the.first.kind..If.the.signals.have.equal.energy.and.
are.equally.likely.(e.g.,.FSK.signaling),.then.the.optimum.receiver.is.given.by
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One.may.readily.observe.that.the.optimum.receiver.bases.its.decision.on.the.values.of.the.two.envelopes.

of.the.received.signal. R i R iI Q
2 2( ) ( )+ .and,.as.a.consequence,.is.often.referred.to.as.an.envelope.or.square-

law.detector..Moreover,.it.should.be.observed.that.the.computation.of.the.envelope.is.independent.of.the.
underlying.phase.of.the.signal.and.is.as.such.known.as.a.noncoherent.receiver.

The.computation.of.the.error.rate.for.this.detector.is.a.relatively.straightforward.exercise.resulting.in

.
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As.before,.note.that.the.error.rate.for.the.noncoherent.receiver.is.simply.a.function.of.the.SNR.

15.9.2 Rayleigh channel

As.an.important.generalization.of. the.described.random.phase.channel,.many.communication.sys-
tems.are.designed.under.the.assumption.that.the.channel.introduces.both.a.random.amplitude.and.a.
random.phase.on.the.signal..Specifically,.if.the.original.signal.sets.are.of.the.form.si(t) = mi(t).cos(2πfct).
where.mi(t).is.the.baseband.version.of.the.message.(i.e.,.what.distinguishes.one.signal.from.another),.
then.the.so-called.Rayleigh channel.introduces.random.distortion.in.the.received.signal.of.the.follow-
ing.form:

. s t Am t ti i c( ) ( )cos( )= +2πf ν

where.the.amplitude.A.is.a.Rayleigh.random.variable*.and.where.the.random.phase.ν.is.uniformly.dis-
tributed.between.zero.and.2π.

*. The.density.of.a.Rayleigh.random.variable.is.given.by.pA(a).=.a/σ2.exp(–a2/2σ2).for.a.≥.0.

Detector

×

×

Symbol estimate
Received signal

cos(2π fct)

sin(2π fct)

∫T
0  (·)dt

∫T
0  (·)dt

FIGURE 15.6 Optimum.receiver.structure.for.noncoherent.(random.or.unknown.phase).ASK.demodulation.
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To.determine.the.optimal.receiver.under.this.distortion,.we.must.first.construct.an.alternate.statisti-
cal.model.for.si(t)..To.begin,.it.can.be.shown.from.the.theory.of.random.variables.[4].that.if.XI.and.XQ.are.
statistically.independent,.zero.mean,.Gaussian.random.variables.with.variance.given.by.σ2,.then

. Am t f t m t X f t m t X f ti i I i Q( )cos( ) ( ) cos( ) ( ) sin( )2 2 2π π πc c c+ = +ν

Equality.here.is.to.be.interpreted.as.implying.that.both.A.and.ν.will.be.the.appropriate.random.vari-
ables..From.this,.we.deduce.that.the.combined.uncertainty.in.the.amplitude.and.phase.of.the.signal.is.
incorporated.into.the.Gaussian.random.variables.XI.and.XQ..The.in-phase.and.quadrature.components.
of.the.signal.si(t).are.given.by.s t m t f tIi i( ) ( )cos( )= 2π c .and.s t m t f tQi i( ) ( )sin( )= 2π c ,.respectively..By.appeal-
ing.to.Equation.15.11,.it.can.be.shown.that.the.optimum.receiver.selects.the.largest.from

.

ξ
π

σ

σ

σ
i

i

i i
Ii QiR t E

N
E
N

R t s t R t s t[ ( )] exp ( ), ( ) ( ), ( )=
+ +

+
1 2 1

20

2

2

0

2

2 22( )
⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

where.the.inner.product

.
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Further,. if.we. impose. the.conditions. that. the. signals.be.equally. likely.with.equal.energy.over. the.
symbol.interval,.then.optimum.receiver.selects.the.largest.amongst

.
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i i
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2 2

Thus,.much.like.for.the.random.phase.channel,.the.optimum.receiver.for.the.Rayleigh.channel.com-
putes. the. projection. of. the. received. waveform. onto. the. in-phase. and. quadrature. components. of. the.
hypothetical.signals..From.a.signal.space.perspective,.this.is.akin.to.computing.the.length.of.the.received.
vector.in.the.subspace.spanned.by.the.hypothetical.signal..The.optimum.receiver.then.chooses.the.larg-
est.amongst.these.lengths.

As.with.the.random.phase.channel,.computing.the.performance.is.a.straightforward.task.resulting.in.
(for.the.equally.likely,.equal.energy.case)
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Interestingly,.in.this.case.the.performance.depends.not.only.on.the.SNR,.but.also.on.the.variance.
(spread).of.the.Rayleigh.amplitude.A..Thus,.if.the.amplitude.spread.is.large,.we.expect.to.often.experi-
ence.what.is.known.as.deep.fades.in.the.amplitude.of.the.received.waveform.and.as.such.expect.a.com-
mensurate.loss.in.performance.
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15.10 Dispersive channels

The.dispersive channel.model.assumes.that.the.channel.not.only.introduces.AWGN.but.also.distorts.the.
signal.through.a.filtering.process..This.model.incorporates.physical.realities.such.as.multipath.effects.and.
frequency.selective.fading..In.particular,. the.standard.model.adopted.is.depicted.in.the.block.diagram.
given.in.Figure.15.7..As.can.be.seen,.the.receiver.observes.a.filtered.version.of.the.signal.plus.AWGN..If.
the.impulse.response.of.the.channel.is.known,.then.we.arrive.at.the.optimum.receiver.design.by.applying.
the.previously.presented.theory..Unfortunately,.the.duration.of.the.filtered.signal.can.be.a.complicating.
factor..More.often.than.not,.the.channel.will.increase.the.duration.of.the.transmitted.signals,.hence,.lead-
ing.to.the.description,.dispersive.channel.

However,.if.the.designers.take.this.into.account.by.shortening.the.duration.of.si(t).so.that.the.duration.
of.s ti

* ( ).is.less.than.T,.then.the.optimum.receiver.chooses.the.largest.amongst

.
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If.we.limit.our.consideration.to.equally.likely.binary.signal.sets,.then.the.minimum.Pe.matches.the.
received.waveform.to.the.filtered.versions.of.the.signal.waveforms..The.resulting.error.rate.is.given.by
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Thus,.in.this.case.the.minimum.Pe.is.a.function.of.the.separation.of.the.filtered.version.of.the.signals.
in.the.signal.space.

The.problem.becomes.substantially.more.complex.if.we.cannot.ensure.that.the.filtered.signal.dura-
tions.are.less.than.the.symbol.lengths..In.this.case.we.experience.what.is.known.as.intersymbol.interfer-
ence.(ISI)..That.is,.observations.over.one.symbol.interval.contain.not.only.the.symbol.information.of.
interest.but.also.information.from.previous.symbols..In.this.case.we.must.appeal.to.optimum.sequence.
estimation.[5].to.take.full.advantage.of.the.information.in.the.waveform..The.basis.for.this.procedure.is.
the.maximization.of.the.joint.likelihood.function.conditioned.on.the.sequence.of.symbols..This.proce-
dure.not.only.defines.the.structure.of.the.optimum.receiver.under.ISI.but.also.is.critical.in.the.decoding.
of. convolutional. codes. and. coded. modulation.. Alternate. adaptive. techniques. to. solve. this. problem.
involve.the.use.of.channel.equalization.

si(t)
si*(t)

η(t)

R(t)hc(t, τ) +

FIGURE 15.7 Standard. model. for. dispersive. channel.. The. time-varying. impulse. response. of. the. channel. is.
denoted.by hc(t,.τ).
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16.1 Advantages of Multiple Antennas Systems

Systems.with.multiple.antennas.(see.Figure.16.1).can.exploit,.besides.the.usual.time.and.frequency,.the.
spatial.dimension,.with.large.improvements.in.terms.of.diversity,.interference.mitigation,.and.through-
put.. For. this. reason,. they. are. among. the. key. technologies. in. modern. wireless. transmission. systems.
[1–7]..Even.in.wired.systems.(such.as.in.digital.subscriber.line.(DSL).and.in.power.line.communication.
(PLC).systems),.since.cables.usually.contain.multiple.wires,.the.channel.can.be.seen.as.a.multiple-input.
multiple-output.(MIMO)..In.the.following,.we.will.focus.on.MIMO.wireless.systems,.but.several.of.the.
described.techniques.can.also.be.applied.in.wired.systems.

The.advantages.of.multiple.antennas.can.be.summarized.as.follows:

•. Array.gain

This.is.the.increase.in.the.average.signal-to-noise.ratio.(SNR).at.the.receiver.due.to.coherent.combination.
of.signals..It.can.be.obtained.for.both.multiple.transmit.or.multiple.receive.antennas,.requiring.channel.state.
information.at.the.transmitter.(CSIT).or.channel.state.information.at.the.receiver.(CSIR),.respectively.

We.define.the.array.gain.as

.

E
E
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SNR

out{ }
{ }SISO
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where.SNRout.and.SNRSISO.are.the.output.SNR.of.the.multiple.antenna.system.and.of.the.SISO.system,.
respectively,.and.the.average.E ⋅{}.is.taken.with.respect.to.fading.(see.following.sections).

•. Diversity.gain

In.the.presence.of.fading,.the.received.power.level.can.present.large.variations..Diversity.is.used.to.
reduce.the.variations.of.the.SNR.level.due.to.fading,.by.sending.each.information.symbol.through.dif-
ferent.channels.with.independent.fading.levels,.and.then.combining.the.outputs..In.a.NT.×.NR.MIMO.
channel,.there.are.potentially.NT.⋅.NR. links..Spatial.diversity.can.be.obtained.with.multiple.receiving.
antennas. with. CSIR. (receive. diversity),. and. with. multiple. transmit. antennas. (transmit. diversity)..
Transmit. diversity. is. possible. both. with. CSIT. (beamforming). and. even. in. the. absence. of. CSIT.
(Alamouti’s.code,.space–time.codes).

We.can.consider,.as.an.indicator.of.the.diversity.order,.the.reduction.of.SNR.variance:

.
var var out

out

SNR
SNR

SNR
SNR

SISO

SISOE E{ }
⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪ { }
⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪

•. Interference.mitigation

Multiple.antennas.can.be.used.as.a.spatial.filter.to.reduce.the.power.received.from.cochannel.interfering.
sources..The.enhanced.robustness.to.cochannel.interference.increases.the.number.of.served.users.per.
unit.area.in.wireless.cellular.systems.

•. Multipath.multiplexing.(spatial.multiplexing).for.high-throughput.transmission

In.MIMO.channels.with.multipath,.it.is.possible.to.transmit.up.to.Nmin.=.min{NT,NR}.“parallel”.streams.
over.the.same.band,.with.an.increase.of.the.link.throughput..Multipath.multiplexing,.also.called.spatial.
multiplexing,.is.not.possible.for.SIMO.or.MISO.channels.

In.this.chapter,.we.describe.systems.with.multiple.antennas.for.diversity.and.interference.mitigation..
High-throughput.MIMO.systems.are.described.in.Chapter.17.

We.start.with.the.single-user.scenario,.and,.for.the.sake.of.clarity,.we.focus.on.frequency-flat.fading.
channels..The.extension. to.wideband.channel.models. is.easy.by.assuming.multicarrier. transmission.
techniques,.where.the.channel.is.frequency-flat.for.each.subcarrier.

Throughout.the.chapter,.vectors.and.matrices.are.indicated.by.bold,.det.A.denotes.the.determi-
nant.of.the.matrix.A,.and.ai,j.is.the.(i,j)th.element.of.A..The.expectation.operator.is.denoted.by. E ⋅{}, .
the.superscript.()H.denotes.conjugation.and.transposition,.I.is.the.identity.matrix,.and.tr{A}.is.the.
trace.of.A.

SIMOTX RX

RX

TX

TX
.
.
.

RX
.
.
.

TX
.
.
.

SISO RX
.
.
.

MIMOMISO

FIGURE 16.1 Multiple.antenna.systems:.single-input.single-output.(SISO),.single-input.multiple-output.(SIMO),.
multiple-input.single-output.(MISO),.and.multiple-input.multiple-output.(MIMO).
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16.2 SiSo Systems

16.2.1 System Model

Assume.slowly.varying.frequency-flat.wireless.channels.with.additive.white.Gaussian.noise.(AWGN)..
For.the.SISO.channel,.this.means.that.the.discrete-time.equivalent.lowpass.model.(Figure.16.2).at.time.
k ∈�.is

. y k h x k n k( ) ( ) ( )= + . (16.1)

where. y k( ) ∈�. are. the. received. samples,. x k( ) ∈�. are. the. transmitted. symbols. (e.g.,. belonging. to.
M-ary. quadrature. amplitude. modulation. (M-QAM). or. phase. shift. keying. (PSK). constellations),.
n k( ) ~ ( , )CN 0 2σ .are.the.noise.samples,.assumed.independent,.identically.distributed.(i.i.d.).circularly.
symmetric.complex.Gaussian.(CSCG).random.variables.(r.v.s).with*.E | ( ) |n k 2 2{ } = σ ..The.channel.gain.
h ∈� .is.assumed.constant.over.several.symbols..Note.that.multiplication.of.the.symbols.x(k).by.a.com-
plex.gain.h.means.that.the.constellation.is.scaled.by.|h|.and.rotated.of.an.angle.φ.=.arg.h.

The.SNR.conditional.to.h.is†

.
SNR =

{ }
{ }

=
E
E

| ( ) |
| ( ) |

| | | |
x k
n k

h P h
2

2
2

2
2t

σ .
(16.2)

where.Pt.is.the.average.transmitted.power,.and.the.Shannon.capacity.is

.
C h P ht( ) log | | [ ]= +⎛

⎝⎜
⎞
⎠⎟2 2

21
σ

info bits/s/Hz
.

(16.3)

achieved.when.the.symbols.x(k).are.i.i.d..CSCG..A.different.formula.would.hold.when.the.symbols.x(k).
are.constrained.to.belong.to.a.specific.constellation.

For.ease.of.notation.in.the.following.we.will.drop,.when.possible,.the.time.index.k.

16.2.2 Fading, ergodic capacity, outage capacity

Assume. now. a. fading. channel,. where. h. varies. in. time.. In. the. so-called. block. fading. channel. (BFC).
model,.the.channel.h.remains.constant.over.a.block.of.several.symbols,.taking.i.i.d..values.across.differ-
ent.blocks..Thus,.the.fading.process.is.specified.by.the.block.length.(characterizing.the.time-correlation.
of.the.fading.process).and.by.the.distribution.of.the.fading.level.within.a.block.(e.g.,.h.is.a.CSCG.r.v..for.

*. Note.that.circular.symmetry.implies.zero.mean,.so.E n k( ){ } = 0.
†. This.SNR.can.be.shown.to.be.the.ratio.between.the.received.energy.per.symbol.and.N0,.conditional.to.a.channel.gain.h,.

where.N0.is.the.one-sided.noise.spectral.density.

n(k) ~ CN (0, σ2)
x(k) h

y(k) = hx(k) + n(k)

FIGURE 16.2 Discrete-time.equivalent.lowpass.representation.of.SISO.
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a.Rayleigh.fading.channel)..In.the.following,.we.indicate.with.h(m).the.fading.level.for.the.mth.block.*.
The.discrete-time.process.� �, , ,h h1 2( ) ( ) .is.ergodic.(time.averages.equal.ensemble.averages).if.the.block.
duration.is.finite,.and.nonergodic.if.a.realization.is.composed.of.just.one.block,.that.is,.one.fading.level,.
lasting.forever.(in.practice,.for.the.duration.of.the.communication).

In.Figure.16.3,.we.report.a.realization.|h(m)|2Pt/σ2.for.m.=.0,.. . ..,.50.of.a.Rayleigh.BFC.(dashed.curves)..
We. set. Pt/σ2.=.10,. the. channel. gain. has. been. normalized. to. give. E | ( ) |h m 2 1{ } = ,. giving. the. average.
.signal-to-noise.ratio.E SNR /( )m P{ } = t σ

2..We.observe.that,.due.to.Rayleigh.fading,.there.are.large.fluctua-
tions.of.the.SNR.values.with.m..The.variations.normalized.to.the.average.of.the.SNR.are.reported.on.the.
right.plot..In.the.same.figure,.we.show.a.realization.of.the.SNR.at.the.output.of.a.SIMO.system.with.NR.=.8.
antennas.and.maximal.ratio.combiner.(MRC).receive.diversity.described.in.Section.16.4.1..We.observe.
two.effects.of.MRC:.first,.the.average.SNR.is.increased.by.a.factor.8;.second,.the.normalized.SNR.fluctua-
tions.are.less.severe..The.first.effect.is.called.“array.gain”.(improvement.in.the.average.SNR)..The.second.is.
called.“diversity.gain”.(reduced.variance.of.the.normalized.SNR.as.reported.on.the.right.plot).

The.variation.of.the.SNR.in.time.produces.a.variation.of.the.link.quality.(throughput,.error.rate,.delay,.
etc.)..For.example,.we.show.in.Figure.16.4.an.example.of.C(h(m)).from.Equation.16.3.for.a.realization.of.
the. time-discrete. process.h(m).. Hereafter,. we. refer. to. Equation. 16.3. as. mutual. information,. since. the.
concept.of.capacity.requires.some.care.(below)..In.the.same.figure,.we.report.the.capacity.of.the.unfaded.
AWGN.channel,.log2(1.+.SNR),.and.the.average.E C h m( ( )){ }.where.the.average.is.taken.with.respect.to.
the.distribution.of.h(m)..The.difference.between.the.unfaded.capacity.and.E C h m( ( )){ }.is.relatively.small.
(3.46.and.2.91.[bits/s/Hz],.respectively)..However,.C(h(m)).shows.large.fluctuations.around.its.average.

Recalling.that.the.capacity.is.the.maximum.information.rate.that.can.be.sent.reliably.across.a.noisy.
channel.by.using.forward.error.correction.(FEC).with.sufficiently.long.codewords,.we.can.distinguish.
two.situations:.the.case.where.the.codeword.length.is.large.with.respect.to.a.block.(that.we.indicate.as.
fast.fading,.or.system.with.ideal.time.interleaving),.and.the.case.where.the.block.duration.is.larger.than.
the.codeword.length.(slow.fading,.or.system.with.no.interleaving).

In.this.regard,.E C h( ){ } .is.called.ergodic capacity.with.channel.unknown.at.the.transmitter,.and.rep-
resents.the.information.rate.that.a.system.with.constant.transmit.power.can.achieve.by.using.FEC.when.

*. The.block.index.m.should.not.to.be.confused.with.the.time.index.k..The.two.are.coincident.only.when.the.block.length.
is.one.symbol.
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FIGURE 16.3 Example.of.behavior.of.the.signal-to-noise.ratio.(left).and.of.the.normalized.output.SNR.defined.as.
SNR SNRout out/E{ }.(right).for.a.system.without.diversity.(dashed.curves).and.with.diversity.and.array.gain.(solid.
curves)..Rayleigh.BFC.model,.m.is.the.block.index,.average.SNR.per.antenna.equal.to.10..Note.that.each.block.can.
consist.of.several.thousands.symbols..Red.curve:.SISO..Blue.curve:.SIMO.MRC.with.NR.=.8..The.dotted.curves.on.
the.left.represent.the.average.SNR..With.MRC.we.have.both.an.array.gain.(increase.in.the.average.SNR.from.10.to.
80).and.diversity.gain.(a.reduced.variance.of.the.normalized.SNR.as.reported.on.the.right).
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each.codeword.spans.many.fading.blocks,.that.is,.with.ideal time interleaving..In.this.case,.the.fluctua-
tions.of.the.channel.are.somewhat.averaged.out.by.time.interleaving.

When.the.codeword.length.is.of.the.order.of.the.fading.block.(slow.fading),.and.assuming.the.infor-
mation.rate.R.(information.bits/s/Hz).at.the.channel.input.is.constant,.the.mutual.information.(16.3).
will.be.for.some.blocks.smaller.than.R,.and.for.some.larger.than.R..From.information.theory.we.know.
that.the.codewords.in.the.former.case.will.not.be.correctly.decoded,*.while.for.the.latter.the.codewords.
will.be.successfully.decoded,.provided.a.sufficiently.powerful.FEC.coding.scheme.is.adopted..We.can.
therefore.define.the.channel.outage.probability.as.follows:

. P R C h Rout ( ) Pr ( )= <{ } . (16.4)

which.represents.a.lower.bound.on.the.codeword.error.rate.for.coded.systems.with.information.rate.R.
at. the. input.of.a.slow-fading.channel.without. interleaving..We.can.also.define.the.outage capacity.at.
codeword.error.rate.Ptarget.as.the.value.Rout.to.use.at.the.channel.input.to.guarantee.a.target.outage.prob-
ability.Ptarget

. R P P Pout out
1

target( ) ( )target = −

. (16.5)

and. the. resulting. effective. rate. is. Rout. (1.−.Pout(Rout)). (correctly. received. [information. bits/s/Hz]. over.
many.fading.blocks)..This.is.sometimes.called.outage rate.

Assume.now.that.the.channel.state.h(m).is.available.at.the.transmitter.side,.a.situation.indicated.as.
CSIT..In.this.case,.a.possibility,.for.the.slow-fading.channel.case,.is.to.change.the.information.rate.R(m).
(information.bits/s/Hz).for.each.block.m,.adapting.its.value.below.C(h(m)),.so.that.the.received.code-
word.can.be.successfully.decoded..The.information.rate.is.adapted.by.changing.the.FEC.code.rate.and.

*. Recall.that,.for.rates.above.capacity,.the.error.probability.goes.exponentially.to.1.
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FIGURE 16.4 Example.of.behavior.of.C(h(m)).for.the.channel.h(m),.Rayleigh.BFC.model,.average.SNR.equal.to.
10.dB,.m.is.the.block.index..Note.that.each.block.can.consist.of.several.thousands.symbols..Solid.curve.(3.46.[bits/s/
Hz]):.mutual.information.(16.3)..Dashed.curve:.capacity.for.the.unfaded.AWGN..Dot-dashed.curve.(2.91.[bits/s/
Hz]):.mean.value.of.Equation.16.3.with.respect.to.the.distribution.of.h.(ergodic.capacity.with.channel.unknown.at.
the.transmitter)..Dotted.curve.(2.98.[bits/s/Hz]):.ergodic.capacity.with.channel.known.at.the.transmitter,.power,.
and.rate.time-adaptive.system.
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modulation.format..In.practice,.a.predefined.set.of.couples.(codes,.modulation.format).can.be.used.to.
discretize.the.information.rate..The.transmitter.then.chooses.the.couple.based.on.C(h(m))..Over.a.large.
number.N.of.blocks.the.transferred.rate.achievable.is.bounded.by.1 1/ ( ( ))N C h mm

N∑ = .which,.for.the.law.
of.large.numbers,.converges.to.E C h( ){ } ..Thus,.E C h( ){ } .is.also.the.achievable.rate.for.a.rate time-adap-
tive.system.

Still.assuming.CSIT,. if.we.can.also.adapt. the. transmit.power.on.a.block-by-block.bases,.we.could.
spend,.for.a.given.time-average.power,.more.energy.on.the.blocks.with.better.SNR,.and.less.on.those.
with.lower.SNR,.according.to.the.water-filling.principle..This.power and rate time-adaptive.system.has.
a.slightly.larger.achievable.rate.than.the.rate time-adaptive.system,.but.with.some.additional.practical.
issues.due.to.the.power.variation.with.time.

For.both.rate time-adaptive.and.power and rate time-adaptive.techniques,.the.information.rate.(i.e.,.
number.of.information.bits.per.block).change.from.block.to.block..For.delay-sensitive.applications.this.
can.be.a.problem,.and.constant.rate.solutions.are.preferable..For.example,.the.transmit.power.can.be.
varied.to.maintain.a.constant.SNR.at.the.receiver,.and.consequently.a.constant.rate.(like.power.control.
in.cellular.systems,.also.called.channel.inversion).

These.considerations.will.be.extended.to.MIMO.channels.in.Chapter.17.

16.3 MiMo channel Models

We.here.summarize.some.characteristics.of.MIMO.channels.[7–9]..Assuming.a.frequency-flat.channel,.
matched.filtering,.and.sampling.with.proper.timing,.the.discrete-time.equivalent.lowpass.model.at.time.
k ∈�.for.MIMO.channels.is

. y Hx n( ) ( ) ( )k k k= + . (16.6)

where.x( ) [ ( ) ( )]k x k x kN= 1 �
T

T ,.xj(k).is.the.symbol.transmitted.at.sample.time.k.from.the.jth.transmit.
antenna,.the.vector.y( ) [ ( ) ( )]k y k y kN= 1 �

R
T .is.the.vector.of.the.samples.at.the.output.of.the.NR.antennas,.

and.n( ) [ ( ) ( )]k n k n kN= 1 �
R

T .is.a.vector.of.noise.samples,.assumed.i.i.d..CSCG.r.v.s..The.channel.matrix.
H ∈ ×�N NT R . has. entries. hi,j. representing. the. complex. gain. from. the. jth. transmit. antenna. to. the. ith.
receive.antenna.

Important.characteristics.of.the.channel.model.(16.6).are.the.rank.of.the.channel.matrix*.H.(for.a.
specific.matrix).or. the.correlation.among.its.elements.(for.statistical.models)..We.will.analyze.below.
some.specific.situations.

16.3.1 MiMo Line-of-Sight channel

Let.us.assume.the. transmission.of.a.passband.signal. �s t s t j f t( ) ( )= ℜ{ }e 2 0π ,.where. f0. is. the.carrier. fre-
quency.and.s(t).is.the.equivalent.lowpass.of.�s t( )..We.assume.that.the.signaling.interval.is.T,.which.means.
that.the.variation.rate.of.s(t).is.approximately.1/T..A.delay.τ.on.the.passband.signal.introduces.a.delay.
and.a.phase.variation.on.the.equivalent.lowpass,.since.�s t s t j f j f t( ) ( )− = ℜ −{ }−τ τ π τ πe e2 20 0 .

The.MIMO.channel.with.line-of-sight.(LOS).propagation.is.depicted.in.Figure.16.5..We.indicate.as.di,j.
and.τi,j. the. path. length. and. delay. associated. with. the. path. from. the. jth. transmit. antenna. to. the. ith.
receive.antenna,.respectively..We.also.indicate.with.h hi j i j

j f i j
, ,| | ,= −e 2 0π τ .the.complex.channel.gain.whose.

modulus.is.related.to.the.path.loss.and.antenna.gains,.and.whose.argument.is.related.to.the.path.delay..
The.equivalent.lowpass.of.the.signal.at.the.output.of.the.ith.receive.antenna.is.therefore

*. Note.that.the.rank.of.H.is.always.limited.by.the.minimum.between.NT.and.NR.
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.
y t h s t n ti i j

j
j i j i( ) ( ) ( ), ,= − +∑ τ

.
(16.7)

where.ni(t). is. the. thermal.noise..Although.the.path. lengths.di,j.are,. strictly.speaking,.different,. if. the.
distance.d.between.the.transmitter.and.the.receiver.is.much.greater.than.the.antenna.elements.spacing,.
the.difference.among.them.is.negligible.and.we.can.write.τ τi j i jh h, ,, | | | |� � ..Therefore,. in.the.above.
hypotheses,.we.can.write

.
y t h s t n ti i j

j
j i( ) ( ) ( ),= − +∑ τ

.
(16.8)

where.the.h hi j
j f

, | |� e− 2 0π τ .are.all.equal..Assuming.matched.filtering.and.sampling.with.proper.timing,.
the.discrete-time.equivalent.lowpass.model.at.time.k ∈�.is.therefore.given.by.Equation.16.6.where.the.
channel.matrix. H ∈ ×�N NT R .has.entries.hi,j.which.are.practically. identical,. and.has. therefore. rank.1..
Thus,.for.MIMO.LOS.channels.with.link.length.d.large.compared.to.the.antenna.elements.spacing,.the.
channel.model.is.given.in.Equation.16.6.where.the.matrix.H.can.be.considered.rank.1.

16.3.2 MiMo with a Point Scatterer

Consider.now.the.situation.in.Figure.16.6,.where.the.emitted.radiation.is.scattered.by.a.single.point.scat-
ter..We.assume.that.all.delay.differences.are.small.compared.to.the.signaling.interval.T..Thus,.the.chan-
nel.model.is.still.of.the.form.(16.6).but.with.a.channel.matrix.H h h= → →( ) ( )S SRX TX

T ,.where.h(TX→S).is.the.
NT.×.1.propagation.vector.from.the.transmitter.to.the.scatterer,.and.h(S→RX).is.the.NR.×.1.propagation.
vector.from.the.scatterer.to.the.receiver..These.two.vectors.can.be.expressed.precisely.from.the.geometry.
depicted.in.Figure.16.6..From.basic.algebra,.we.know.that,.since.H.is.the.product.of.two.vectors,.it.is.
rank.1..Thus,.with.one.point.scatterer,.the.channel.matrix.H.in.Equation.16.6.is.rank.1.

16.3.3 MiMo with Multiple Scatterers

Assume.now.several.point.scatterers.with.delay.differences.which.are.small.compared.to.the.signaling.
interval.T..Then,.by.the.previous.argument,.the.channel.model.is.still.of.the.form.(16.6).with.a.channel.
matrix

.
H h h= → →∑ ( ) ( )S

k
Sk kRX TX

T

.
(16.9)

i

j

τi, j = di, j/c

d

FIGURE 16.5 Geometry.for.a.MIMO.line.of.sight..The.delay.for.the.generic.path.is.τi,j.=.di,j/c,.where.di,j.is.the.path.
length.and.c.is.the.light.speed.
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where.h TX→( )Sk
,.h Sk→( )RX .are.the.NT.×.1.and.NR.×.1.propagation.vectors.for.kth.scatterer..From.basic.alge-

bra,.we.thus.obtain.that.the.rank.of.H.is.at.most.equal.to.the.number.of.scatterers.(scatterers.with.the.
same.direction.of.departure.or.of.arrival.will.not.increase.the.channel.matrix.rank)..For.a.very.large.
number.of.scatterers,.the.sum.in.Equation.16.9.can.be.thought.of.as.an.integral.

16.3.4 Statistical MiMo channel Models

Consider.now.the.ensemble.of.all.possible.channel.matrices.H,.when.the.relative.positions.of.the.scatter-
ers.are.subject. to.small. random.variations,.due,. for.example,. to.movement.of. the. transmitter,.of. the.
receiver,.or.of.the.environment..In.this.case.the.evolution.of.H.with.k.is.described.by.a.discrete-time.
random.process,.where.the.elements.of.the.channel.matrix.are.randomly.varying..The.rate.of.variation.
of.H.depends.on.the.rate.of.variation.of.the.environment,.that.is,.on.the.mobility.of.transmitter,.receiver,.
and.scatterers..The.channel.H.at.a.given.time.k.can.be.considered.a.random.matrix,.that.is,.a.matrix.with.
elements.that.are.random.variables,.and.a.realization.of.it.can.be.interpreted.as.the.channel.for.a.specific.
snapshot.of.the.varying.environment.[10].

Let.us.consider.a.stationary.channel,.so.that.the.first-order.description.of.H(k).does.not.depend.on.k..
If.we.assume.that.the.randomly.placed.scatterers.introduce.delay.differences.which.are.small.compared.
to.the.signaling.interval.T,.the.system.model.is.still.given.by.Equation.16.6,.where.H.has.elements.hi,j.
described.as.random.variables..When.the.number.of.independent.scatterers.is.large,.from.the.central.
limit.theorem,.the.elements.hi,j.are.complex.Gaussian.r.v.s,.and.their.joint.distribution.can.be.given.by.
specifying. all. mean. values,. E H{ },. and. all. pairs. correlation,. that. is,. the. matrix. E vec vec( ) ( )H H H{ } ,.
where.vec(H).is.the.(NT.⋅.NR).×.1.vector.obtained.by.stacking.the.columns.of.H.on.top.of.one.another.

Often,.the.correlation.at.the.transmitter.side.(i.e.,.among.the.elements.of.a.row.of.H).is.the.same.for.
all.rows,.and.the.correlation.at.the.receiver.side.(i.e.,.among.the.elements.of.a.column.of.H).is.the.same.
for.all.columns..In.this.case,.the.correlation.matrix.can.be.factorized.as.E vec vec( ) ( ) ,H H R RH

T R{ } = ⊗ .
where.⊗.denotes.Kronecker.product,. and.RT. and.RR.describe. the.correlation.at. the. transmitter.and.
receiver.side,.respectively..This.Kronecker.model.implies.that.the.correlation.at.the.receiver.(transmit-
ter).does.not.affect.the.spatial.properties.of.the.signals.at.the.transmitter.(receiver).

The.spatial.correlation.is.in.general.related.to.the.angular.distribution.of.the.rays.and.the.antenna.
elements.spacing..Roughly.speaking,.many.scatterers.around.the.receiver.(transmitter).give.low.correla-
tion.at.the.receiver.(transmitter).side,.while.if.all.paths.at.one.side.arrive.from.a.small.angle,.the.correla-
tion.on.that.side.is.large,.implying.an.overall.rank-deficient.channel.

For.rich.scattering.environments.with.no.dominant.paths,.one.common.model.consists.in.assuming.
the.elements.hi,j.as.CSCG,.implying.E H{ } = 0.(Rayleigh.MIMO.channels)..Generally,.if.the.spread.of.the.

u1(t)

u2(t)

u3(t)

S

Δτj,s
Δτs,i

h(TX→S) h(S→RX)

FIGURE 16.6 Geometry.for.propagation.with.a.single.point.scatterer.
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angles.of.departure.and.of.arrival.are.large,*.the.correlation.is.also.small.and.the.hi,j.can.be.considered.
i.i.d..This.is.the.Rayleigh.uncorrelated.MIMO.channel.model.

16.4 Diversity techniques

16.4.1 Receive Diversity: SiMo with cSiR (MRc)

Consider. the.SIMO.scheme. in.Figure.16.7..The.NR-dimensional. signal.at. the.output.of. the.receiving.
antennas.at.time.k.can.be.written.as

. y h n( ) ( ) ( )k x k k= + . (16.10)

where. h ∈�NR . is. a. vector. containing. the. complex. gains. between. the. transmit. antenna. and. the. NR.
receive.antenna,.x k( ) ∈�.is.the.transmitted.symbol.at.time.k,.n( )k N∈� R.is.the.noise.vector.at.time.k.
with.i.i.d..CSCG.entries.and.covariance.matrix.R n n In k k= { } =E ( ) ( )H σ2 .

Here,.conditionally.to.hx(k),.the.vector.y(k).is.Gaussian,.and.the.best.linear.estimate.of.the.transmit-
ted.symbol.is†

.
x k k k� ( ) ( ) ( )= =

h y
h h w y
H

H
H

.
(16.11)

with.weights

.
w h

h= || ||2 .
(16.12)

Note. that.Equation.16.12.requires. that. the.channel.gains.(amplitude.and.phase).are.known.at. the.
receiver..So,.for.each.antenna.element,.we.need.a.channel.estimator.(e.g.,.based.on.pilot.symbols.periodi-
cally..embedded.in.the.data.symbols)..Linear.combining.of.the.received.signals.with.weights.of.the.type.
w.=.Kh,.as.in.Equation.16.12,.with.K.an.arbitrary.constant,.is.called.Maximal.Ratio.Combiner.(MRC).‡.
The.SNR.at.the.combiner.output.is

*. This.condition.in.some.particular.cases.is.not.sufficient..An.example.is.the.so-called.keyhole.channel,.where,.despite.
scattering,.all.paths.are.forced.to.pass.through.an.intermediate.point.like.in.Figure.16.6;.thus,.as.in.Section.16.3.2,.the.
overall.channel.matrix.is.rank.1.since.it.can.be.expressed.as.the.product.of.two.vectors.

†. This. estimate. produces. a. sufficient. statistic. for. the. detection. of. the. transmitted. symbol. and,. as. we. will. see. later,. is.
capacity-optimal.

‡. It.is.easy.to.show.that.weights.in.the.form.w.=.Kh.give.the.maximum.SNR.after.the.combiner.

n1(k)

n2(k)

y1(k) = x(k)h1 + n1(k)

h2

h1

y2(k) = x(k)h2 + n2(k)

x(k)

FIGURE 16.7 Discrete-time.equivalent.lowpass.representation.of.a.1.×.2.SIMO.
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.
SNRout =

{ }
=

E | ( ) |
|| || || ||

x k Pt
2

2
2

2
2

σ σ
h h

.
(16.13)

where.Pt.is.the.average.transmitted.power..It.is.easy.to.verify.that,.when.the.hi.are.i.i.d.,.the.array.gain.is.
NR.and.the.diversity.order.is.also.NR.

The.implementation.of.MRC.is.sketched.in.Figure.16.8.

16.4.1.1 optimality of MRc

For.a.given.h,.with.MRC.we.have.turned.the.SIMO.into.a.SISO.channel.with.capacity

.
C Pt( ) log || || [ ]h h= +⎛

⎝⎜
⎞
⎠⎟2 2

21
σ

info bits/s/Hz
.

(16.14)

This.is.also.the.capacity.of.the.original.SIMO.(see.Chapter.17);.therefore,.we.can.say.that.MRC..is.
capacity-optimal for SIMO channels.with.perfect.CSIR.

16.4.1.2 MRc in Fading channels

Up.to.now.we.assumed.a.given.channel.h..Let.us.now.assume.slowly.varying.multipath.propagation..
Then,.if.for.a.time.window.of,.let.us.say,.a.thousand.symbols,.there.is.a.given.h,.for.another.window,.due.
to.the.different.combination.of.multipaths,.there.could.be.a.different.h..In.other.words,.we.assume.to.
have.a.BFC,.where. the.channel. is. constant. for. several. symbols. (a.block),. and.varies. from.a.block. to.
another..So,.if.we.focus.on.what.happens.to.a.block,.we.need.to.describe.the.first-order.statistical.varia-
tions.of.the.channel,.and.consider.h.as.a.random.vector.with.a.given.distribution.

For.example,.for.the.Rayleigh.channel.model,.the.elements.of.the.vector.h.are.CSCG..If.the.fading.
levels. are. uncorrelated. from. antenna. to. antenna,. these. elements. are. i.i.d.,. and. the. random. variable.
� � � �h 2

1
2 2

1
2

1
2 2 2= + + = + + + +| | | | , , , ,h h h h h hN I Q N I N QR R R

.is.the.sum.of.the.modulus.square.of.2NR.real.
i.i.d..Gaussian.r.v.s.

The.distribution.of.the.sum.of.the.squares.of.N.i.i.d..zero-mean.real.Gaussian.r.v.s.is.called.central.chi-
square.with.N.degrees.of.freedom.and.indicated.as.XN

2 ..Therefore,.the.distribution.of.� �h 2.is.related.to.X2
2
NR

..
By.using.this.distribution.it.results.that,.for.Rayleigh.fading.channels.where.the.fading.is.uncorrelated.from.
antenna.to.antenna,.the.probability.density.function.(p.d.f.).of.the.output.SNR.in.Equation.16.13.results.as

.
f NN

N
SNRout

SNR ! e( ) ( )
/γ γ γγ=

−
≥− −1 1

1 01
R

R

R

SNR

.
(16.15)

n1

n2

h2

h1

x

h*
1

h*
2

1

Maximum ratio combiner

x + 1
||h||2

||h||2 hHn

y1

y2

FIGURE 16.8 Implementation.of.MRC.(time.is.dropped.for.ease.of.notation).
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where

.
SNR = { }P ht

iσ2
2E | |

.
(16.16)

can.be.interpreted.as.the.average.SNR.per.receiving.antenna..This.distribution.can.be.used.to.evaluate.
the.performance.of.digital.modulation.and.coding.schemes..For.example,.in.Figure.16.9,.the.average.bit.
error. probability. (BEP). for. an. uncorrelated. Rayleigh. fading. SIMO. channel. with. MRC,. for. a. system.
using.binary.phase.shift.keying.(BPSK).modulation.is.reported..As.can.be.noticed,.over.Rayleigh.uncor-
related.channels,.the.BEP.of.uncoded.systems.with.diversity.order.div.has,.for.large.SNR,.a.linear.behav-
ior.in.a.log-log.plot,.with.a.slope.of.10/div.(dB/decade).

16.4.2 MiSo and Diversity with cSit (Beamforming)

Consider.the.MISO.scheme.in.Figure.16.10,.and.assume.that.the.transmitter.knows.perfectly.the.chan-
nel..The.objective.is.to.improve.the.performance.by.sending.on.the.transmit.antennas.a.linearly.pre-
coded.version.of.the.symbol.x(k).

The.weights.α1,.α2.must.be.designed.to.focus.the.transmitted.energy.toward.the.receiver,.to.produce.
the.maximum.SNR.at.the.receive.antenna..The.power.at.the.ith.transmit.antenna.is.E | ( ) | | |x k i

2 2{ } α ,.
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FIGURE 16.9 Performance.of.1.×.NR.SIMO,.MRC.(so,.with.CSIR),.Rayleigh.fading,.NR.=.1,2,4,8.antennas,.BPSK.
modulation..The.same.curves.applies.to.NT.×.1.MISO.beamforming.(so,.with.CSIT),.with.NT.=.1,2,4,8,.where.the.
abscissa.is. E | |h Pi

2 2{ } t /σ .
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FIGURE 16.10 2.×.1.MISO.beamforming.
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and. we. impose. the. normalization. ∑ =i i| | || ||α 2 2 1= a . to. have. an. average. total. transmitted. power.
P x kt = { }E | ( ) |2 .as.for.the.single.transmit.antenna.case.

The.received.signal.is

. y k h h x k n kN N( ) ( ) ( ) ( )= + + +α α1 1 �
T T .

(16.17)

It.is.easy.to.see.that.the.best.SNR.for.y(k).is.obtained.by.choosing.αi iK h= *,.where.K.is.a.normaliza-
tion.constant.with. | | | | | | || ||K h Ki i

2 2 2 2 1∑ = =h ..Taking.K.>.0.real.(the.phase.of.K.can.be.included.in.
the.carrier.phase),.we.have

. y k x k n k( ) || || ( ) ( )= +h . (16.18)

The.choice.αi iK h= *.makes.the.signals.at.the.receive.antenna.to.add.coherently,.and.the.resulting.
SNR.at.the.receiver.is

.
SNRbf

t=
{ }

=
E | ( ) |

|| || || ||
x k P2

2
2

2
2

σ σ
h h

.
(16.19)

which.is.exactly.the.same.as.for.the.MRC.output.(16.13).
This.scheme.can.be.called.beamforming.or.eigenbeamforming.and.gives,.for.MISO.with.CSIT,.exactly.

the.same.performance.as.for.a.SIMO.MRC.with.CSIR.(for.the.same.total.power.Pt.and.channel.gains.h∙)..
In.particular,.the.array.gain.is.NT.and.the.diversity.order.is.NT.

Different.from.MRC,.here.the transmitter.must.know.the.channel.(amplitudes.and.phases.for.all.hl)..
The.ways.to.obtain.this.information.are.essentially.two:

•. If.the.system.adopts.a.time.division.duplex.(TDD).technique,.the.channel.estimated.in.recep-
tion.(e.g.,.by.using.pilot.symbols).can.be.used,.for.reciprocity,.as.an.estimate.of.the.channel.in.
transmission.(assuming.the.channel.does.not.vary.too.fast).

•. In.closed-loop.systems,.the.receiver.estimates.the.channel.and.sends.the.estimates.back.to.the.
transmitter..This.requires.a.feedback.channel,.with.problems.related.to.delays,.quantization,.
and.transmission.errors.

16.4.2.1 optimality of Beamforming for MiSo

For.a.MISO.with.beamforming,.the.resulting.end-to-end.SISO.has.capacity.given.again.by.Equation.
16.14,.which.is.also.the.capacity.of.the.original.MISO.assuming.CSIT..Thus,.beamforming.is.capacity-
optimal.for.MISO.with.CSIT.

16.4.3 MiMo Beamforming or eigenbeamforming (Single Beam)

The.previous.approach.can.be.easily.extended.to.the.case.when.both.the.TX.and.the.RX.are.equipped.with.
multiple.antenna.(Figure.16.11)..We.call.this.MIMO.beamforming.or.eigenbeamforming.(single.beam).

The.received.vector.is

. y H n h n( ) ( ) ( ) ( ) ( )k x k k x k k= + = +a �
. (16.20)

where. �h H= a ..Since.the.last.expression.looks.like.Equation.16.10.for.SIMO.channels,.we.have.that.the.
optimum.weights.to.use.in.reception.are.immediately.given.by.the.MRC.principle.as
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. w h= K �
. (16.21)

where.K.is.an.arbitrary.constant.and.the.corresponding.SNR.is

.
SNR = SNR( )

| ( ) |
|| ||α

σ
=

{ }E x k 2

2
2h�

.
(16.22)

For. the. weights. in. transmission,. we. have. to. find. the. vector. α,. with. || ||a .=.1,. which. maximizes.
Equation.16.22,.that.is,.maximizing.|| ||h h h H H� � �2 = =

H H Ha a ..Since.HHH.is.Hermitian,.we.can.use.the.
spectral.decomposition.HHH.=.VΛVH,.where.the.columns.of.the.unitary.matrix.V are.the.eigenvectors.
of.HHH,.and.Λ.is.diagonal.with.elements.on.the.diagonal.that.are.the.eigenvalues.of.HHH..From.linear.
algebra.we.recall.that.the.vector.α.maximizing.αHVΛVHα.is.the.eigenvector.of.HHH.corresponding.to.
the.largest.eigenvalue.λmax.of.HHH..In.this.case,.it.results.as.αHVΛVHα.=.λmax.

Thus,.in.summary

•. The.optimum.precoding.vector.αopt. is. the.eigenvector.of.HHH. corresponding. to. the. largest.
eigenvalue.λmax.of.HHH

•. The.optimum.combining.vector.is.w.=.KHαopt

•. The.resulting.SNR.at.the.output.of.the.MIMO.beamforming.is

.
SNRmax max=

Pt

σ
λ2 .

(16.23)

16.4.3.1 optimality of Beamforming

The.capacity.of.the.end-to-end.SISO.obtained.by.the.original.MIMO.with.beamforming.is.therefore

.
C P( ) log [ ]maxH = +

⎛
⎝⎜

⎞
⎠⎟2 21 t

σ
λ infobits/s/Hz

.
(16.24)

It. is. interesting. to. note. that,. since. λ�
�

= { } =∑ tr H H HH || ||F2 ,. we. have. λmax ≤ � �H F
2 ,. where. the.

equality.is.achieved.when.the.channel.matrix.H.has.just.one.nonzero.eigenvalue,.that.is,.when.it.is.rank 1..
We.will.see.that,.for.rank.1.channels,.Equation.16.24.is.indeed.the.capacity.of.the.MIMO.(see.Chapter.17)..
Therefore,.we.can.say.that.the.scheme.in.Figure.16.11.is.capacity-optimal.for.MIMO.channels.with.rank 1.
and.CSIT.(and.sometimes.also.in.other.cases).
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α1
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nNR
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w*NRH = {hi, j}
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y

FIGURE 16.11 MIMO.beamforming.
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16.4.4  MiSo and Diversity without cSit, with cSiR 
(Alamouti’s Scheme, Space–time codes)

We.have.seen.that.MISO.beamforming.requires.CSIT,.but.is.it.possible.to.have.transmit.diversity.with-
out.CSIT?.Even.looking.at.the.simple.2.×.1.MISO.it.is.quite.clear.that,.if.the.TX.does.not.know.the.chan-
nel,.it.is.not.possible.by.using.a.beamforming-like.approach.to.find.weights.able.to.build.distinct.channels.
(and.thus.to.provide.diversity)..However,.it.has.been.shown.that.by.using,.besides.the.spatial,.the.time.
dimension,.it.is.actually.possible.to.have.transmit.diversity.even.without.CSIT..We.discuss.below.the.
Alamouti’s.scheme.for.2.×.1.MISO.

While.in.previous.schemes.we.assumed.to.transmit.a.symbol.x(k).(in.a.given.time.symbol.T).and.our.
aim.was.to.recover.that.symbol,.the.key.idea.in.space–time.codes.is.to.use.time.to.build.separable.chan-
nels..So,.assume.we. look.at. two.consecutive.symbols,.x(k),.x(k.+.1),. to.be.transmitted. in.two.symbol.
periods..In.a.first.symbol.period.T,.we.transmit.x(k).on.the.first.antenna.and.x(k.+.1).on.the.second..In.
the.second.period,.we.transmit.x*(k.+.1).on.the.first.antenna.and.−x*(k).on.the.second,.as.reported.in.
Figure.16.12..The.symbols.are.“precoded”.by.a.factor.1 2/ .to.maintain.P xt = { }E | |2 .

At.the.receiver,.the.two.samples.received.in.the.two.consecutive.time.instants.k,.k.+.1.are

.
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By.conjugating.the.second.equation.and.defining. � �y n( ) ( ( ), ( )) ( ) ( ( ), ( )), ,* *k y k y k k n k n kT= + = +1 1 T .
x(k).=.(x(k),x(k.+.1))T,.we.can.write
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or,.in.short,. � �y Ax n( ) ( ) ( )k k k= +
1
2

,.where

.
A =

−

⎛

⎝⎜
⎞

⎠⎟
h h
h h
1 2

2 1
* *

.
(16.26)
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FIGURE 16.12 MISO.Alamouti’s.scheme.
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Now,.by.using.time,.with.this.construction.we.have.in.Equation.16.25.a.virtual.2.×.2.MIMO..In.prin-
ciple,.assuming.the.receiver.knows.h.and.therefore.A.(this.means.CSIR),.the.symbols.x(k),.x(k.+.1).can.
be.detected.by.using,.for.example,.maximum.likelihood.(ML)..However,.here.the.situation.is.even.sim-
pler,.since.we.observe.that

.
A A h IH h h

h h
h h
h h

=
−⎛

⎝
⎜

⎞

⎠
⎟ −

⎛

⎝⎜
⎞

⎠⎟
=1 2

2 1

1 2

2 1

2
*

* * * || ||
.

(16.27)

that.is,.the.matrix.A.is.proportional.to.a.unitary.matrix..Therefore,.if.we.compute. y� ( ) /|| || ( ),k k= 1 h A yH � .
we.have

.
y n� �( ) || || ( ) || || ( ) ( )k k k k= = +

1
2h A y h xH �

.
(16.28)

where. it. is. easy. to. verify. that. the. Gaussian. vector. �� �n h A n( ) ( ( ), ( )) /|| || ( )k n k n k k= + =1 1T H � . has.
�E n( )k{ } = 0 .and. � �E n n h A A I( ) ( ) /|| ||k kH H{ } = =1 2 2 2σ σ ,.and.is.therefore.statistically.equivalent.to.the.

original.noise.n(k).=.(n(k),n(k.+.1))T..Therefore,.we.have.the.equivalent.space–time.channel

.

�

�

y k x k n k

y k x k n k

( ) || || ( ) ( )

( ) || || ( ) ( )

= +

+ = + + +

h

h
2

1
2

1 1

In.other.words,.with.this.approach,.the.2.×.1.MISO.without.CSIT.can.be.interpreted.as.the.SISO.in.
Figure.16.13..In.particular,.we.do.not.need.to.rethink.to.specific.modulation.and.coding,.since.we.can.
apply.here.all.modulation.and.coding/decoding.techniques.for.the.SISO.channel.

The.virtual.SISO.channel.obtained.by.the.Alamouti’s.scheme.has.output.SNR

.
SNRAla =

{ }
=

E | |
|| || || ||

x P2

2
2

2
2

2 2σ σ
h ht

.
(16.29)
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FIGURE 16.13 MISO.Alamouti’s.scheme.and.its.equivalent.SISO..In.the.figure,.C .is.the.encoder.block,.providing.
the. two. codewords. C1.=.(x(k),. x*(k.+.1)). and. C2.=.(x(k.+.1),.−.x*(k)). to. be. transmitted. over. the. first. and. second.
antenna,.respectively..Note.that.these.codewords.are.orthogonal.for.any.x(k),.x(k.+.1).
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Comparing.this.expression.with.Equation.16.19,.we.see.that.this.2.×.1.MISO.scheme.with.no.CSIT.
has.the.same.performance.of.a.2.×.1.MISO.with.perfect.CSIT.and.beamforming,.except.for.a.3.dB.loss.
(factor.2).in.SNR..This.loss.is.due.to.the.lack.of.CSIT.which.does.not.allow.precoding,.like.in.beamform-
ing,.to.have.the.coherent.sum.of.signals.at.the.receive.antenna.(here.the.weights.in.transmission.are.both.
equal.to.1 2/ ,.meaning.that.the.energy.is.transmitted.uniformly.in.all.directions).

In.fact,.the.array.gain.is.1.(no.array.gain),.while.the.diversity.gain.is.NR.=.2.
It.is.also.easy.to.show.that,.for.a.2.×.NR.MIMO.Alamouti’s.scheme.with.channel.matrix.H ∈ ×�2 NR ,.

we.can.replicate.the.scheme.above.for.each.receiving.antenna.(rows.of.H).and.add.the.outputs..The.SNR.
at.the.output.of.the.combiner.is.the.sum.of.the.corresponding.SNRs,.that.is,

.
SNRAla

t t
R

= =
==
∑∑P P hF i j
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2 22
2

2
2

1

2

1
σ σ

|| || | |,H
.

(16.30)

From.this.expression,.we.see.that.the.Alamouti’s.scheme.uses.the.full.2.·.NR.diversity.available.
This.scheme,.specifically.designed.for.NT.=.2,.has.the.same.spectral.efficiency.of.a.SISO,.in.the.sense.

that. two.symbols.are. transmitted. in. two.symbol.periods.. In. this. regard,. the.encoder.used. (see.C . in.
Figure.16.13).is.rate.1.

For.NT.>.2.it.has.been.proved.that.similar.orthogonal.codes.can.be.designed,.but.with.rates.strictly.
smaller.than.1.

More.in.general,.schemes.like.that.in.Figure.16.13,.with.suitable.decoders,.lead.to.the.so-called.space–
time codes,. where. we. can. have. block. encoders. (space–time. block. codes. (STBC)),. or. trellis. encoders.
(space–time.trellis.codes.(STTC))..The.Alamouti’s.scheme.can.be.considered.an.STBC.with.NT.=.2.and.
orthogonal.codewords.

16.4.4.1 optimality of the Alamouti’s Scheme

The. end-to-end. capacity. of. the. equivalent. SISO. obtained. from. the. 2.×.1. MISO. with. the. Alamouti’s.
scheme.is

.
C Pt( ) log || || [ ]h h= +

⎛
⎝⎜

⎞
⎠⎟2 2

21 2σ infobits/s/Hz
.

(16.31)

which. is. also. the. capacity. of. the. original. MISO,. assuming. no. CSIT. (see. Chapter. 17).. Therefore,. the.
Alamouti’s.scheme.is.capacity-optimal.for.the.2.×.1.MISO.with.no.CSIT.

For.NR.>.1,.the.capacity.is

.
C P

F( ) log || || [ ]H H= +
⎛
⎝⎜

⎞
⎠⎟2 2

21 2
t

σ
infobits/s/Hz

.
(16.32)

Similar.to.beamforming,.since.Equation.16.32.also.represents.the.capacity.for.MIMO.with.rank.1.
channels,.we.have.that.Alamouti’s.scheme.for.a.generic.2.×.NR.MIMO.with.no.CSIT.is.capacity-optimal.
if.the.channel.matrix.H.is.rank.1.

16.4.5 Performance of Alamouti’s Scheme

The.Alamouti’s.scheme.can.be.used.with.coding.and.modulation.designed.for.SISO.channels,.so.its.perfor-
mances.are.those.of.a.SISO.system,.with.the.SNR.given.by.Equation.16.30..For.example,.in.Figure.16.14,.
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we  report. the. BEP. for. uncoded. Alamouti’s. scheme. with. M-QAM. over. a. (2.×.2). MIMO. Rayleigh.
.uncorrelated.fading.channel.with.E | |,hi j

2 1{ } = ,.as.a.function.of.Eb/N0.where.Eb.is.the.energy.transmit-
ted.per.information.bit.(see.also.Chapter.17).

16.5  SiMo with interference (optimum combining, 
MMSe Receivers)

Multiple.antennas.have.also.the.important.advantage.of.mitigating.cochannel.interference..Consider.for.
instance.the.situation.in.Figure.16.15,.where.the.transmitted.desired.symbol.x.is.received.in.the.presence.
of.cochannel.interference.due.to.one.user.transmitting.on.the.same.frequency.band.

0 5 10 15 20 25
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BE
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Eb/N0 (dB)

FIGURE 16.14 BEP.for.uncoded.Alamouti’s.scheme.with.M-QAM.over.a.(2.×.2).MIMO.Rayleigh.uncorrelated.
fading.channel.with. E | |,hi j

2 1{ } = ,.as.a.function.of.Eb/N0,.where.Eb.is.the.energy.transmitted.per.bit..From.left.to.
right:.M.=.4,16,64,256.corresponding.to.2,4,6,8.(bit/s/Hz).
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FIGURE 16.15 SIMO.with.interference.
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The.received.vector.is

. y h h n h n= + + = +x x xI I � . (16.33)

where.the.time.index.has.been.omitted.for.ease.of.notation.and.hI,.xI.refers.to.the.channel.and.symbols.
of.the.interferer,.respectively..We.can.apply.multiuser.detection.techniques.to.decode.x,.assuming.the.
channels.h,.hI.are.static.and.known.at.the.receiver.

For.example,.we.here.focus.on.linear.estimation.of.x,.obtained.with.weights.w..The.generic.linear.esti-
mate.is.thus.wHy..By.defining.the.overall.disturb.as. �n h n= +I Ix ,.we.see.that.the.signal.model.is.similar.
to.that.used.for.the.MRC.case.(16.10),.where.now.the.disturb.includes.both.noise.and.interference,.and.
therefore.instead.of.the.SNR.we.will.maximize.the.signal-to-interference.plus.noise.ratio.(SINR)

.
SINR =

{ }
{ }

E
E

| |
| |
w h
w n

H

H

x 2

2� .
(16.34)

The.difference.is.that,.while.n.is.spatially.white,.in.the.sense.that.E nn IH{ } = σ2 .due.to.the.fact.that.
the.thermal.noise.is.uncorrelated.from.antenna.to.antenna,.the.disturb. �n.is.spatially.colored.due.to.the.
presence.of.interference..In.fact,.with.the.assumption.of.independence.between.signals.and.noise,.we.
readily.obtain

. R h h Inn= { } = { } +E E� � H
I I I

H| |x 2 2σ

where.the.expectation.is.taken.with.respect.to.noise.and.symbols..For.this.reason,.we.cannot.use.the.
MRC.principle.here..However,.we.can.first.whiten.the.disturb,.turning.the.problem.of.optimum.com-
bining.into.an.equivalent.MRC.problem..To.this.aim.we.first.multiply.y.by.R−1/2,.obtaining

.
� ��y R y R h R n h n= = + = +− − −1 2 1 2 1 2/ / /x x� . (16.35)

where.now. � �E Enn nnR R IH H{ } = { } =− −1 2 1 2/ /� � ..Thus,.applying.the.MRC.principle.we.suddenly.get.that.
the.optimal.weights.(in.the.sense.of.maximizing.the.SINR).to.apply.to.y� .are. � �w h R h= = −K K 1 2/ ,.and.
the.corresponding.(maximum).output.SNR.is.E | | || ||x 2 2{ } h� ..Returning.to.our.original.problem,.since.
�y R y= −1 2/ .the.weights.to.apply.to.y.are

. w R h= −K 1
. (16.36)

and.the.resulting.maximum.SINR.is

. SINRmax | |= { } −E x 2 1h R hH
. (16.37)

In. the. presence. of. NI. interferers. with. channels. h hI I NI,1� , . and. transmission. powers.
E E| | , , | |,x xI I NI1

2 2{ } { }… , ,.the.weights.and.SINR.are.still.given.by.Equations.16.36.and.16.37.with

.
R nn h h I= { } = { } +

=
∑E E� � H H

I I

I

m

N

m m I mx
1

2 2| |, , , σ

.
(16.38)
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The.weights.(16.36).provide.the.largest.SINR.at.the.combiner.output.(optimum.combining.(OC))..It.is.
also. easy. to. show. that. these. weights. (apart. for. the. irrelevant. constant. K). give. the. minimum. mean-
square.error.(MMSE).linear.estimate.of.the.symbol.x.

Other.approaches.to.mitigate.the.interference.can.use.a.zero.forcing.(ZF).criterion,.or.other.nonlinear.
techniques.like.successive.interference.cancellation.(SIC).or.ML.joint.detection.(see.also.Chapter.17).

Finally,. the. considerations. made. in. this. chapter. can. be. extended. to. distributed. antenna. systems,.
where.single.antenna.nodes.cooperate.to.constitute.a.virtual.multiple.antennas.system.

Acronyms

AWGN. Additive.white.Gaussian.noise
BEP. Bit.error.probability
BFC. Block.fading.channel
BPSK. Binary.phase.shift.keying
CSCG. Circularly.symmetric.complex.Gaussian
CSIR. Channel.state.information.at.the.receiver
CSIT. Channel.state.information.at.the.transmitter
DSL. Digital.subscriber.line
FEC. Forward.error.correction
i.i.d.. Independent,.identically.distributed
LOS. Line.of.sight
MIMO. Multiple-input.multiple-output
MISO. Multiple-input.single-output
ML. Maximum.likelihood
MMSE. Minimum.mean-square.error
M-QAM. M-ary.quadrature.amplitude.modulation
MRC. Maximal.ratio.combiner
OC. Optimum.combining
p.d.f.. Probability.density.function
PLC. Power.line.communication
PSK. Phase.shift.keying
r.v.. Random.variable
SIC. Successive.interference.cancellation
SIMO. Single-input.multiple-output
SINR. Signal-to-interference.plus.noise.ratio
SISO. Single-input.single-output
SNR. Signal-to-noise.ratio
STBC. Space–time.block.codes
STTC. Space–time.trellis.codes
TDD. Time.division.duplex
ZF. Zero.forcing
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17.1 introduction

Systems. with. multiple. antennas. (Figure. 17.1). can. exploit,. besides. the. usual. time. and. frequency,. the.
.spatial.dimension,.with.large.improvements.in.terms.of.diversity,.interference.mitigation.and.through-
put.. For. this. reason,. they. are. among. the. key. technologies. in. modern. wireless. transmission. systems.
[1–7]..Even.in.wired.systems.(such.as.in.digital.subscriber.line.(DSL).and.in.power.line.communication.
(PLC).systems).since.cables.usually.contain.multiple.wires,.the.channel.can.be.seen.as.a.multiple-input.
.multiple-output.(MIMO)..In.the.following.we.will.focus.on.MIMO.wireless.systems,.but.several.of.the.
described.techniques.can.be.applied.also.in.wired.systems.

The.advantages.of.multiple.antennas.can.be.summarized.as.follows.

•. Array gain:.This.is.the.increase.in.the.average.signal-to-noise.ratio.(SNR).at.the.receiver.due.to.
coherent.combination.of.signals..It.can.be.obtained.for.both.multiple.transmit.or.multiple.receive.
antennas,.requiring.channel.state.information.at.the.transmitter.(CSIT).or.channel.state.informa-
tion.at.the.receiver.(CSIR),.respectively.

•. Diversity gain:.In.the.presence.of.fading,.the.received.power.level.can.present.large.variations..
Diversity.is.used.to.reduce.the.variations.of.the.SNR.level.due.to.fading,.by.sending.each.infor-
mation.symbol.through..different.channels.with.independent.fading.levels,.and.then.combining.
the.outputs..In.an.NT.×.NR.MIMO.channel.there.are.potentially.NT.NR.links..Spatial.diversity.can.

Marco Chiani
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be.obtained.with.multiple.receiving.antennas.with.CSIR.(receive.diversity),.and.with.multiple.
transmit. antennas. (transmit.diversity)..Transmit.diversity. is.possible.both.with.CSIT. (beam-
forming).and.even.in.the.absence.of.CSIT.(Alamouti’s.code,.space-time.codes).

•. Interference mitigation:. Multiple. antennas. can. be. used. as. a. spatial. filter. to. reduce. the. power.
received.from.cochannel.interfering.sources..The.enhanced.robustness.to.cochannel.interference.
increases.the.number.of.served.users.per.unit.area.in.wireless.cellular.systems.

•. Multipath multiplexing (spatial multiplexing) for high-throughput transmission:.In.MIMO.chan-
nels.with.multipath.it.is.possible.to.transmit.up.to.Nmin.=.min{NT,.NR}.“parallel”.streams.over.the.
same.band,.with.an.increase.of.the.link.throughput..Multipath.multiplexing,.also.called.spatial.
multiplexing,.is.not.possible.for.SIMO.or.MISO.channels.

In.Chapter.16.we.described.the.MIMO.channel.model,.and.how.systems.with.multiple.antennas.can.
be.used.for.diversity.and.for.interference.mitigation.

In.this.chapter.we.focus.on.the.Shannon.capacity.of.MIMO.channels,.and.on.the.design.principles.for.
practical.high-throughput.MIMO.systems.

As. in. Chapter. 16. we. start. with. the. single-user. scenario,. and,. for. the. sake. of. clarity,. we. focus. on.
.frequency-flat.fading.channels..The.extension.to.wideband.channel.models.is.easy.by.assuming.multi-
carrier.transmission.techniques,.where.the.channel.is.frequency-flat.for.each.subcarrier.

Throughout.the.chapter.vectors.and.matrices.are.indicated.by.bold,.det.A.denote.the.determinant.
of. the. matrix. A,. and. ai,j. is. the. (i,j)th. element. of. A.. Expectation. operator. is. denoted. by. E{ }⋅ ,. the.
.superscript. ()H. denotes. conjugation. and. transposition,. I. is. the. identity. matrix,. and. tr{A}. is. the.
trace of.A.

17.2 capacity of Fixed MiMo channels

17.2.1 capacity of Frequency-Flat MiMo channels

Consider.a.frequency-flat.MIMO.channel,.whose.discrete-time.equivalent.lowpass.model.(Figure.17.2).is*

. y Hx n( ) ( ) ( )k k k= + . (17.1)

*. See.also.Chapter.16.
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FIGURE 17.1 Multiple.antenna.systems:.single-input.single-output.(SISO),.single-input.multiple-output.(SIMO),.
multiple-input.single-output.(MISO),.multiple-input.multiple-output.(MIMO).



315High-Throughput MIMO Systems

where. k. is. the. time. index,. x(k). and. y(k). are. the. input. and. output. vectors,. respectively.. The. noise.
.vectors. n( )k NR∈� are. independent,. identically. distributed. (i.i.d.). with. circularly. symmetric.
.complex. Gaussian. (CSCG). entries. and. covariance. matrix. R n n In

Hk k= { } =E ( ) ( ) σ2 .. Assume. the.
.channel. matrix. H. is. fixed,. and. let. us. assume. zero-mean. vectors. E x( )k{ } = 0. with. covariance.
matrix. R x xx

Hk k= { }E ( ) ( ) .. The. average. total. transmitted. power. can. be. written. as.
E E E| ( ) | | ( ) | ( ) ( )x k x k k kN

H
xT1

2 2{ } + + { } = { } = { }� x x Rtr .
The.Shannon.capacity.for.this.MIMO.channel.is.the.maximum.of.the.mutual.information.between.

the.input.and.the.output.vectors..It.is.easy.to.verify.that,.similar.to.the.usual.SISO,.this.is.obtained.by.
using.i.i.d..input.vectors.x(k).with.CSCG.distribution..Since.for.CSCG.vectors.with.covariance.R.the.
differential.entropy.is.log [( ) det ]2 ≠e NR R ,.the.maximum.of.the.mutual.information.for.the.vector.channel.
with.the.specified.constraints.is

.
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(17.2)

where.R y y HR H Ry
H

x
H

nk k= { } = +E ( ) ( ) .
Assume.now.that.we.constrain.the.total.transmitted.power. E x x RH ( ) ( )k k Px t{ } = { } ≤tr ..We.distin-

guish.here.between.two.cases:

. 1.. Channel.perfectly.known.at.the.transmitter:.finding.Rx.by.means.of.SVD.and.water-filling.
. The.conditional.MIMO.capacity.with.both.CSIT.and.CSIR. is.obtained.by.finding.the.optimal.

transmit.covariance.matrix.Rx.which.maximizes.(17.2).under.the.power.constraint:

.
C

x tP x
H( ) max log det [ ]H I HR H

R
= +

⎛
⎝⎜

⎞
⎠⎟{ }≤tr

infobits/s/Hz2 2
1
σ .

(17.3)

. . Here.is.not.easy.to.see.what.is.the.best.Rx..However,.as.we.will.see.later,.with.CSIT.we.can.think.to.
“diagonalize”. the. channel. by. means. of. a. singular. values. decomposition. (SVD). of. the. channel.
matrix.H,.which.allows.to.have.separated.parallel.virtual.channels..Then,.the.problem.of.finding.
Rx.reduces.to.the.well.known.water-filling.problem.

n1

nNR

x
y

H = {hi,j}

1

NT

1

NR

hi,j y = Hx + n

FIGURE 17.2 MIMO.
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. 2.. Channel.unknown.at.the.transmitter:.uniform.power.allocation.among.the.transmit.antenna.

. . When.the.transmitter.has.no.information.about.the.channel,.a.reasonable.choice.is.to.transmit.
independent,.parallel.streams.over.the.transmit.antennas,.allocating.to.each.the.same.power.
Pt/NT,.that.is,.to.use.Rx.=.(Pt/NT)I.

. . . Therefore,.from.Equation.17.2.the.capacity.without.CSIT.is

.

C P
N

t

T

H

N

( ) log det [ ]

log
min

H I HH= +
⎛
⎝⎜

⎞
⎠⎟

=
=
∑

2 2

2
1

1

σ
infobits/s/Hz

�

++
⎛
⎝⎜

⎞
⎠⎟

P
N

t

Tσ
λ2 � [ ]infobits/s/Hz

.
(17.4)

. . .where.again.we.indicate.with. λ λ λ1 2 0≥ ≥ ≥ ≥� Nmin .the.possibly.nonzero.eigenvalues.of.HHH.
or,.equivalently,.of.HHH.

17.2.2  An equivalent Diagonalized MiMo by SVD or 
Multiple Beamforming

17.2.2.1 Diagonalization by SVD

By. the. SVD. we. can. decompose. H.=.UDVH,. where. U ∈ ×�N NR R ,. V ∈ ×�N NT T are. unitary. matrices,.
D ∈ ×�N NR T . is. a. diagonal. matrix. with. Nmin.=.min{NT,NR}. diagonal. entries. λ λ1 2≥ ≥ ≥� .
λNmin

≥ 0,.and.λi.are.the.possibly.nonzero.eigenvalues.of.HHH..Of.these,.only.the.first.r.=.rank.{H}.≤.Nmin.
are.greater.than.zero.*

For.example,.for.a.3.×.4.MIMO.channel,.we.have

.

H UDV U V= =

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

H H

λ

λ

λ

1

2

3

0 0

0 0

0 0
0 0 0

where.λ∙.are.the.possibly.non-zero.eigenvalues.of.HHH.or.of.HHH.
Thus,.if.we.apply.the.linear.transformation.UH.at.the.received.vector.(this.requires.CSIR).we.have

.

U y DV x U nH H H

y x� � �
� � �= +

n

where,.since.U.is.unitary,.the.noise.vector.n� .has.the.same.statistical.description.of.n..Moreover,.if.we.
define.x� = V xH .which.implies.x V= x� .we.can.write

.

y x xn n� � �� �= + =

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

+D

λ

λ

λ

1

2

3

0 0

0 0

0 0
0 0 0

*. The.hermitian.matrix.HHH.is.nonnegative.definite,.and.can.have.at.most.Nmin.nonzero.eigenvalues,.i.e.,.r.=.rank.{HHH}.=.
rank.{H}.≤.Nmin..Also,.HHH.and.HHH.have.the.same.nonzero.eigenvalues.



317High-Throughput MIMO Systems

We.have.thus.obtained.another.MIMO,.whose.input.is. x� .and.output.is. y� ,.as.in.Figure.17.3..In.this.
scheme,.since.D.is.diagonal.

. y x n r� � � �� � � �= λ + = …1, , . (17.5)

. y n r NR� �� � �= = + …1, , . (17.6)

that.means,.in.other.words,.that.we.have.now.“diagonalized”.the.channel,.obtaining.r.=.rank.{H}.paral-
lel.SISO.subchannels.with.SNR.E | | /2x� � �{ }λ σ2.

17.2.2.2 Diagonalization by Multiple Beamforming

It.is.interesting.to.note.that,.given.the.spectral.decomposition.HHH.=.VΛVH,.another.way.to.diagonalize.
the.channel.is.to.use.V at.the.transmitter.side,.as.for.the.SVD,.and.VHHH.in.reception.(instead.of.UH.of.
the.SVD)..In.fact,.when.we.multiply.the.received.vector.by.VHHH.we.get

. y� = = +V H y V H Hx V H nH H H H H H
. (17.7)

. = +Lx� �n . (17.8)

where.E � �nnH{ } = L ..With.this.diagonalization.the.useful.(decoupled).subchannels.are

.
� � �� � � �y n rx= + = …λ � 1, ,

where. the. noise. terms. have. E | |�� �n 2 2{ } = σ λ . and. therefore. the. SNR. is,. as. for. the. SVD,. SNR� =.
λ σ� �E | .x� |2 2{ } .Hence,.MIMO.SVD.is.equivalent.to.MIMO.beamforming.with.multiple.eigenmodes.
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=

=
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+

+
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+

FIGURE 17.3 Diagonalization.of.a.3.×.4.MIMO..Diagonalization.is.achieved.by.using.at.the.receiver.UH.(SVD).or.
VHHH.(multimode.beamforming)..Note.that.r.=.rank.{H}.≤.3,.so.there.are.at.most.three.eigenmodes.available.
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Also, note that the first subchannel (corresponding to the strongest eigenvalue) is exactly that dis-
cussed for the beamforming in Chapter 16. In other words, while with the (single mode) eigenbeam-
forming in Chapter 16 we use just the strongest subchannel of the MIMO, putting on it all power, with 
diagonalization we can use up to r subchannels.

17.2.2.3  Capacity for the Diagonalized MIMO

The capacity of the diagonalized MIMO is the same as that of the original MIMO. In particular, the 
symbols x�� should be independent CSCG, and the MIMO capacity can be rewritten

 
C

p P

N

m tm

( ) max log
min

H =
σ≤∑ =

∑ +
⎛
⎝⎜

⎞
⎠⎟

�

�

1
21 λ�

p

 
(17.9)

where p x� �= { }E | |� 2  is the power allocated to the ∙th subchannel. The power levels p∙ giving the capac-
ity in Equation 17.9 can therefore be calculated by the water-filling approach, that is, by finding the 
number of activated subchannels a ≤ Nmin and associated power levels p1 ≥ p2 ≥ . . . ≥ pa > 0 satisfying 
p1 + . . . + pa = Pt and

 
p p pa

a
1

2

1
2

2

2

2
+ = + = = + =
σ
λ

σ
λ

σ
λ

� const.

The remaining subchannels with index a + 1, . . .,Nmin are not used. An example is reported in 
Figure 17.4.

17.3  Capacity of MIMO Fading Channels

The previous analysis assumed a fixed channel H. In the presence of fading and mobility, the channel 
varies in time. Let us assume a block fading channel (BFC), where the channel is constant over a block 
composed of several symbols, and takes i.i.d. values across different blocks. This fading channel is char-
acterized by the discrete-time process …, H(1), H(2), … where H(m) is the channel matrix for the mth 
block. Thus, C = C(H(m)) of the previous sections is also randomly varying from block to block. The 
considerations of Chapter 16 are generalized to MIMO channels as follows.

• For MIMO channels without CSIT the ergodic capacity is defined as E C( )H{ } where C(H) is 
given in Equation 17.4, and the expectation is taken respect to the distribution of the eigenvalues 
of HHH. This ergodic capacity is valid for systems without CSIT with coding and perfect time- 
interleaving (fast fading). The evaluation of E C( )H{ } is related to the theory of random matrices, 

p2
p1

p1 σ2

λ2
σ2

λ2 σ2

λ1

σ2

λ1

1 2 3 r rEigenmode

(a) (b)

const.

const.

1 2 3 Eigenmode

FIGURE 17.4 Examples.of.power.allocation.by.water-filling..If.Pt.is.small,.only.the.strongest.mode.is.used.as.in.
(a),.reducing.to.(single.mode).beamforming..By.increasing.Pt,.more.modes.are.activated.as.in.(b).
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and.is.in.general.cumbersome.especially.for.spatially.correlated.channels.[8]–[11]..However,.when.
the.channel.gains.hi,j.are.zero-mean.uncorrelated.with.E | |,hi j

2 1{ } = ,.by.using.Jensen’s.inequality.
we.get.the.simple.universal.bound

.
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(17.10)

. . This.bound.applies.in.particular.to.Rayleigh.uncorrelated.fading.(i.e.,.when.the.entries.of.H.are.
i.i.d..CSCG.variables)..An.example.is.reported.in.Figure.17.5..We.note.that,.for.the.zero-mean.
uncorrelated.scattering.MIMO.channel,.the.ergodic.capacity.bound.increases.linearly.with.the.
minimum.between.NT.and.NR..More.precisely,.it.is.like.to.have.Nmin.parallel.SISO.channels,.with.
an.additional.array.gain.max{NR,NT}/NT..Also,.increasing.NT.beyond.NR.does.not.change.the.
bound..Thus,.for.a.fixed.SNR.the.ergodic.capacity.increases.linearly.with.Nmin..For.fixed.(NT,.NR),.
the.ergodic.capacity.increases.logarithmically.with.the.SNR.(i.e.,.in.a.semi-log.graph.E C( )H{ }.
vs..Pt/σ2. [dB],. the.behavior. is. linear. for. large.SNRs)..Other.examples.of. the.ergodic.capacity.
without.CSIT,.obtained.as.described.in.Reference.8,.are.reported.in.Figures.17.6.and.17.7.

•. For.MIMO.channels.without.CSIT,.when.the.codeword.length.is.of.the.order.of.the.fading.block.
(slow.fading),.and.assuming.a.constant.information.rate.R.[information.bits/s/Hz].at.the.channel.
input,.we.define.the.channel.outage.probability.as

. P R C Rout( ) Pr ( )= <{ }H . (17.11)

. . which.represents.a.lower.bound.on.the.codeword.error.rate.for.coded.systems..We.can.also.define.
the.outage capacity.at.codeword.error.rate.Ptarget.as.the.value.Rout.to.use.at.the.channel.input.to.
guarantee.an.outage.probability.Ptarget

. R P P Pout target out target( ) ( )= −1
. (17.12)
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FIGURE 17.5 Ergodic.capacity.bound.(17.10).for.zero-mean.uncorrelated.fading,.no.CSIT,.vs..number.of.anten-
nas..Comparison.between.(4.×.N).MIMO.(upper.points).and.(N.×.4).MIMO.(lower.points)..SNR.=.10.dB.
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. . and.the.resulting.effective.rate.is.Rout.(1.−.Pout(Rout)).(correctly.received.[info..bits/s/Hz].over.many.
fading.blocks)..This.is.sometimes.called.outage rate..The.outage.probability.versus.SNR.curves.for.
MIMO.uncorrelated.Rayleigh.channels.and.with.a.spectral.efficiency.R.=.8.[info..bits/s/Hz].are.
reported.in.Figure 17.8..Examples.of.outage.probability.vs..R. for.MIMO.uncorrelated.Rayleigh.
channels.with.SNR.=.10.dB,.obtained.as.described.in.Reference.8,.are.reported.in.Figures.17.9.
through.17.11.

–10 –5

14

12

10

8

6

4

2

0

2 × 2 SM
2 × 2 AL

2 × 1

SNR (dB)

Bi
t/s

/H
z

0 5 10 15 20

FIGURE 17.6 Ergodic.capacity.for.(2.×.NR).MIMO,.no.CSIT,.uncorrelated.Rayleigh.channel,.for.NR.=.1,2.(top.and.
bottom.curves)..AL:.Alamouti’s.2.×.2.scheme..Note.that.the.Alamouti’s.2.×.1.has.the.same.capacity.of.the.2.×.1.
MIMO.(the.lower.curve).
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FIGURE 17.7 Ergodic.capacity.as.a.function.of.NREb/N0,.no.CSIT,.(NT.×.NR).MIMO.uncorrelated.Rayleigh.chan-
nel..Note.that.NREb.represents.the.average.energy.per.information.bit.received.by.all.antennas..The.curves.are.all.
pairs.with.NR,NT.=.1,2,4,8..Note.that.the.curves.for.n.×.m.and.m.×.n.are.coincident.in.this.graph..The.minimum.
energy.per.bit-to-noise.spectral.density.ratio.is.ln.2.=.−1.6.dB.for.all.curves.(as.for.the.SISO.AWGN.channel)..Note.
that,.from.the.energy.efficiency.point.of.view,.MIMO.is.better.than.SISO.for.all.spectral.efficiencies.
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•. For.MIMO.slow. fading.channels.with.knowledge.of.C(H(m)).at. the. transmitter. (partial.CSIT),.
assume.the.information.rate.R(m).[information.bits/s/Hz].for.each.block.m.is.adapted.to.stay.below.
C(H(m)),. so. that. the. received. codewords. can. be. successfully. decoded.. The. information. rate. is.
adapted.by.changing.the.forward.error.correction.(FEC).coderate.and.modulation.format.in.the.
schemes.described.later.(Section.17.4.2)..In.practice,.a.predefined.set.of.couples.(codes,.modulation.
format).can.be.used.to.discretize.the.information.rate,.and.the.transmitter.chooses.for.each.block.
the.best.couple.based.on.C(H(m))..Over.a.large.number.N.of.blocks.the.transferred.rate.achievable.
is.bounded.by.1 1/N C mm

N∑ = ( ( ))H .which,.for.the.law.of.large.numbers,.converges.to.E C( )H{ }..Thus,.
E C( )H{ }.is.also.the.achievable.rate.for.a.rate-adaptive.system.

•. For.MIMO.channels.with.perfect.CSIT,.and.assuming.the.power.Pt.is.kept.constant.in.time.for.all.
blocks,.we.can.apply.diagonalization.of.MIMO,.and.optimally.allocate.on.a.block.basis.the.power.
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FIGURE 17.8 Example.of.outage.probability.for.R.=.8.[info.bit/s/Hz],.no.CSIT,.MIMO.(NT.×.NR).uncorrelated.
Rayleigh.channel.
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FIGURE 17.9 Outage.capacity.for.(NT.×.4).MIMO.uncorrelated.Rayleigh.channel,.no.CSIT..From.left.to.right:.
NT.=.4,6,8,10,20,.SNR.=.10.dB.
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on.the.submodes.(more.energy.on.the.submodes.with.better.channel.gain,.and.less.on.those.with.
lower.channel.gain),.according.to.the.water-filling.principle..In.this.case.the.ergodic.capacity.is.
given.by.E C( )H{ }.where.C(H).is.given.in.Equation.17.9..This.power and rate space-adaptive.sys-
tem.has.a.slightly.larger.rate.than.the.rate time-adaptive.system.

•. If.the.constraint.is.on.the.average.power.over.time,.we.can.also.optimally.allocate.the.transmit.power.
in.both.space.and.time,.allocating.more.energy.to.channels.with.high.gains,.and.less.to.those.with.low.
gains,.according. to. the.water-filling.principle. in.space.and.time.(ergodic.capacity.with.CSIT.and.
time-average.power.constraint)..This.power and rate space-time-adaptive.system.has.a.slightly.larger.
rate.than.the.power and rate space-adaptive.system..A.comparison.between.the.ergodic.capacities.
without.CSIR.and.with.CSIT.(power.and.rate.space-time-adaptive).for.MIMO.uncorrelated.Rayleigh.
channels,.obtained.as.described.in.References.8.and.12,.is.reported.in.Figure.17.12.

For.all.rate-adaptive.techniques,.the.information.rate.(i.e.,.number.of.information.bits.per.codeword).
changes.from.block.to.block..For.delay-sensitive.applications.this.can.be.a.problem,.and.constant.rate.
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FIGURE 17.11 Outage.capacity.for.(N.×.N).MIMO.uncorrelated.Rayleigh.channel,.no.CSIT..From.left.to.right:.
N.=.1,2,4,8,.SNR.=.10.dB.
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NR.=.4,6,8,10,.SNR.=.10.dB.
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solutions.are.preferable..For.example,.the.transmit.power.can.be.varied.to.maintain.a.constant.SNR.at.
the.receiver,.and.consequently.a.constant.rate.(like.power.control.in.cellular.systems,.also.called.channel.
inversion).

17.3.1  Signal-to-noise Power Ratio, energy per information Bit, 
energy efficiency

In.the.following,.we.report.some.example.of.ergodic.capacity.and.outage.probability,.assuming.fading.
channels.with.normalized.average.gains,.that.is,.E | | ,,h i ji j

2 1{ } = ∀ ,.and.independent.signals.at.differ-
ent.transmit.antennas..With.this.normalization,.the.SNR.defined.as.the.ratio.of.the.total.transmitted.
power,.Pt,.and.the.noise.power.per.antenna,.σ2

.
SNR =

Pt

σ2 .
(17.13)

represents.the.SNR.measurable.at.each.receive.antenna.element.
However,.to.have.an.idea.of.the.efficiency.of.the.system.we.must.determine.how.many.information.

bits.we.can.transfer.per.unit.energy.(Joule).spent..In.this.regard,.if.the.transmission.rate.is.R.[informa-
tion.bit/s/Hz],.the.energy.transmitted.per.information.bit.is.Eb.=.PtT/R.where.T.is.the.signaling.period..
We.can.then.define.the.ratio

.
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(17.14)
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FIGURE 17.12 Ergodic. capacity. for. (M.×.M). MIMO. uncorrelated. Rayleigh. channel,. for. M.=.1,2,4,8.. Dashed.
curves:.capacity.with.CSIT.and.space-time.water-filling.power.allocation..Continuous.lines:.capacity.for.channel.
unknown.at.the.transmitter..Power.allocation.gives.a.negligible.improvement.for.large.SNRs.when.NT.=.NR..It.is.
possible.to.show.that.the.improvement.with.CSIT.is.larger.for.NT.>.NR,.where.the.capacity.without.CSIT.is.limited.
(see.Equation.17.10).
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where.N0.is.the.thermal.noise.single-sided.power.spectral.density.(the.same.for.each.receive.antenna)..
Note. that.Eb. represents. the.average.energy.per.bit.at.each.receive.antenna,.due. to. the.normalization.
imposed.on.the.channel.gains.

For.a.fair.comparison.with.SISO.we.can.eliminate.the.array.gain.by.considering.the.ratio

.

N E
N

N
R

R Rb

0
=

SNR

.
(17.15)

where.NREb.represents.the.average.energy.received.in.total.by.all.antennas.per.information.bit..Once.the.
thermal.noise. is.known,.this.ratio.allows.determining.the.total.energy.the.receiver.must.harvest.(on.
average).from.all.antennas.

17.4 MiMo Systems for Spatial Multiplexing

17.4.1  High-throughput MiMo Systems with channel Known at the 
transmitter (closed-Loop MiMo)

Assuming.perfect.CSIT.and.CSIR.are.available,.the.simplest.way.to.implement.high-throughput.MIMO.
systems.is.to.apply.the.linear.transformations.indicated.in.Section.17.2.2,.so.to.diagonalize.the.MIMO.
channel.(diagonalization.is.often.indicated.as.MIMO-SVD)..The.r.decoupled.ISO.channels.have.differ-
ent.gains.(related.to.the.corresponding.channel.eigenvalues.λ∙)..For.each.subchannel.we.can.use.modu-
lation. and. coding. techniques. of. the. usual. SISO. AWGN. channel,. for. example,. M-ary. quadrature.
amplitude.modulation.(M-QAM).and.low-density.parity-check.(LDPC).codes,.with.constellation.sizes.
and.code.rates.compatible.with.the.capacity.of.the.eigenmode.(resulting.also.from.power.allocation).

Note.that,.if.the.channel.has.few.strong.eigenmodes.(i.e.,.subchannels.with.large.λ∙).or.if.it.is.low.
rank,.applying.water-filling.with.small.Pt.implies.to.use.few.subchannels,.turning.off.the.eigenmodes.
with.poor.gains..In.particular,.if.the.difference.between.the.largest.eigenvalue.and.the.next.is.large,.and.
more.precisely.if

.

Pt

σ λ λ2
2 1

1 1
< −

then. just.one.mode. is.used,. resulting. in. the.MIMO.single.mode.beamforming.of.Chapter.16.(see.
Figure.17.4).

Here.the.complications.are.related.to.the.channel.estimation.at.the.RX,.to.the.way.to.obtain.CSIT,.and.
to.power.allocation.[13].

For.example,.in.closed-loop.systems.where.the.receiver.estimates.the.channel.and.sends.the.channel.
state.information.(CSI).at.the.transmitter,.the.number.of.bits.needed.to.quantize.the.matrix.V with.the.
necessary.precision.could.be.large,.with.a.consequent.throughput.loss.in.the.feedback.channel..In.this.case,.
the.ensemble.of.possible.matrices.is.suitably.quantized.to.form.a.small.codebook.of.precoding.matrices..
Then,.the.receiver.sends.to.the.transmitter.just.the.index.(requiring.few.bits).of.the.matrix.in.the.codebook.
which.best.approximates.the.estimated.V..If.the.codebook.is.well.designed,.the.loss.in.performance.due.to.
quantization.is.justified.by.the.reduction.in.the.number.of.bits.required.for.the.feedback.channel.

17.4.2  High-throughput MiMo Systems with channel Unknown 
at the transmitter (open-Loop MiMo)

If.CSIT.are.not.available.the.simplest.way.to.have.a.high-throughput.system.is.to.transmit.parallel.inde-
pendent. (sub)streams. over. the. NT. transmit. antennas. (like. e.g.,. in. vertical-Bell. laboratories. layered.
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space-time.(V-BLAST))..The.substreams.are.transmitted.at.the.same.time.in.the.same.frequency.band,.
with.an.increase.in.the.transmission.rate.proportional.to.the.number.of.transmitter.antennas.

The.received.signal.is

. y Hx n( ) ( ) ( )k k k= + . (17.16)

where.k.is.the.time.index,.x(k).and.y(k).are.the.input.and.output.vectors,.respectively..Also,.note.that.the.
elements.of.x(k).are.symbols.from.some.constellation.(e.g.,.M-QAM)..The.noise.vectors.n( )k NR∈� are.
i.i.d..with.CSCG.entries.and.covariance.matrix.R n n In

Hk k= { } =E ( ) ( ) σ2 .
The.decoder.has.to.detect.the.transmitted.symbols.x1(k),.. . .,.xNT

(k).given.the.observed.y(k)..Assume.
that.H.is.known.at.the.receiver.(CSIR).

Intuitively,.if.for.a.moment.we.neglect.the.noise,.we.see.that.Equation.17.16.reduces.to.the.linear.sys-
tem.y(k).=.Hx(k),.where.y(k),.H.are.known,.and.x(k).is.the.unknown.vector.

If.the.unknown.vector.x(k).is.unconstrained.(i.e.,.each.symbol.x∙(k).can.assume.an.arbitrary.value.in.
�).then.the.system.can.be.solved.only.if.NR ≥.NT.and.H.is.full.rank..The.presence.of.the.noise.n(k).makes.
the.problem.much.more.difficult,.and.having.a.large.NR.helps.the.decoding.process..In.any.case,.we.see.
that.a.necessary.condition.for.having.a.successful.decoding.with.this.scheme.is.that.the.channel.matrix.
H.is.full.rank..Clearly,.this.depends.on.several.factors.like.richness.of.the.multipath.and.antenna.spac-
ing..If.the.multipath.is.rich.and.independent.from.antenna.to.antenna,.the.elements.of.H.take.random.
independent.values..In.this.case,.the.probability.that.two.rows.or.columns.of.H.are.linearly.dependent.
is.essentially.zero..So,.for.rich.uncorrelated.multipath.we.can.say.that.the.matrix.H.is.almost.surely.full.
rank.

If. the.symbols.x∙(k).are. taken. in.a.given.constellation.(e.g.,.M-QAM),. it. is.sometimes.possible,.by.
using.ML.decoding,.to.recover.the.transmitted.vector.x(k).even.if.H.is.not.full.rank..For.example,.with.
one.receive.antenna.and.no.noise.we.have. y k h x k h x kN NT T1 1 1( ) ( ) ( )= + +� .which.can.be.interpreted.as.
a.symbol.in.a.constellation.of.M NT .points.corresponding.to.all.possible.symbols.x k x kNT1( ), , ( )⊃ ..If.the.
hi.are.such.that.these.points.are.all.distinct,.from.the.single.sample.y1(k).we.can.recover.all.transmitted.
symbols.

17.4.2.1 ML Detection

The.optimum.detector,.assuming.the.symbols.x∙(k).are.i.i.d..and.take.values.in.a.constellation.X with.
cardinality. | |X = M (e.g.,.M-QAM).with.uniform.probability,.is.based.on.maximum.likelihood.(ML).
that,.due.to.the.Gaussian.noise.n,.reduces.to.the.search,.among.all.possible.transmitted.vectors.x ∈X NT, .
of.the.one.producing.Hx.closer.in.Euclidean.distance.to.the.observed.vector.y(k),.that.is,

.
x� ( ) arg min || ( ) ||k k

NT
= −

∈x
Hx y

X .
(17.17)

For.each.received.vector.y(k),. the.ML.decoder.must.therefore.test.all. M NT .possible.transmitted.
vectors.x..Thus,.the.complexity.of.ML.decoding.depends.on.the.constellation.size.used.and.increases.
exponentially. with. the. number. of. parallel. streams.. For. example,. for. a. 2.×.2. MIMO. where. two.
4-QAM.streams.are.transmitted.in.parallel,.the.ML.decoder.will.make.M NT = =4 162 .[.comparisons/
decoded.vector]..For.a.4.×.4.MIMO.where.four.16-QAM.streams.are.transmitted.in.parallel,.the.ML.
decoder.will.make. M NT = =16 655364 . [comparisons/decoded.vector]..For. this. reason,. for.MIMO.
with.a.large.number.of.parallel.streams.ML.becomes.too.complex,.and.suboptimal.decoders.must.be.
employed.

An.example.of.performance.(upper.bound.on.the.bit.error.probability.(BEP)).for.uncoded.MIMO.
with.ML.decoding,.obtained.by.using.the.method.in.Reference.14,.is.reported.in.Figure.17.13.
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17.4.2.2 Linear Detection

Assume.we.want.a.linear.estimate.x k kH�1 1( ) ( )= w y .of.the.symbol.x1(k).transmitted.from.the.first.antenna..
Then,.we.can.consider.this.problem.as.the.reception.of.a.signal.in.the.presence.of.interference,.leading.
to.the.optimum.combining.or.minimum.mean-square.error.(MMSE).receiver.of.Chapter.16,.where.now.
x1(k).is.the.desired.symbol,.and.x k x kNT2( ), , ( )⊃ .are.interfering.symbols..Thus,.the.optimal.weights.w1.
are.obtained.by.tuning.the.MMSE.combiner.to.x1(k),.considering. x k x kNT2( ), , ( )⊃ .as.interfering.sym-
bols..The.MMSE.weights.are.thus.given.by.Equation.16.36.in.Chapter.16,.that.is,.w R h1 1= −K 1

1 .where.h1.
is. the. propagation. vector. from. the. first. transmit. antenna,. i.e.,. the. first. column. of. H,. and.
R h h I1 2

2 2= ∑ { } +=m
N

m m m
HT x kE | ( ) | σ .

This.can.be.done.“in.parallel”.from.the.received.vector.y(k).for.all.transmit.antennas,.by.considering,.
for.each.stream,.the.other.antennas.as.interferers,.that.is,.with.weights:

. w R h� � �= −K 1
. (17.18)

where.h∙.is.the.∙th.column.of.H,.and.R h h I� �= ∑ { } += ≠m m
N

m m m
HT x k1

2 2
, | ( ) |E σ .is.the.disturb.covariance.

for. the. ∙th. stream.. The. signal-to-interference-plus-noise. ratio. (SINR). for. the. ∙th. estimate. is.
E | ( ) |x k H

� � � �
2 1{ } −h R h ..The.linear.receiver.as.a.bank.of.parallel.combiners.designed.to.mitigate.interfer-

ence.as.in.Chapter 16.is.sketched.in.Figure.17.14.
If.we.collect.the.weights.w∙.in.a.matrix.W w w= [ | | ]1 � NT

,.the.MMSE.linear.estimate.of.the.trans-
mitted.vector.is

. x� ( ) ( )k kH= W y . (17.19)

It.is.possible.to.show.that,.assuming.Rx.=.Pt/NTI,.the.matrix.W.can.be.also.directly.derived.as

.
W HH I H H H H I= +( ) = +( )− −

K N P K N PH Hσ σ2 1 2 1
T t T t/ / .
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FIGURE 17.13 BEP.upper.bound.versus.Eb/N0,.uncoded.VBLAST.MIMO.systems,.QPSK,.ML.decoding,.uncor-
related.Rayleigh.channel..From.left.to.right,.MIMO.with.NT.×.NR.antennas:.6.×.6,.4.×.4,.2.×.2,.1.×.1,.2.×.1..The.
corresponding.spectral.efficiencies.are.12,8,4,2,4.[bits/s/Hz].
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The.complexity.of.linear.detection.is.low:.for.each.received.vector.we.need.to.compute.the.matrix-
vector.product.in.Equation.17.19..The.weights.W.are.updated.at.the.fading.rate,.which.depends.on.user’s.
mobility.

Instead.of.using.the.MMSE.we.can.use.a.zero.forcing.(ZF).criterion,.where.the.weighting.vectors.w∙.
are.designed.to.null.the.interference:.by.using.the.matrix.W.=.KH(HHH)−1,.which.is.the.pseudo-inverse.
of.H,.we.obtain.from.Equations.17.19.and.17.17.WHy(k).=.K.x(k).+.WHn(k),.and.the.mutual.interference.
is. canceled.. However,. the. noise. can. be. enhanced. with. the. ZF,. and. the. MMSE. detector. is. generally.
better.

17.4.2.3 improving Linear Detection by Sic and ordering

Observe.that.the.contribution.of.x∙(k).in.y(k).is.exactly.x∙(k)h∙..So,.calculating.y(k).−.x∙(k)h∙.is.like.to.
cancel.the.∙th.transmit.antenna..In.successive.interference.cancellation,.the.linear.estimate.x k�1( ) ∈� .of.
the.first.stream.is.decoded.producing.the.hard.decision. �x k1( ) ∈X ;.then,.the.received.vector.is.updated.
as.y y h( )( ) ( ) ( )1

1 1k k x k= − � ..Assuming. �x k x k1 1( ) ( )= .(correct.decision.on.the.first.stream),.for.the.second.
stream.x2(k).the.interferers.are.only.the.NT.−.2.remaining.symbols. x k x kNT3( ), , ( )⊃ ..Thus,.the.weight.
vector.w2.is.calculated.considering.these.as.interfering.symbols,.and.the.process.is.iterated..The.resulting.
scheme,. reported. in. Figure. 17.15,. is. denoted. as. MMSE-successive. interference. cancellation. (SIC). or.
ZF-SIC.depending.on.the.criterion.used.for.the.weights.

SIC.improves.the.performance.of.linear.detection.because,.assuming.previous.decisions.are.correct,.
the.∙th.stream.will.be.detected.in.the.presence.of.NT.−.∙.interfering.symbols.(those.still.not.canceled),.
instead.of.the.NT.−.1.of.the.linear.detector..The.most.difficult.decision.is.for.the.first.stream,.for.which.
all.NT.−.1.remaining.symbols.are.to.be.considered.as.interferers.

Although.the.scheme.suffers.for.the.error.propagation.phenomenon,.its.performance.is.better.than.
that.of.pure.linear.detection.[15].

A.further.significant.improvement.is.obtained.by.decoding.first,.among.the.NT.streams,.that.with.the.
best.SINR;.then,.after.cancellation,.by.choosing,.among.the.remaining.NT.−.1.streams,.that.with.the.best.
SINR.(assuming.the.first.stream.has.been.successfully.canceled)..The.process.is.repeated.until.the.last.
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FIGURE 17.14 MMSE.linear.receiver.as.a.bank.of.parallel.MMSE.combiners.
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FIGURE 17.15 Linear.detection.with.SIC..In.SIC.with.ordering,.the.order.of.detection/cancellation.of.the.streams.
depends.on.the.channel.state.
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stream..This.is.called.SIC.with.ordering,.and.its.scheme.is.like.in.Figure.17.15,.except.that.the.order.in.
which.the.streams.are.detected.depends.on.the.channel.

The.ordering.process.improves.the.performance.of.linear.detectors.with.SIC.at.the.price.of.increased.
complexity,.which.however.remains.much.lower.than.for.ML..Although.SIC.and.ordering.improve.the.
performance.for.low.SNR,.the.diversity.for.all.linear.schemes.with.or.without.SIC.and.ordering.is.lim-
ited.by.NR.−.(NT.−.1),.while.the.ML.detector.has.diversity.NR.

In.practice,.ML.detectors.can.be.used.in.MIMO.systems.with.few.antennas,.while.reduced.complexity.
suboptimal.detectors.(based.e.g..on.branch.and.bound,.semidefinite.relaxation,.or.SIC.techniques).are.
suitable.for.increasingly.larger.systems.[16,17].

In.the.above-described.V-BLAST.architecture,.since.the.transmitted.symbols.are.independent.from.
one.transmit.antenna.to.another,.the.maximum.diversity.is.NR.(which.is,.indeed,.achieved.by.the.ML.
detector).. In. order. to. exploit. even. transmit. diversity,. there. must. be. some. form. of. coding. across. the.
transmit.antennas..A.way.to.exploit.transmit.diversity.is.to.rotate.the.symbol.across.the.transmit.anten-
nas.like.in.the.diagonal-Bell. laboratories. layered.space-time.(D-BLAST).architecture..The.diagonally.
layered.architecture.of.D-BLAST.requires.encoding.the.transmitted.symbol.information.along.space-
time.diagonals..The.advantage.is.that.the.full.NTNR.diversity.is.exploited.in.such.a.diagonally.layered.
architecture..However,.decoding.is.based.on.SIC,.and.suffers.from.error.propagation.which.may.limit.
the. number. of. transmitted. streams.. Moreover,. with. diagonal. layering,. some. space-time. resource. is.
wasted.at.the.start.and.end.of.a.burst,.and.therefore.the.rate.is.reduced.

The.big.advantage.of.the.described.schemes.is.however.that.the.complexity.scales.approximately.lin-
early.with.the.number.of.antennas..Therefore,.it.has.been.possible.to.demonstrate.the.feasibility.of.sys-
tems.with.very.large.numbers.of.antennas.(NT.>.10),.and.spectral.efficiencies.of.more.than.25.[bits/s/
Hz]..For.smaller.systems,.transmit.diversity.can.also.be.exploited.by.using.an.outer.code,.together.with.
iterative.demodulation.and.decoding.

17.5 Multiuser MiMo

Consider.now.a.multiuser.(MU)-MIMO.scenario.as.in.Figure.17.16,.where.two.mobile.users.are.con-
nected.to.a.base.station.

17.5.1 Up-Link (Multiple-Access channel)

Here,.for.the.up-link.(from.users.to.base.station,.also.called.multiple.access.channel),.since.the.users.
terminals.are.not.connected,.the.situation.is.like.for.single.user.MIMO.without.CSIT..The.users.can.thus.
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FIGURE 17.16 MU-MIMO.scenario.with.two.single-antenna.mobile.users.(U1,U2),.and.a.multiple-antennas.base.
station.(BS)..MIMO.interpretation.of.the.uplink.and.of.the.downlink.
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directly.transmit.their.data.streams,.and.the.streams.are.jointly.detected.at.the.base.station,.for.example,.
with.an.MMSE-SIC.detector,.as.in.Section.17.4.2..The.advantage.here.is.that.two.users.transmit.on.the.
same.frequency.band.at.the.same.time..Since.the.multiple.access.is.made.possible.by.the.use.of.antennas.
for.discriminating.the.respective.signals,.this.is.sometimes.called.space.division.multiple.access.(SDMA)..
The.scheme.can.be.generalized.to.a.number.N.of.single-antenna.users,.provided.that.the.base.station.has.
at. least. N. antennas. (see. Section. 17.4.2).. If. the. number. of. users. is. larger,. a. properly. chosen. subset. is.
allowed.to.transmit.in.each.time-slot.(scheduling)..Note.that,.due.to.the.spatial.separation.among.the.
mobile.users,.the.virtual.MIMO.consisting.of.the.users.and.the.multiple.antennas.at.the.base.station.is.
generally.full.rank.even.if.the.scattering.is.poor.or.in.line-of-sight.(LOS).propagation.

In.a.more.general.scenario,.also.the.terminals.may.have.multiple.antennas..In.this.MIMO.networks.
with.no.CSIT,.the.more.antennas.per.terminal,.the.more.difficult.will.be.for.the.base.station.to.perform.
joint.detection.(e.g.,.by.MMSE-SIC)..The.optimum.number.of.antennas.per.terminal.in.a.MIMO.net-
work.depends.on.the.user’s.power.levels.and.number.of.antennas.at.the.base.station.[18].

17.5.2 Down-Link (Broadcast channel)

The.situation.is.more.challenging.for.the.down-link.(sometimes.called.broadcast.channel),.since.each.user.
has.available.just.one.antenna.output.(and.not.all.outputs.as.for.the.single-user.MIMO)..We.might.think.
of.reusing.some.schemes.from.single-user.MIMO..However,. the.techniques. illustrated.for.single.user-
MIMO.without.CSIT.(Section.17.4.2).are.clearly.not.useful.when.the.users’.terminals.are.equipped.with.a.
single.antenna..Even.assuming.that.the.base.station.has.perfect.knowledge.of.the.channels.(CSIT),.schemes.
like.those.based.on.the.SVD.cannot.be.applied.since.each.receiver.works.independently.of.the.others.

The.optimal.transmit.strategy.is.a.techniques.based.on.dirty.paper.coding,.which.however.is.difficult.
to.implement.in.practical.systems..Suboptimal.techniques.based.on.a.combination.of.linear.(beamform-
ing. (BF)). or. nonlinear. precoding. (based. e.g.,. on. Tomlinson-Harashima. precoding. (THP)),. together.
with.scheduling.strategies,.are.considered.in.practice.

With.linear.precoding.(MU-MIMO.BF,.see.Figure.17.17),.a.linear.transformation.is.applied.at.the.trans-
mitter,.so.that.the.signals.at.the.receivers.have.a.given.quality..Each.user.stream.is.coded.independently,.
multiplied.by.a.beamforming.weight.vector.and.transmitted.through.multiple.antennas..The.weight.vec-
tors.are.designed.to.reduce.(or.cancel).mutual.interference.among.different.streams.by.taking.advantage.of.
spatial.separation.to.serve.multiple.users.simultaneously.(SDMA)..Let.us.indicate.by.x∙(k),.∙.=.1,.. . .,.NR.the.
transmitted.symbols.at.time.k,.where.x∙(k).is.the.symbol.transmitted.to.user.∙..If.w∙.is.the.beamforming.
weight.for.user.∙,.the.received.sample.is. y k x k x k n km mm

NR

� � � � � �
�

( ) ( ) ( ) ( )= + +
≠∑h w h w ,.with.n∙(k).repre-

senting.the.noise.sample..Given.a.set.of.weight.vectors.wm.and.powers.E | ( ) |x km
2{ },.the.SINR.at.the.∙th.

receiver.is
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FIGURE 17.17 Linear.precoding.for.the.MU-MIMO.downlink..Scenario.with.two.single-antenna.mobile.users.
(U1,U2),.and.a.four.antennas.base.station.(BS)..For.single-antenna.terminals,.the.number.of.receive.antennas.NR.of.
the.equivalent.MIMO.is.equal.to.the.number.of.users.
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and.the.related.sum.rate.is. R x km m
NR{ }, | ( ) | logw E 2

1 2 1{ }{ }( ) = ∑ +( )=� �SINR ..The.vectors.wm.and.the.pow-
ers.E | ( ) |x km

2{ }.are.then.designed.to.satisfy.some.constraints..For.example,.we.could.aim.to.maximize.
the.sum.rate,. subject. to.a.constraint.on. the. total. transmitted.power,.or. to.satisfy.a.set.of.SINR.con-
straints..Determining.the.optimal.weights.and.powers.is.a.difficult.optimization.problem.in.practice,.
especially.for.a.large.number.of.users.

A.simplified.approach.is.to.design.the.weights.to.null.the.mutual.interference.at.each.receiver,.eventu-
ally.allocating.the.power.levels..To.this.aim,.let.us.write.compactly.all.received.signals.as

. y HWx n( ) ( ) ( )k k k= + . (17.21)

where.hℓ.are.the.rows.of.H ∈ ×�N NR T,.and.w∙.are.the.columns.of.the.weighting.matrix.W ∈ ×�N NT R..If.H.
is.rank.NR.(the.number.of.antennas.NT.at.the.base.station.must.be.greater.than.the.number.of.served.
users.NR),.one.simple.approach.could.be.to.choose.W.=.KHH(HHH)−1,.so.that.y(k).=.Kx(k).+.n(k).and.the.
signals.do.not.interfere.at.the.receivers..In.other.words,.the.weighting.matrix.for.this.zero.forcing.beam-
forming.(ZFBF).approach.is.proportional.to.the.(right).pseudoinverse.of.H..We.can.then.also.allocate.
different.powers.E | ( ) |x km

2{ }.to.the.users,.according.to.water-filling..The.constant.K.is.chosen.to.con-
trol.the.total.transmitted.power..This.approach.is.not.efficient.when.the.users.are.not.easily.separable.
(i.e.,.when.some.of.the.eigenvalues.of.HHH.are.very.small)..If.the.number.of.users.is.large,.the.solution.
could. be. to. choose. to. serve. a. subset. NT. of. users. (scheduling). with. orthogonal. (as. much. as. possible).
propagation.vectors.hℓ,.such.that.the.approach.previously.described.works.well..Assuming.rich.scatter-
ing,.the.propagation.vectors.vary.randomly.and.it.is.generally.possible.to.find.subsets.of.nearly.orthogo-
nal.users;.among.these,. the.scheduler.chooses.the.subset.where.the.users.have.the. largest.SNRs..The.
possibility.to.choose.among.many.users.gives.clear.advantages.to.the.whole.system,.and.is.called.mul-
tiuser.diversity.effect..Due.to.multiuser.diversity,.it.has.been.proved.that.the.suboptimal.ZFBF.scheme.
approaches.the.sum.rate.of.the.optimal.receiver.under.large.number.of.users.

The.design.can.be.extended.to.the.case.when.the.user.terminals.are.equipped.with.multiple.antennas..
In.any.case,.resource.allocation.techniques.and.scheduling.are.essential.in.MU-MIMO.[19,20].

17.6  other Applications of MiMo: cooperative 
communications, Virtual MiMo, Distributed 
Antenna Systems

The.techniques.presented.can.be.applied.in.a.plurality.of.different.contexts,.where.multiple.antennas.can.
be.effectively.co-located.and.connected.to.a.terminal,.or.even.not.co-located.if.some.form.of.cooperation.
is.allowed,.as.already.discussed.in.Chapter.16.on.MIMO.systems.[1].

For.example,.in.mobile.cellular.networks.multiple.base.stations.can.be.seen.as.a.virtual.MIMO.sys-
tem,.provided.that.the.stations.can.cooperate,.with.improvements.in.terms.of.diversity.and.capacity..A.
similar. situation. arises. in. cooperative. networks,. where. the. relay. stations. can. be. seen. as. distributed.
antenna.elements..In.general,.virtual.antenna.arrays.can.be.realized,.for.example,.to.reduce.the.effects.
of.correlation.and.spatial.limitations.

There.are.many.examples.of.distributed.antenna.systems.in.the.recent.literature,.for.which.the.reader.
is.referred.to.the.bibliography..We.describe.in.the.following.an.original.proposal.called.wireless.Remote.
ANtenna.Elements. system.(WRANE).which. is.especially. suited. to.overcome,.by.means.of.a. specific.
Body.Area.Network,.the.space.limitation.in.mobile.terminals.
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17.6.1 Wireless Remote Antenna elements Systems (WRAne)

The.advantages.of.using.multiple.elements.antennas.are.strictly.related.to.the.possibility.of.receiving.sig-
nals. at. the. various. antenna. elements. experiencing. independent,. as. much. as. possible,. fading. levels.. In.
receiver.diversity.systems.the.presence.of.strong.correlation.removes.the.benefits.of.using.multiple.anten-
nas..The.same.is.true.for.high-capacity.MIMO.links.[8]..For.this.reason,.the.antenna.elements.must.be.
spaced.from.few.to.many.wavelengths,.depending.on.the.scattering.environment,.to.have.low.correlation.
among.fading.levels.over.the.antenna.elements..This.is.sometimes.not.possible:.for.example,.a.mobile.ter-
minal.station.has.dimensions.that.usually.do.not.allow.to.place.elements.spaced.more.than.a.wavelength,.
and.therefore.spatial.antenna.diversity.is.intrinsically.limited.by.the.terminal.geometric.dimensions.

To.overcome.the.spatial.limitation.on.a.generic.wireless.terminal.we.can.devise.a.WRANE:.the.key.
idea.is.to.make.use.of.remote.antenna.elements.that.are.connected.to.the.main.wireless.terminal.through.
a.dedicated.short-range.wireless.link..With.this.approach,.the.wireless.antenna.elements.can.be.placed.
far.enough.from.each.other.and.from.the.main.wireless.terminal.to.achieve.sufficient.uncorrelation..
Each.antenna.element.receives.the.signal. from.the.far.transmitter,.and.sends.this.signal.to.the.main.
receiver.through.a.dedicated,.short-range.link.(using,.e.g.,.wideband.signals)..The.same.remote.antennas.
can.be.used.as.transmitting.units,.for.the.reverse.link,.and.to.build.MIMO.systems,.with.low.correlation.
among.the.remote.antenna.elements.

Acronyms

AWGN. Additive.White.Gaussian.Noise
BEP. Bit.error.probability
BF. Beamforming
BFC. Block.fading.channel
CSCG. Circularly-symmetric.complex.Gaussian
CSI. Channel.state.information
CSIR. Channel.state.information.at.the.receiver
CSIT. Channel.state.information.at.the.transmitter
D-BLAST. Diagonal-Bell.laboratories.layered.space-time
DSL. Digital.subscriber.line
FEC. Forward.error.correction
i.i.d.. Independent,.identically.distributed
LDPC. Low-density.parity-check
LOS. Line-of-sight
MIMO. Multiple-input.multiple-output
MISO. Multiple-input.single-output
ML. Maximum.likelihood
MMSE. Minimum.mean-square.error
M-QAM. M-ary.quadrature.amplitude.modulation
MU. Multiuser
PLC. Power.line.communication
SDMA. Space.division.multiple.access
SIC. Successive.interference.cancellation
SIMO. Single-input.multiple-output
SINR. Signal-to-interference.plus.noise.ratio
SISO. Single-input.single-output
SNR. Signal-to-noise.ratio
SVD. Singular.values.decomposition
THP. Tomlinson-Harashima.precoding
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V-BLAST. Vertical-Bell.laboratories.layered.space-time
ZF. Zero.forcing
ZFBF. Zero.forcing.beamforming
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18.1 introduction

In.this.section,.we.examine.some.fundamental.trade-offs.among.bandwidth,.power,.and.error.perfor-
mance.of.digital.communication.systems..The.criteria.for.choosing.modulation.and.coding.schemes,.
based. on. whether. a. system. is. bandwidth. limited. or. power. limited,. are. reviewed. for. several. system.
examples.. Emphasis. is. placed. on. the. subtle,. but. straightforward,. relationships. we. encounter. when.
transforming.from.data.bits.to.channel.bits.to.symbols.to.chips.

The.design.or.definition.of.any.digital.communication.system.begins.with.a.description.of.the.com-
munication.link..The.link.is.the.name.given.to.the.communication.transmission.path.from.the.modulator.
and.transmitter,.through.the.channel,.and.up.to.and.including.the.receiver.and.demodulator..The.channel.
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is.the.name.given.to.the.propagating.medium.between.the.transmitter.and.receiver..A.link.description.
quantifies. the.average. signal.power. that. is. received,. the.available.bandwidth,. the.noise. statistics,. and.
other.impairments,.such.as.fading..Also.needed.to.define.the.system.are.basic.requirements,.such.as.the.
data.rate.to.be.supported.and.the.error.performance.

18.1.1 the channel

For.radio.communications,.the.concept.of.free space.assumes.a.channel.region.free.of.all.objects.that.
might.affect.radio.frequency.(RF).propagation.by.absorption,.reflection,.or.refraction..It.further.assumes.
that.the.atmosphere.in.the.channel.is.perfectly.uniform.and.nonabsorbing,.and.that.the.earth.is.infi-
nitely.far.away.or.its.reflection.coefficient.is.negligible..The.RF.energy.arriving.at.the.receiver.is.assumed.
to.be.a.function.of.distance.from.the.transmitter.(simply.following.the.inverse-square.law.of.optics)..In.
practice,.of.course,.propagation.in.the.atmosphere.and.near.the.ground.results.in.refraction,.reflection,.
and.absorption,.which.modify.the.free.space.transmission.

18.1.2 the Link

A.radio.transmitter.is.characterized.by.its.average.output.signal.power.Pt.and.the.gain.of.its.transmitting.
antenna. Gt.. The. name. given. to. the. product. PtGt,. with. reference. to. an. isotropic. antenna. is. effective 
 radiated power.(EIRP).in.watts.(or.dBW)..The.predetection.average.signal.power.S.arriving.at.the.output.
of.the.receiver.antenna.can.be.described.as.a.function.of.the.EIRP,.the.gain.of.the.receiving.antenna.Gr,.
the.path.loss.(or.space.loss).Ls,.and.other.losses.Lo.as.follows.[14,15]:

.
S

G
L L=

EIRP r

s o .
(18.1)

The.path.loss.Ls.can.be.written.as.follows.[15]:

.
L d

s =
⎛
⎝⎜

⎞
⎠⎟

4 2
π
λ .

(18.2)

where.d.is.the.distance.between.the.transmitter.and.receiver.and.λ.is.the.wavelength.
We.restrict.our.discussion. to. those. links.corrupted.by. the.mechanism.of.additive.white.Gaussian.

noise.(AWGN).only..Such.a.noise.assumption.is.a.very.useful.model.for.a.large.class.of.communication.
systems..A.valid.approximation.for.average.received.noise.power.N.that.this.model.introduces.is.written.
as.follows.[5,9]:

. N kT W≅ ° . (18.3)

where.k.is.Boltzmann’s.constant.(1.38.×.10−23.J/K),.T°.is.effective.temperature.in.kelvin,.and.W.is.band-
width. in. hertz.. Dividing. Equation. 18.3. by. bandwidth. enables. us. to. write. the. received. noise-power.
spectral.density.N0.as.follows:

.
N N

W kT0 = = °
.

(18.4)

Dividing.Equation.18.1.by.N0.yields.the.received.average.signal-power.to.noise-power.spectral.density.
S/N0.as
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.

S r

s oN
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°EIRP /

.
(18.5)

where.Gr/T°.is.often.referred.to.as.the.receiver.figure.of.merit..A.link.budget.analysis.is.a.compilation.of.
the.power.gains.and.losses.throughout.the.link;.it.is.generally.computed.in.decibels,.and.thus.takes.on.
the.bookkeeping.appearance.of.a.business.enterprise,.highlighting.the.assets.and.liabilities.of.the.link..
Once.the.value.of.S/N0.is.specified.or.calculated.from.the.link.parameters,.we.then.shift.our.attention.to.
optimizing. the. choice. of. signaling. types. for. meeting. system. bandwidth. and. error. performance.
requirements.

Given.the.received.S/N0,.we.can.write.the.received.bit-energy.to.noise-power.spectral.density.Eb/N0,.
for.any.desired.data.rate.R,.as.follows:

.
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(18.6)

Equation.18.6.follows.from.the.basic.definitions.that.received.bit.energy.is.equal.to.received.average.
signal.power.times.the.bit.duration.and.that.bit.rate.is.the.reciprocal.of.bit.duration..Received.Eb/N0.is.a.
key.parameter.in.defining.a.digital.communication.system..Its.value.indicates.the.apportionment.of.the.
received.waveform.energy.among.the.bits.that.the.waveform.represents..At.first.glance,.one.might.think.
that.a.system.specification.should.entail.the.symbol-energy.to.noise-power.spectral.density.Es/N0.associ-
ated.with.the.arriving.waveforms..We.will.show,.however,.that.for.a.given.S/N0.the.value.of.Es/N0.is.a.
function.of.the.modulation.and.coding..The.reason.for.defining.systems.in.terms.of.Eb/N0.stems.from.
the.fact.that.Eb/N0.depends.only.on.S/N0.and.R.and.is.unaffected.by.any.system.design.choices,.such.as.
modulation.and.coding.

18.2 Bandwidth and Power considerations

Two.primary.communications.resources.are.the.received.power.and.the.available.transmission.band-
width..In.many.communication.systems,.one.of.these.resources.may.be.more.precious.than.the.other.
and,.hence,.most.systems.can.be.classified.as.either.bandwidth.limited.or.power.limited..In.bandwidth-
limited.systems,.spectrally.efficient.modulation.techniques.can.be.used.to.save.bandwidth.at.the.expense.
of.power;.in.power-limited.systems,.power-efficient.modulation.techniques.can.be.used.to.save.power.at.
the. expense. of. bandwidth.. In. both. bandwidth-. and. power-limited. systems,. error-correction. coding.
(often.called.channel.coding).can.be.used.to.save.power.or.to.improve.error.performance.at.the.expense.
of.bandwidth..Trellis-coded.modulation.(TCM).schemes.can.be.used.to.improve.the.error.performance.
of.bandwidth-limited.channels.without.any.increase.in.bandwidth.[17],.but.these.methods.are.beyond.
the.scope.of.this.chapter.

18.2.1 the Bandwidth efficiency Plane

Figure.18.1.shows.the.abscissa.as.the.ratio.of.bit-energy.to.noise-power.spectral.density.Eb/N0.(in.deci-
bels).and.the.ordinate.as.the.ratio.of.throughput,.R.(in.bits.per.second),.which.can.be.transmitted.per.
hertz.in.a.given.bandwidth.W..The.ratio.R/W.is.called.bandwidth.efficiency,.since.it.reflects.how.effi-
ciently.the.bandwidth.resource.is.utilized..The.plot.stems.from.the.Shannon–Hartley.capacity.theorem.
[12,13,15],.which.can.be.stated.as

.
C W S

N= +
⎛
⎝⎜

⎞
⎠⎟

log2 1
.

(18.7)
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where.S/N.is.the.ratio.of.received.average.signal.power.to.noise.power..When.the.logarithm.is.taken.to.
the.base.2,.the.capacity.C,.is.given.in.bits.per.second..The.capacity.of.a.channel.defines.the.maximum.
number.of.bits.that.can.be.reliably.sent.per.second.over.the.channel..For.the.case.where.the.data.(infor-
mation).rate.R.is.equal.to.C,.the.curve.separates.a.region.of.practical.communication.systems.from.a.
region.where.such.communication.systems.cannot.operate.reliably.[12,15].

18.2.2 M-ary Signaling

Each.symbol.in.an.M-ary.alphabet.can.be.related.to.a.unique.sequence.of.m.bits,.expressed.as

. M m Mm= =2 2or log . (18.8)

where.M.is.the.size.of.the.alphabet..In.the.case.of.digital.transmission,.the.term.“symbol”.refers.to.the.
member.of. the.M-ary. alphabet. that. is. transmitted.during. each. symbol. duration.Ts..To. transmit. the.
symbol,.it.must.be.mapped.onto.an.electrical.voltage.or.current.waveform..Because.the.waveform.repre-
sents.the.symbol,.the.terms.symbol.and.waveform.are.sometimes.used.interchangeably..Since.one.of.M.
symbols.or.waveforms.is.transmitted.during.each.symbol.duration.Ts,.the.data.rate.R.in.bits.per.second.
can.be.expressed.as

.
R m

T
M

T= =
s s

log2

.
(18.9)

Data-bit-time.duration.is.the.reciprocal.of.data.rate..Similarly,.symbol-time.duration.is.the.reciprocal.
of.symbol.rate..Therefore,.from.Equation.18.9,.we.write.that.the.effective.time.duration.Tb.of.each.bit.in.
terms.of.the.symbol.duration.Ts.or.the.symbol.rate.Rs.is
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Then,.using.Equations.18.8.and.18.10,.we.can.express.the.symbol.rate.Rs.in.terms.of.the.bit.rate.R.as.
follows:

.
R R

Ms = log2 .
(18.11)

From.Equations.18.9.and.18.10,.any.digital.scheme.that.transmits.m.=.log2.M.bits.in.Ts.seconds,.using.
a.bandwidth.of.W.hertz,.operates.at.a.bandwidth.efficiency.of

.
R

W
M

WT WT= =
log2 1

s b
(b/s)/Hz

.
(18.12)

where.Tb.is.the.effective.time.duration.of.each.data.bit.

18.2.3 Bandwidth-Limited Systems

From.Equation.18.12,. the.smaller. the.WTb.product,. the.more.bandwidth.efficient.will.be.any.digital.
communication.system..Thus,.signals.with.small.WTb.products.are.often.used.with.bandwidth-limited.
systems..For.example,.the.European.digital.mobile.telephone.system.known.as.Global.System.for.Mobile.
Communications. (GSM). uses. Gaussian. minimum. shift. keying. (GMSK). modulation. having. a. WTb.
product.equal.to.0.3.Hz/(b/s),.where.W.is.the.3.dB.bandwidth.of.a.Gaussian.filter.[4].

For.uncoded.bandwidth-limited.systems,.the.objective.is.to.maximize.the.transmitted.information.
rate.within.the.allowable.bandwidth,.at.the.expense.of.Eb/N0.(while.maintaining.a.specified.value.of.bit-
error.probability.PB)..The.operating.points.for.coherent.M-ary.phase-shift.keying.(MPSK).at.PB.=.10−5.
are.plotted.on. the.bandwidth-efficiency.plane.of.Figure.18.1..We.assume.Nyquist. (ideal. rectangular).
filtering.at.baseband.[10]..Thus,.for.MPSK,.the.required.double-sideband.(DSB).bandwidth.at.an.inter-
mediate.frequency.(IF).is.related.to.the.symbol.rate.as.follows:

.
W T R= =

1
s

s
.

(18.13)

where.Ts.is.the.symbol.duration.and.Rs.is.the.symbol.rate..The.use.of.Nyquist.filtering.results.in.the.mini-
mum.required.transmission.bandwidth.that.yields.zero. intersymbol. interference;.such.ideal.filtering.
gives.rise.to.the.name.Nyquist.minimum.bandwidth.

From.Equations.18.12.and.18.13,.the.bandwidth.efficiency.of.MPSK-modulated.signals.using.Nyquist.
filtering.can.be.expressed.as

. R W M/ (b/s)/Hz= log2 . (18.14)

The.MPSK.points.in.Figure.18.1.confirm.the.relationship.shown.in.Equation.18.14..Note.that.MPSK.
modulation.is.a.bandwidth-efficient.scheme..As.M.increases.in.value,.R/W.also.increases..MPSK.modu-
lation.can.be.used.for.realizing.an.improvement.in.bandwidth.efficiency.at.the.cost.of.increased.Eb/N0..
Although.beyond.the.scope.of.this.chapter,.many.highly.bandwidth-efficient.modulation.schemes.have.
been.investigated.[1].
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18.2.4 Power-Limited Systems

Operating.points.for.noncoherent.orthogonal.M-ary.frequency.shift.keying.(FSK).(MFSK).modulation.
at.PB.=.10−5.are.also.plotted.on.Figure.18.1..For.MFSK,.the.IF.minimum.bandwidth.is.as.follows.[15]:

.
W M

T MR= =
s

s
.

(18.15)

where. Ts. is. the. symbol. duration. and. Rs. is. the. symbol. rate.. With. MFSK,. the. required. transmission.
bandwidth. is. expanded. M-fold. over. binary. FSK. since. there. are. M. different. orthogonal. waveforms,.
each.requiring.a.bandwidth.of.1/Ts..Thus,.from.Equations.18.12.and.18.15,.the.bandwidth.efficiency.of.
noncoherent.orthogonal.MFSK.signals.can.be.expressed.as

.
R

W
M

M=
log2 (b/s)/Hz

.
(18.16)

The.MFSK.points.plotted.in.Figure.18.1.confirm.the.relationship.shown.in.Equation.18.16..Note.that.
MFSK.modulation.is.a.bandwidth-expansive.scheme..As.M.increases,.R/W.decreases..MFSK.modula-
tion.can.be.used.for.realizing.a.reduction.in.required.Eb/N0.at.the.cost.of.increased.bandwidth.

In.Equations.18.13.and.18.14. for.MPSK,.and.Equations.18.15.and.18.16. for.MFSK,.and. for.all. the.
points.plotted.in.Figure.18.1,.ideal.filtering.has.been.assumed..Such.filters.are.not.realizable!.For.realistic.
channels.and.waveforms,.the.required.transmission.bandwidth.must.be.increased.in.order.to.account.
for.realizable.filters.

In.the.examples.that.follow,.we.will.consider.radio.channels.that.are.disturbed.only.by.AWGN.and.
have.no.other.impairments,.and.for.simplicity,.we.will.limit.the.modulation.choice.to.constant-envelope.
types,.that.is,.either.MPSK.or.noncoherent.orthogonal.MFSK..For.an.uncoded.system,.MPSK.is.selected.
if.the.channel.is.bandwidth.limited,.and.MFSK.is.selected.if.the.channel.is.power.limited..When.error-
correction.coding.is.considered,.modulation.selection.is.not.as.simple.because.coding.techniques.can.
provide.power-bandwidth. trade-offs.more.effectively. than.would.be.possible. through. the.use.of.any.
M-ary.modulation.scheme.considered.in.this.chapter.[3].

In.the.most.general.sense,.M-ary.signaling.can.be.regarded.as.a.waveform-coding.procedure,.that.is,.
when.we.select.an.M-ary.modulation.technique.instead.of.a.binary.one,.we.in.effect.have.replaced.the.
binary.waveforms.with.better.waveforms—either.better.for.bandwidth.performance.(MPSK).or.better.
for.power.performance.(MFSK)..Even.though.orthogonal.MFSK.signaling.can.be.thought.of.as.being.a.
coded.system,.that.is,.a.first-order.Reed–Muller.code.[8],.we.restrict.our.use.of.the.term.“coded.system”.
to.those.traditional.error-correction.codes.using.redundant.bits,.for.example,.block.codes.or.convolu-
tional.codes.

18.2.5 Minimum Bandwidth Requirements for MPSK and MFSK Signaling

The.basic.relationship.between.the.symbol.(or.waveform).transmission.rate.Rs.and.the.data.rate.R.was.
shown. in. Equation. 18.11.. Using. this. relationship. together. with. Equations. 18.13. through. 18.16. and.
R.=.9600.b/s,.a.summary.of.symbol.rate,.minimum.bandwidth,.and.bandwidth.efficiency.for.MPSK.and.
noncoherent.orthogonal.MFSK.was.compiled.for.M.=.2,.4,.8,.16,.and.32.(Table.18.1)..Values.of.Eb/N0.
required.to.achieve.a.bit-error.probability.of.10−5.for.MPSK.and.MFSK.are.also.given.for.each.value.of.
M..These.entries.(which.were.computed.using.relationships.that.are.presented.later.in.this.chapter).cor-
roborate.the.trade-offs.shown.in.Figure.18.1..As.M.increases,.MPSK.signaling.provides.more.bandwidth.
efficiency.at.the.cost.of.increased.Eb/N0,.whereas.MFSK.signaling.allows.for.a.reduction.in.Eb/N0.at.the.
cost.of.increased.bandwidth.
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18.3 example 1: Bandwidth-Limited Uncoded System

Suppose. we. are. given. a. bandwidth-limited. AWGN. radio. channel. with. an. available. bandwidth. of.
W.=.4000.Hz..Also,.suppose.that.the.link.constraints.(transmitter.power,.antenna.gains,.path.loss,.etc.).
result.in.the.ratio.of.received.average.signal-power.to.noise-power.spectral.density.S/N0.being.equal.to.
53.dB-Hz..Let.the.required.data.rate.R.be.equal.to.9600.b/s,.and.let.the.required.bit-error.performance.
PB.be.at.most.10−5..The.goal.is.to.choose.a.modulation.scheme.that.meets.the.required.performance..In.
general,.an.error-correction.coding.scheme.may.be.needed.if.none.of.the.allowable.modulation.schemes.
can.meet.the.requirements..In.this.example,.however,.we.shall.find.that.the.use.of.error-correction.cod-
ing.is.not.necessary.

18.3.1 Solution to example 1

For.any.digital.communication.system,.the.relationship.between.received.S/N0.and.received.bit-energy.
to.noise-power.spectral.density.Eb/N0.was.given.in.Equation.18.6.and.is.briefly.rewritten.as

.

S
N

E
N R

0 0
= b

.
(18.17)

Solving.for.Eb/N0.in.decibels,.we.obtain

.
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(18.18)

Since.the.required.data.rate.of.9600.b/s.is.much.larger.than.the.available.bandwidth.of.4000.Hz,.the.
channel.is.bandwidth.limited..We.therefore.select.MPSK.as.our.modulation.scheme..We.have.confined.
the.possible.modulation.choices.to.be.constant-envelope.types;.without.such.a.restriction,.we.would.be.
able. to. select. a. modulation. type. with. greater. bandwidth. efficiency.. To. conserve. power,. we. compute.
smallest possible.value.of.M.such.that.the.MPSK.minimum.bandwidth.does.not.exceed.the.available.
bandwidth.of.4000.Hz..Table.18.1.shows.that.the.smallest.value.of.M.meeting.this.requirement.is.M.=.8..
Next,.we.determine.whether.the.required.bit-error.performance.of.PB.≤.10−5.can.be.met.by.using.8-PSK.

TABLE 18.1 Symbol.Rate,.Minimum.Bandwidth,.Bandwidth.Efficiency,.and.Required.Eb/N0.for.MPSK.
and Noncoherent.Orthogonal.MFSK.Signaling.at.9600.bit/s

M m R.(b/s)
Rs.

(symbol/s)

MPSK.
Minimum.
Bandwidth.

(Hz)
MPSK.
R/W

MPSK.
Eb/N0 (dB).
PB.=.10–5

Noncoherent.
Orthogonal.

MFSK.
Minimum.
Bandwidth.

(Hz)
MFSK.
R/W

MFSK.
Eb/N0 (dB).
PB.=.10–5

2 1 9600 9600 9600 1 9.6 19,200 1/2 13.4
4 2 9600 4800 4800 2 9.6 19,200 1/2 10.6
8 3 9600 3200 3200 3 13.0 25,600 3/8 9.1
16 4 9600 2400 2400 4 17.5 38,400 1/4 8.1
32 5 9600 1920 1920 5 22.4 61,440 5/32 7.4
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modulation.alone.or.whether.it.is.necessary.to.use.an.error-correction.coding.scheme..Table.18.1.shows.
that.8-PSK.alone.will.meet.the.requirements,.since.the.required.Eb/N0.listed.for.8-PSK.is.less.than.the.
received.Eb/N0.derived.in.Equation.18.18..Let.us.imagine.that.we.do.not.have.Table.18.1,.however,.and.
evaluate.whether.or.not.error-correction.coding.is.necessary.

Figure.18.2.shows.the.basic.modulator/demodulator.(MODEM).block.diagram.summarizing.the.func-
tional.details.of.this.design..At.the.modulator,.the.transformation.from.data.bits.to.symbols.yields.an.
output.symbol.rate.Rs,.that.is,.a.factor.log2.M.smaller.than.the.input.data-bit.rate.R,.as.is.seen.in.Equation.
18.11..Similarly,.at.the.input.to.the.demodulator,.the.symbol-energy.to.noise-power.spectral.density.Es/N0.
is.a.factor.log2.M.larger.than.Eb/N0,.since.each.symbol.is.made.up.of.log2.M.bits..Because.Es/N0.is.larger.
than.Eb/N0.by.the.same.factor.that.Rs.is.smaller.than.R,.we.can.expand.Equation.18.17.as.follows:

.
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The.demodulator.receives.a.waveform.(in.this.example,.one.of.M.=.8.possible.phase.shifts).during.
each.time.interval.Ts..The.probability.that.the.demodulator.makes.a.symbol.error.PE(M).is.well.approxi-
mated.by.the.following.equation.for.M.>.2.[6]:
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where.Q(x),.sometimes.called.the.complementary.error.function,.represents.the.probability.under.the.
tail.of.a.zero-mean.unit-variance.Gaussian.density.function..It.is.defined.as.follows.[18]:
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A.good.approximation.for.Q(x),.valid.for.x.>.3,.is.given.by.the.following.equation.[2]:
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(18.22)
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FIGURE 18.2 Basic.modulator/demodulator.(MODEM).without.channel.coding.
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In.Figure.18.2.and.all.of.the.figures.that.follow,.rather.than.show.explicit.probability.relationships,.the.
generalized.notation.f(x).has.been.used.to.indicate.some.functional.dependence.on.x.

A.traditional.way.of.characterizing.communication.efficiency. in.digital.systems. is. in. terms.of. the.
received.Eb/N0.in.decibels..This.Eb/N0.description.has.become.standard.practice,.but.recall.that.there.are.
no.bits.at.the.input.to.the.demodulator;.there.are.only.waveforms.that.have.been.assigned.bit.meanings..
The.received.Eb/N0.represents.a.bit-apportionment.of.the.arriving.waveform.energy.

To.solve.for.PE(M).in.Equation.18.20,.we.first.need.to.compute.the.ratio.of.received.symbol-energy.to.
noise-power.spectral.density.Es/N0..Since.from.Equation.18.18

.

E
N

b

0
13 2 20 89= . ( . )dB or

and.because.each.symbol.is.made.up.of.log2.M.bits,.we.compute.the.following.using.M.=.8:

.

E
N M E

N
s b

0
2

0
3 20 89 62 67= = × =(log ) . .

.
(18.23)

Using. the. results. of. Equation. 18.23. in. Equation. 18.20,. yields. the. symbol-error. probability.
PE.=.2.2.×.10−5.. To. transform. this. to. bit-error. probability,. we. use. the. relationship. between. bit-error.
probability.PB.and.symbol-error.probability.PE,.for.multiple-phase.signaling.[8].for.PE.≪.1.as.follows:

.
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E E≅ =log2 .
(18.24)

which.is.a.good.approximation.when.Gray.coding.is.used.for.the.bit-to-symbol.assignment.[6]..This.last.
computation.yields.PB.=.7.3.×.10−6,.which.meets.the.required.bit-error.performance..No.error-correc-
tion.coding.is.necessary,.and.8-PSK.modulation.represents.the.design.choice.to.meet.the.requirements.
of.the.bandwidth-limited.channel,.which.we.had.predicted.by.examining.the.required.Eb/N0.values.in.
Table.18.1.

18.4 example 2: Power-Limited Uncoded System

Now,. suppose. that. we. have. exactly. the. same. data. rate. and. bit-error. probability. requirements. as. in.
Example.1,.but.let.the.available.bandwidth.W.be.equal.to.45.kHz,.and.the.available.S/N0.be.equal.to.
48.dB-Hz..The.goal.is.to.choose.a.modulation.or.modulation/coding.scheme.that.yields.the.required.
performance..We.shall.again.find.that.error-correction.coding.is.not.required.

18.4.1 Solution to example 2

The. channel. is. clearly. not. bandwidth. limited. since. the. available. bandwidth. of. 45.kHz. is. more. than.
adequate.for.supporting.the.required.data.rate.of.9600.bit/s..We.find.the.received.Eb/N0.from.Equation.
18.18.as.follows:
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(18.25)

Since.there.is.abundant.bandwidth.but.a.relatively.small.Eb/N0.for.the.required.bit-error.probability,.
we.consider.that.this.channel.is.power.limited.and.choose.MFSK.as.the.modulation.scheme..To.conserve.
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power,.we.search.for.the.largest possible M.such.that.the.MFSK.minimum.bandwidth.is.not.expanded.
beyond.our.available.bandwidth.of.45.kHz..A.search.results.in.the.choice.of.M.=.16.(Table.18.1)..Next,.
we.determine.whether.the.required.error.performance.of.PB.≤.10−5.can.be.met.by.using.16-FSK.alone,.
that.is,.without.error-correction.coding..Table.18.1.shows.that.16-FSK.alone.meets.the.requirements,.
since.the.required.Eb/N0.listed.for.16-FSK.is.less.than.the.received.Eb/N0.derived.in.Equation.18.25..Let.
us.imagine.again.that.we.do.not.have.Table.18.1,.and.evaluate.whether.or.not.error-correction.coding.is.
necessary.

The.block.diagram.in.Figure.18.2.summarizes.the.relationships.between.symbol.rate.Rs.and.bit.rate.R,.
and.between.Es/N0.and.Eb/N0,.which.is.identical.to.each.of.the.respective.relationships.in.Example.1..The.
16-FSK. demodulator. receives. a. waveform. (one. of. 16. possible. frequencies). during. each. symbol. time.
interval.Ts..For.noncoherent.orthogonal.MFSK,.the.probability.that.the.demodulator.makes.a.symbol.
error.PE(M).is.approximated.by.the.following.upper.bound.[19]:
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To.solve.for.PE(M).in.Equation.18.26,.we.compute.Es/N0.as.in.Example.1..Using.the.results.of.Equation.
18.25.in.Equation.18.23,.with.M.=.16,.we.get
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Next,. using. the. results. of. Equation. 18.27. in. Equation. 18.26. yields. the. symbol-error. probability.
PE.=.1.4.×.10−5..To.transform.this.to.bit-error.probability,.PB,.we.use.the.relationship.between.PB.and.PE.
for.orthogonal.signaling.[19],.given.by
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This.last.computation.yields.PB.=.7.3.×.10−6,.which.meets.the.required.bit-error.performance..Thus,.
we.can.meet.the.given.specifications.for.this.power-limited.channel.by.using.16-FSK.modulation,.with-
out.any.need.for.error-correction.coding,.as.we.had.predicted.by.examining.the.required.Eb/N0.values.
in.Table.18.1.

18.5  example 3: Bandwidth-Limited and Power-Limited 
coded System

We. start. with. the. same. channel. parameters. as. in. Example. 1. (W.=.4000.Hz,. S/N0.=.53.dB-Hz,. and.
R.=.9600.b/s),.with.one.exception.

In.this.example,.we.specify.that.PB.must.be.at.most.10−9..Table.18.1.shows.that.the.system.is.both.band-
width.limited.and.power.limited,.based.on.the.available.bandwidth.of.4000.Hz.and.the.available.Eb/N0.of.
13.2.dB,.from.Equation.18.18;.8-PSK.is.the.only.possible.choice.to.meet.the.bandwidth.constraint;.how-
ever,.the.available.Eb/N0.of.13.2.dB.is.certainly.insufficient.to.meet.the.required.PB.of.10−9..For.this.small.
value.of.PB,.we.need.to.consider.the.performance.improvement.that.error-correction.coding.can.provide.
within.the.available.bandwidth..In.general,.one.can.use.convolutional.codes.or.block.codes.

The.Bose–Chaudhuri–Hocquenghem.(BCH).codes. form.a. large.class.of.powerful.error-correcting.
cyclic.(block).codes.[7]..To.simplify.the.explanation,.we.shall.choose.a.block.code.from.the.BCH.family..
Table.18.2.presents.a.partial.catalog.of.the.available.BCH.codes.in.terms.of.n,.k,.and.t,.where.k.represents.
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the.number.of.information.(or.data).bits.that.the.code.transforms.into.a.longer.block.of.n.coded.bits.(or.
channel.bits),.and.t.represents.the.largest.number.of.incorrect.channel.bits.that.the.code.can.correct.
within.each.n-sized.block..The.rate.of.a.code.is.defined.as.the.ratio.k/n;.its.inverse.represents.a.measure.
of.the.code’s.redundancy.[7].

18.5.1 Solution to example 3

Since.this.example.has.the.same.bandwidth-limited.parameters.given.in.Example.1,.we.start.with.the.
same.8-PSK.modulation.used.to.meet.the.stated.bandwidth.constraint..We.now.employ.error-correction.
coding,.however,.so.that.the.bit-error.probability.can.be.lowered.to.PB.≤.10−9.

To.make.the.optimum.code.selection.from.Table.18.2,.we.are.guided.by.the.following.goals:

. 1.. The.output.bit-error.probability.of. the.combined.modulation/coding.system.must.meet. the.
system.error.requirement.

. 2.. The.rate.of.the.code.must.not.expand.the.required.transmission.bandwidth.beyond.the.avail-
able.channel.bandwidth.

. 3.. The.code.should.be.as.simple.as.possible..Generally,.the.shorter.the.code,.the.simpler.will.be.its.
implementation.

The. uncoded. 8-PSK. minimum. bandwidth. requirement. is. 3200.Hz. (Table. 18.1). and. the. allowable.
channel.bandwidth.is.4000.Hz,.and.so.the.uncoded.signal.bandwidth.can.be.increased.by.no.more.than.
a.factor.of.1.25.(i.e.,.an.expansion.of.25%)..The.very.first.step.in.this.(simplified).code.selection.example.
is.to.eliminate.the.candidates.in.Table.18.2.that.would.expand.the.bandwidth.by.more.than.25%..The.
remaining.entries.form.a.much.reduced.set.of.bandwidth-compatible.codes.(Table.18.3).

TABLE 18.2 BCH.Codes.(Partial.Catalog)

n k t

7 4 1
15 11 1

7 2
5 3

31 26 1
21 2
16 3
11 5

63 57 1
51 2
45 3
39 4
36 5
30 6

127 120 1
113 2
106 3

99 4
92 5
85 6
78 7
71 9
64 10
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In.Table.18.3,.a.column.designated.Coding.Gain.G.(for.MPSK.at.PB.=.10−9).has.been.added..Coding.
gain.in.decibels.is.defined.as.follows:
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G.can.be.described.as.the.reduction.in.the.required.Eb/N0.(in.decibels).that.is.needed.due.to.the.error-
performance.properties.of. the.channel.coding..G. is.a. function.of. the.modulation. type.and.bit-error.
probability,.and.it.has.been.computed.for.MPSK.at.PB.=.10−9.(Table.18.3)..For.MPSK.modulation,.G.is.
relatively.independent.of.the.value.of.M..Thus,.for.a.particular.bit-error.probability,.a.given.code.will.
provide.about.the.same.coding.gain.when.used.with.any.of. the.MPSK.modulation.schemes..Coding.
gains.were.calculated.using.a.procedure.outlined.in.Section.18.5.2.

A.block.diagram.summarizes.this.system,.which.contains.both.modulation.and.coding.(Figure.18.3)..
The.introduction.of.encoder/decoder.blocks.brings.about.additional.transformations..The.relationships.
that.exist.when.transforming. from.R.b/s. to.Rc. channel-b/s. to.Rs. symbol/s.are.shown.at. the.encoder/
modulator..Regarding.the.channel-bit.rate.Rc,.some.authors.prefer.to.use.the.units.of.channel-symbol/s.
(or.code-symbol/s)..The.benefit.is.that.error-correction.coding.is.often.described.more.efficiently.with.
nonbinary.digits..We.reserve.the.term.“symbol”.for.that.group.of.bits.mapped.onto.an.electrical.wave-
form.for.transmission,.and.we.designate.the.units.of.Rc.to.be.channel-b/s.(or.coded-b/s).

TABLE 18.3 Bandwidth-Compatible.BCH.Codes

n k t
Coding.Gain,.G.(dB).

MPSK,.PB.=.10–9

31 26 1 2.0
63 57 1 2.2

51 2 3.1
127 120 1 2.2

113 2 3.3
106 3 3.9
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FIGURE 18.3 MODEM.with.channel.coding.
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We.assume.that.our.system.is.a.real-time.communication.system,.which.denotes.that.it.cannot.toler-
ate.any.message.delay,.so.that.the.channel-bit.rate.Rc.must.exceed.the.data-bit.rate.R.by.the.factor.n/k..
Further,.each.symbol.is.made.up.of.log2.M.channel.bits,.and.so.the.symbol.rate.Rs.is.less.than.Rc.by.the.
factor.log2.M..For.a.system.containing.both.modulation.and.coding,.we.summarize.the.rate.transforma-
tions.as.follows:
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At.the.demodulator/decoder.in.Figure18.3,.the.transformations.among.data-bit.energy,.channel-bit.
energy,.and.symbol.energy.are.related.(in.a.reciprocal.fashion).by.the.same.factors.as.shown.among.the.
rate.transformations.in.Equations.18.30.and.18.31..Since.the.encoding.transformation.has.replaced.k.
data.bits.with.n.channel.bits,. the.ratio.of.channel-bit.energy.to.noise-power.spectral.density.Ec/N0. is.
computed.by.decrementing.the.value.of.Eb/N0.by.the.factor.k/n..Also,.since.each.transmission.symbol.is.
made.up.of.log2.M.channel.bits,.Es/N0,.which.is.needed.in.Equation.18.20.to.solve.for.PE,.is.computed.by.
incrementing.Ec/N0.by. the. factor. log2.M..For.a. real-time.communication. system,.we. summarize. the.
energy.to.noise-power.spectral.density.transformations.as.follows:
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(18.32)
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(18.33)

Using.Equations.18.30.and.18.31,.we.can.now.expand.the.expression.for.S/N0.in.Equation.18.19.as.
follows.(Appendix.A):
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As.before,.a.standard.way.of.describing.the.link.is.in.terms.of.the.received.Eb/N0.in.decibels..However,.
there.are.no.data.bits.at.the.input.to.the.demodulator,.and.there.are.no.channel.bits;.there.are.only.wave-
forms. that. have. bit. meanings. and,. thus,. the. waveforms. can. be. described. in. terms. of. bit-energy.
apportionments.

Since.S/N0.and.R.were.given.as.53.dB-Hz.and.9600.b/s,.respectively,.we.find.as.before,.from.Equation.
18.18,. that. the. received. Eb/N0.=.13.2.dB.. The. received. Eb/N0. is. fixed. and. independent. of. n,. k,. and. t.
(Appendix.A)..As.we.search.in.Table.18.3.for.the.ideal.code.to.meet.the.specifications,.we.can.iteratively.
repeat.the.computations.suggested.in.Figure.18.3..It.might.be.useful.to.program.on.a.personal.computer.
(or.calculator).the.following.four.steps.as.a.function.of.n,.k,.and.t..Step.1.starts.by.combining.Equations.
18.32.and.18.33.as.follows:
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Step 2:
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which. is. the. approximation. for. symbol-error. probability. PE. rewritten. from. Equation. 18.20.. At. each.
symbol-time.interval,.the.demodulator.makes.a.symbol.decision,.but.it.delivers.a.channel-bit.sequence.
representing.that.symbol.to.the.decoder..When.the.channel-bit.output.of.the.demodulator.is.quantized.
to.two.levels,.1.and.0,.the.demodulator.is.said.to.make.hard.decisions..When.the.output.is.quantized.to.
more.than.two.levels,.the.demodulator.is.said.to.make.soft.decisions.[15]..Throughout.this.chapter,.we.
shall.assume.hard-decision.demodulation.

Now.that.we.have.a.decoder.block.in.the.system,.we.designate.the.channel-bit-error.probability.out.of.
the.demodulator.and.into.the.decoder.as.pc,.and.we.reserve.the.notation.PB.for.the.bit-error.probability.
out.of.the.decoder..We.rewrite.Equation.18.24.in.terms.of.pc.for.PE.≪.1.as.follows:

Step 3:

.
P P

M
P
mc

E E≅ =log2 .
(18.37)

relating. the. channel-bit-error. probability. to. the. symbol-error. probability. out. of. the. demodulator,.
assuming.Gray.coding,.as.referenced.in.Equation.18.24.

For.traditional.channel-coding.schemes.and.a.given.value.of.received.S/N0,.the.value.of.Es/N0.with.
coding.will.always.be.less.than.the.value.of.Es/N0.without.coding..Since.the.demodulator.with.coding.
receives.less.Es/N0,.it.makes.more.errors!.When.coding.is.used,.however,.the.system.error-performance.
does.not.only.depend.on.the.performance.of.the.demodulator,.it.also.depends.on.the.performance.of.the.
decoder..For.error-performance.improvement.due.to.coding,.the.decoder.must.provide.enough.error.
correction.to.more.than.compensate.for.the.poor.performance.of.the.demodulator.

The.final.output.decoded.bit-error.probability.PB.depends.on.the.particular.code,.the.decoder,.and.the.
channel-bit-error.probability.pc..It.can.be.expressed.by.the.following.approximation.[11]:
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(18.38)

where.t.is.the.largest.number.of.channel.bits.that.the.code.can.correct.within.each.block.of.n.bits..Using.
Equations.18.35.through.18.38.in.the.four.steps,.we.can.compute.the.decoded.bit-error.probability.PB.as.
a.function.of.n,.k,.and.t.for.each.of.the.codes.listed.in.Table.18.3..The.entry.that.meets.the.stated.error.
requirement.with.the.largest.possible.code.rate.and.the.smallest.value.of.n.is.the.double-error.correcting.
(63,.51).code..The.computations.are.as.follows:
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where.M.=.8,.and.the.received.Eb/N0.=.13.2.dB.(or.20.89).
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Step 2:
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where.the.bit-error-correcting.capability.of.the.code.is.t.=.2..For.the.computation.of.PB.in.step.4,.we.need.
only. consider. the. first. two. terms. in. the. summation. of. Equation. 18.38. since. the. other. terms. have. a.
.vanishingly.small.effect.on.the.result..Now.that.we.have.selected.the.(63,.51).code,.we.can.compute.the.
values.of.channel-bit.rate.Rc.and.symbol.rate.Rs.using.Equations.18.30.and.18.31,.with.M.=.8
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18.5.2 calculating coding Gain

Perhaps.a.more.direct.way.of.finding.the.simplest.code.that.meets.the.specified.error.performance.is.to.
first.compute.how.much.coding.gain.G.is.required.in.order.to.yield.PB.=.10−9.when.using.8-PSK.modula-
tion. alone;. then,. from. Table. 18.3,. we. can. simply. choose. the. code. that. provides. this. performance.
improvement..First,.we.find.the.uncoded.Es/N0.that.yields.an.error.probability.of.PB.=.10−9,.by.writing.
from.Equations.18.24.and.18.36,.the.following:
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(18.39)

At. this. low.value.of.bit-error.probability,. it. is.valid. to.use.Equation.18.22. to.approximate.Q(x). in.
Equation.18.39..By.trial.and.error,.or.by.using.the.MATLAB®.program.Qinv.m.(Appendix.B),.we.find.
the.argument.of.Q(x).to.be.x.=.5.123,.and.thus.the.uncoded.Es/N0.=.120.67.=.20.8.dB,.and.since.each.
symbol. is. made. up. of. log28.=.3. bits,. the. required. (Eb/N0)uncoded.=.120.67/3.=.40.22.=.16.dB.. From. the.
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given.parameters.and.Equation.18.18,.we.know.that.the.received.(Eb/N0)coded.=.13.2.dB..Using.Equation.
18.29,.the.required.coding.gain.to.meet.the.bit-error.performance.of.PB.=.10−9.in.decibels.is
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To.be.precise,.each.of.the.Eb/N0.values.in.the.preceding.computation.must.correspond.to.exactly.the.
same.value.of.bit-error.probability.(which.they.do.not)..They.correspond.to.PB.=.10−9.and.PB.=.1.2.×.10−10,.
respectively..At.these.low.probability.values,.however,.even.with.such.a.discrepancy,.this.computation.
still.provides.a.good.approximation.of.the.required.coding.gain..In.searching.Table.18.3.for.the.simplest.
code.that.will.yield.a.coding.gain.of.at.least.2.8.dB,.we.see.that.the.choice.is.the.(63,.51).code,.which.cor-
responds.to.the.same.code.choice.that.we.made.earlier.

18.6  example 4: Direct-Sequence Spread-Spectrum 
coded System

Spread-spectrum.systems.are.not.usually.classified.as.being.bandwidth.or.power.limited..They.are.gen-
erally.perceived.to.be.power-limited.systems,.however,.because.the.bandwidth.occupancy.of.the.infor-
mation.is.much.larger.than.the.bandwidth.that.is.intrinsically.needed.for.the.information.transmission..
In.a.direct-sequence.spread-spectrum.(DS/SS).system,.spreading.the.signal.bandwidth.by.some.factor.
permits.lowering.the.signal-power.spectral.density.by.the.same.factor.(the.total.average.signal.power.is.
the.same.as.before.spreading)..The.bandwidth.spreading.is.typically.accomplished.by.multiplying.a.rela-
tively.narrowband.data.signal.by.a.wideband.spreading.signal..The.spreading.signal.or.spreading.code.
is.often.referred.to.as.a.pseudorandom.code.or.PN.code.

18.6.1 Processing Gain

A.typical.DS/SS.radio.system.is.often.described.as.a.two-step.binary.phase.shift.keying.(BPSK).modula-
tion.process..In.the.first.step,.the.carrier.wave.is.modulated.by.a.bipolar.data.waveform.having.a.value.
+1. or. −1. during. each. data-bit. duration;. in. the. second. step,. the. output. of. the. first. step. is. multiplied.
(modulated).by.a.bipolar.PN-code.waveform.having.a.value.+1.or.−1.during.each.PN-code-bit.duration..
In.reality,.DS/SS..systems.are.usually.implemented.by.first.multiplying.the.data.by.the.PN-code.(per-
formed.with.gates.when.the.signals.are.represented.as.logic.levels).and.then.making.a.single.pass.through.
a.BPSK.modulator..For.this.example,.however,.it.is.useful.to.characterize.the.modulation.process.in.two.
separate.steps—the.outer.modulator/demodulator.for.the.data.and.the.inner.modulator/demodulator.
for.the.PN.code.(Figure.18.4).

A.spread-spectrum.system.is.characterized.by.a.processing.gain.Gp. that. is.defined.in.terms.of.the.
spread-spectrum.bandwidth.Wss.and.the.data.rate.R.as.follows.[20]:

.
G W

Rp
ss=

.
(18.40)

For.a.DS/SS.system,.the.PN-code.bit.has.been.given.the.name.chip,.and.the.spread-spectrum.signal.
bandwidth.can.be.shown.to.be.about.equal.to.the.chip.rate.Rch..Thus,.Equation.18.40.can.be.written.as.
follows:

.
G R

Rp
ch=

.
(18.41)
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Some.authors.define.processing.gain.to.be.the.ratio.of.the.spread-spectrum.bandwidth.to.the.symbol.
rate.. This. definition. separates. the. system. performance. that. is. due. to. bandwidth. spreading. from. the.
performance.that.is.due.to.error-correction.coding..Since.we.ultimately.want.to.relate.all.of.the.coding.
mechanisms.relative.to.the.information.source,.we.shall.conform.to.the.most.usually.accepted.defini-
tion.for.processing.gain,.as.expressed.in.Equations.18.40.and.18.41.

A.spread-spectrum.system.can.be.used.for.interference.rejection.and.for.multiple.access.(allowing.
multiple.users. to.access.a.communication.resource.simultaneously)..The.benefits.of.DS/SS.signals.
are.best.achieved.when.the.processing.gain.is.very.large;.in.other.words,.the.chip.rate.of.the.spread-
ing.(or.PN).code.is.much.larger.than.the.data.rate..In.such.systems,.the.large.value.of.Gp.allows.the.
signaling.chips. to.be. transmitted.at.a.power. level.well.below.that.of. the. thermal.noise.plus.other.
interferers..We.will.use.a.value.of.Gp.=.1000..At.the.receiver,.the.despreading.operation.correlates.the.
incoming.signal.with.a.synchronized.copy.of.the.PN.code.and,.thus,.accumulates.the.energy.from.
multiple.(Gp).chips.to.yield.the.energy.per.data.bit..The.value.of.Gp.has.a.major.influence.on.the.per-
formance.of.the.spread-spectrum.system.application..We.shall.see,.however,.that.the.value.of.Gp.has.
no.effect.on.the.received.Eb/N0..In.other.words,.spread-spectrum.techniques.offer.no.error-perfor-
mance.advantage.over.thermal.noise..For.DS/SS.systems,.there.is.no.disadvantage.either!.Sometimes.
such. spread-spectrum. radio. systems. are. employed. only. to. enable. the. transmission. of. very. small.
power-spectral.densities.and.thus.avoid.the.need.for.Federal.Communications.Commission.(FCC).
licensing.[16].

18.6.2 channel Parameters for example 4

Consider.a.DS/SS.radio.system.that.uses.the.same.(63,.51).code.as.in.the.previous.example..Instead.of.
using.MPSK.for.the.data.modulation,.we.shall.use.BPSK..Also,.we.shall.use.BPSK.for.modulating.the.
PN-code.chips..Let.the.received.S/N0.=.48.dB-Hz,.the.data.rate.R.=.9600.b/s,.and.the.required.PB.≤.10−6..
For.simplicity,.assume.that.there.are.no.bandwidth.constraints..Our.task.is.simply.to.determine.whether.
or.not.the.required.error.performance.can.be.achieved.using.the.given.system.architecture.and.design.
parameters..In.evaluating.the.system,.we.will.use.the.same.type.of.transformations.used.in.the.previous.
examples.
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FIGURE 18.4 Direct-sequence.spread-spectrum.MODEM.with.channel.coding.
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18.6.3 Solution to example 4

A.typical.DS/SS.system.can.be.implemented.more.simply.than.the.one.shown.in.Figure.18.4..The.data.
and.the.PN.code.would.be.combined.at.baseband,.followed.by.a.single.pass.through.a.BPSK.modulator..
We.will,.however,.assume.the.existence.of.the.individual.blocks.in.Figure.18.4.because.they.enhance.our.
understanding.of.the.transformation.process..The.relationships.in.transforming.from.data.bits,.to.chan-
nel.bits,.to.symbols,.and.to.chips.(Figure.18.4).have.the.same.pattern.of.subtle.but.straightforward.trans-
formations.in.rates.and.energies.as.previous.relationships.(Figures.18.2.and.18.3)..The.values.of.Rc,.Rs,.
and.Rch.can.now.be.calculated.immediately.since.the.(63,.51).BCH.code.has.already.been.selected..From.
Equation.18.30,.we.write

.
R n

k Rc =
⎛
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⎞
⎠⎟

=
⎛
⎝⎜

⎞
⎠⎟

≈
63
51 9600 11 859,  channel-b/s

Since.the.data.modulation.considered.here.is.BPSK,.then.from.Equation.18.31,.we.write

. R Rs c= ≈ 11 859,  symbol/s

and.from.Equation.18.41,.with.an.assumed.value.of.Gp.=.1000

. R G Rch p= = × = ×1000 9600 9 6 106. chip/s

Since.we.have.been.given.the.same.S/N0.and.the.same.data.rate.as.in.Example.2,.we.find.the.value.of.
received.Eb/N0.from.Equation.18.25.to.be.8.2.dB.(or.6.61)..At.the.demodulator,.we.can.now.expand.the.
expression.for.S/N0.in.Equation.18.34.and.Appendix.A.as.follows:
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(18.42)

Corresponding. to. each. transformed. entity. (data. bit,. channel. bit,. symbol,. or. chip),. there. is. a.
change. in. rate. and,. similarly,. a. reciprocal. change. in. energy-to-noise. spectral. density. for. that.
received.entity..Equation.18.42.is.valid.for.any.such.transformation.when.the.rate.and.energy.are.
modified.in.a.reciprocal.way..There.is.a.kind.of.conservation of power.(or.energy).phenomenon.that.
exists.in.the.transformations..The.total.received.average.power.(or.total.received.energy.per.symbol.
duration).is.fixed.regardless.of.how.it.is.computed,.on.the.basis.of.data.bits,.channel.bits,.symbols,.
or.chips.

The.ratio.Ech/N0.is.much.lower.in.value.than.Eb/N0..This.can.be.seen.from.Equations.18.42.and.18.41.
as.follows:
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(18.43)

But,. even. so,. the. despreading. function. (when. properly. synchronized). accumulates. the. energy.
contained. in.a.quantity.Gp.of. the.chips,.yielding. the.same.value.Eb/N0.=.8.2.dB,.as.was.computed.
earlier.from.Equation.18.25..Thus,.the.DS.spreading.transformation.has.no.effect.on.the.error.per-
formance.of.an.AWGN.channel.[15],.and.the.value.of.Gp.has.no.bearing.on.the.value.of.PB in.this.
example.
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From.Equation.18.43,.we.can.compute,.in.decibels
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. . (18.44)

The.chosen.value.of.processing.gain.(Gp.=.1000).enables.the.DS/SS.system.to.operate.at.a.value.of.chip.
energy.well.below.the.thermal.noise,.with.the.same.error.performance.as.without.spreading.

Since.BPSK.is.the.data.modulation.selected.in.this.example,.each.message.symbol.therefore.corre-
sponds.to.a.single.channel.bit,.and.we.can.write

.

E
N

E
N

k
n

E
N

s c b

0 0 0

51
63 6 61 5 35= =

⎛
⎝⎜

⎞
⎠⎟

=
⎛
⎝⎜

⎞
⎠⎟
× =. .

.
(18.45)

where.the.received.Eb/N0.=.8.2.dB.(or.6.61)..Out.of.the.BPSK.data.demodulator,.the.symbol-error.prob-
ability.PE (and.the.channel-bit.error.probability.pc).is.computed.as.follows.[15]:
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(18.46)

Using.the.results.of.Equation.18.45.in.Equation.18.46.yields

. p Qc = = × −( . ) .3 27 5 8 10 4

Finally,.using.this.value.of.pc.in.Equation.18.38.for.the.(63,.51).double-error.correcting.code.yields.the.
output.bit-error.probability.of.PB.=.3.6.×.10−7..We.can,.therefore,.verify.that.for.the.given.architecture.and.
design.parameters.of.this.example.the.system.does,.in.fact,.achieve.the.required.error.performance.

18.7 conclusion

The.goal.of.this.chapter.was.to.review.fundamental.relationships.used.in.evaluating.the.performance.of.
digital.communication.systems..First,.we.described.the.concept.of.a.link.and.a.channel.and.examined.a.
radio.system.from.its.transmitting.segment.up.through.the.output.of.the.receiving.antenna..We.then.
examined.the.concept.of.bandwidth-limited.and.power-limited.systems.and.how.such.conditions.influ-
ence.the.system.design.when.the.choices.are.confined.to.MPSK.and.MFSK.modulation..Most.important,.
we.focused.on.the.definitions.and.computations.involved.in.transforming.from.data.bits.to.channel.bits.
to.symbols.to.chips..In.general,.most.digital.communication.systems.share.these.concepts;.thus,.under-
standing.them.should.enable.one.to.evaluate.other.such.systems.in.a.similar.way.

Appendix A: Received Eb/N0 is independent of the code Parameters

Starting.with.the.basic.concept.that.the.received.average.signal.power.S.is.equal.to.the.received.symbol.or.
waveform.energy,.Es,.divided.by.the.symbol-time.duration,.Ts.(or.multiplied.by.the.symbol.rate,.Rs),.we.write

.
S

N
E T

N
E
N R

0 0 0
= =s s s

s
/

.
(A18.1)

where.N0.is.noise-power.spectral.density.
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Using.Equations.18.27.and.18.25,.rewritten.as

.

E
N M E

N R R
M

s c
s

c

0
2

0 2
= =(log ) logand

let.us.make.substitutions.into.Equation.A18.1,.which.yields

.
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c
.

(A18.2)

Next,.using.Equations.18.26.and.18.24,.rewritten.as

.
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and

let.us.now.make.substitutions.into.Equation.A18.2,.which.yields.the.relationship.expressed.in.Equation.
18.11

.

S
N

E
N R

0 0
= b

.
(A18.3)

Hence,.the.received.Eb/N0.is.only.a.function.of.the.received.S/N0.and.the.data.rate.R..It.is.independent.
of.the.code.parameters.n,.k,.and.t..These.results.are.summarized.in.Figure.18.3.

Appendix B: MAtLAB® Program Qinv.m for calculating Q−1(x)
function [y]= Qinv (x);
x = 2*x;
y = sqrt (2) erfcinv (x);
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19.1 introduction

There. is. a. continuing. quest. for. increasing. the. data. transmission. rate. in. wireless. systems.. However,.
because.of.the.complexity.of.these.systems,.it.appears.that.fundamental.physical.relationships.among.
transmission.rate,.transmitter.power,.and.range.over.which.transmission.is.possible.are.frequently.over-
looked..This.can.result.in.overly.optimistic.expectations.for.new.wireless.data.systems.or.comparisons.
between.systems.that.are.not.on.an.equal.basis.

Cellular.mobile.radio.systems.have.advanced.from.second.generation.digital.technologies.with.lim-
ited. data. capability. to. third. generation. systems. with. data. transmission. rates. on. the. order. of. a. few.
megabits.per.second.and.on.to.fourth.generation.systems.with.even.higher.data.rates..Wireless.local.
area.networks.(WLANs).based.on.various.versions.of.IEEE.802.11.standards.and.known.collectively.as.
WiFi,.have.evolved.from.having.data.transmission.rates.of.several.megabits.per.second.to.hundreds.of.
megabits.per.second.

While.increasing.the.capability.of.the.protocols.to.handle.ever.increasing.data.rates,.the.parameters.
of.wireless. systems.have,. if.anything,.changed. to. increase. the.overall.wireless. link. loss. that.must.be.
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overcome.at.a.specific.range..Increased.link.loss.reduces.the.data.rate.at.the.specific.range..Note.that.
increasing.the.data.rate.is.easily.within.the.capability.of.the.semiconductor.devices.used.in.the.wireless.
data.systems..The.issue.is.the.reduction.in.range.that.results.with.increased.data.rate.when.other.system.
parameters.remain.unchanged.

As. examples. of. parameter. changes,. cellular. mobile. system. base. stations.have. been. deployed. with.
lower.antenna.heights,.and.cellular.system.frequencies.have.been.increased.from.800.MHz.to.1.9.GHz.
for. some. systems. and. even. higher. for. others.. WLAN. frequencies. have. increased. from. 900.MHz. to.
2.4.GHz.and.to.over.5.GHz.in.some.systems..As.antenna.heights.decrease.and.as.transmission.frequen-
cies.increase,.wireless.link.loss.increases..While.the.frequency.band.in.which.a.system.operates.and.the.
antenna.heights.are.factors.in.range.that.are.discussed.in.Section.19.5,.the.emphasis.in.the.earlier.part.
of.this.chapter.is.on.the.fundamental.relationship.between.data.transmission.rate,.transmitter.power,.
and.range..Increasing.data.rate.in.other.ways.than.increasing.transmission.bandwidth.are.discussed.in.
later.sections.

Both.WLANs.and.cellular.mobile.radio.systems.have.implemented.options.of.higher-level.modula-
tion. (up. to. 64. level. quadrature. amplitude. modulation,. 64-QAM).. Higher-level. modulations. permit.
higher.data.rates.in.a.specified.bandwidth,.but.they.incur.higher.signal-to-noise.ratio.penalties.com-
pared.to.lower.level.modulations,.for.example,.binary.or.4-QAM,.for.the.increased.data.transmission.
rates..Other.ways.of.increasing.data.transmission.rates.in.CDMA.and.TDMA.systems.are.considered.in.
later.sections.

One.system.innovation.that.overcomes.somewhat.more.wireless.link.loss.is.the.incorporation.of.mul-
tiple.antennas.that.implement.multiple.input.multiple.output.(MIMO).signal.processing..MIMO.may.
provide.some.increase.in.effective.sensitivity.or.an.increase.in.data.rate.from.signal.processing.and.wire-
less. link.multipath.characteristics..However,.with. the. limited. space.available.on. small.handsets. and.
computer.cards,.the.number.of.antennas.is.usually.limited.to.2.×.3,.resulting.at.most.in.an.upper.bound.
in. data. rate. increase. of. ×6.. However,. this. upper. bound. is. seldom. realized. in. actual. systems. where.
increases.are.usually.significantly.less.

It.should.be.noted.that.some.cellular.systems.use.transmit.power.control.to.reduce.the.transmitted.
power.when.power.lower.than.the.maximum.possible.is.needed..However,.in.order.to.provide.maxi-
mum.data.transmission.rate.at.maximum.range,.the.maximum.possible.transmitter.power.is.required..
Therefore,. the. only. value. of. transmitter. power. considered. herein. is. the. maximum. possible. from. a.
transmitter.

Table.19.1.compares.the.radio.link.data.transmission.rate.(bit.rate).of.current.popular.wireless.data.
systems.with. typical.usable. range.between. transmitting.and.receiving. locations. for. these.systems. in.
urban.and.suburban.environments..The.relationships.between.range,.transmitter.power,.and.transmis-
sion.rate.depend.on.several.factors,.some.of.which.are.discussed.herein..Because.of.different.factors,.
often.unspecified,.the.range.and.transmission.rate.for.different.systems.have.uncertainty.in.their.values.
as.noted.in.the.table.

Other.factors.that.affect.data.transmission.rate.are.interference,.either.from.other.users.in.the.same.
system.or.from.transmissions.from.other.wireless.systems,.multipath.fading,.and.spread.in.time.delays.
(frequency.selective.fading)..These.other.factors.are.not.considered.in.this.chapter;.however,.their.effect.
often.is.to.further.reduce.the.data.transmission.rate.below.the.fundamental.limit.due.to.signal-to-noise.
ratio.(SNR).considered.in.this.article.

TABLE 19.1 Radio.Link.Transmission.Rate.and.Typical.Usable.Range.in.Urban.
and.Suburban.Environments.for.Current.Popular.Wireless.Data.Systems

Link.Rate Range Frequency

Cellular A.few.Mb/s A.few.km 0.8.and.1.9.GHz
WiFi .<100.Mb/s .<100.m 2.4.and.5.×.GHz
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19.2 increasing Data Rate by increasing Bandwidth

A.straight.forward.way.to.increase.wireless.data.transmission.rate.is.to.increase.the.bandwidth.occu-
pied..However,.an.often.forgotten.issue.when.increasing.data.transmission.rate.by.increasing.band-
width.is.that.receiver.bandwidth.must.be.increased.proportional.to.the.data.rate.if.all.other.system.
characteristics.remain.the.same.(e.g.,.the.modulation.level,.coding,.and.number.of.antennas,.etc.)..This.
increased.bandwidth.requires.an.increase.in.total.received.signal.power.for.a.specified.bit.error.rate.
(BER)..The.increase.in.required.signal.power.is.linear.with.the.increase.in.bandwidth.and.thus.with.
the increase.in.data.rate..This.increase.in.required.received.signal.power.is.referred.to.as.a.decrease.in.
the.sensitivity.of.the.receiver..Thus,.the.sensitivity.of.a.receiver.decreases.linearly.with.an.increase.in.
data. rate,. assuming. all. other. receiver. parameters. remain. the. same,. for. example,. noise. figure,. filter.
shapes,.demodulator.efficiencies,.and.so.on.. If.modulation. levels.are. increased,. the.bandwidth.may.
remain.the.same,.but.the.required.received.signal.power.increases.even.more,.resulting.in.a.decrease.in.
sensitivity.that.will.be.even.greater.as.the.data.rate.increases..Other.ways.of.increasing.data.transmis-
sion.rate.while.holding.bandwidth.constant.incur.equivalent.reductions.in.range.and.are.discussed.in.
later.sections.

19.2.1 Signal, noise, transmitter Power, Range, and Data Rate Relationships

Two.key.limitations.establish.the.fundamental.relationship.between.date.transmission.rate.and.range.
for.digital.wireless.systems..The.received.signal.power,.S,.for.a.transmitter.power,.Pt,.as.a.function.of.the.
distance,.d,.between.a.transmitting.antenna.and.a.receiving.antenna.in.a.wireless.system.can.be.repre-
sented.as

. S P k dm= t s / ,. (19.1)

where.the.system.constant.ks.includes.factors.for.antenna.gains,.antenna.heights,.frequency,.and.other.
factors.related.to.the.environment,.the.system.configuration,.and.the.statistics.of.the.coverage.[1–4,11]..
The. exponent. m. depends. on. the. environment. in. which. the. system. operates. and. the. system.
configuration.

The.other.fundamental.limitation.relates.the.transmission.bit.rate,.rb,.to.the.noise.power,.N,.of.the.
receiver.referred.to.the.input.as

. N n B k ro= =n n b , . (19.2)

where.no.is.the.noise.power.spectral.density,.Bn.is.the.receiver.effective.noise.bandwidth,.rb.is.the.bit.rate,.
and.kn.is.a.system.constant.that.includes.factors.for.modulation,.type.of.detection,.coding,.receiver.noise.
figure,.antenna.temperature,.and.so.on.[5,11].

A.relationship.between.transmission.range,.d,.and.bit.rate,.rb,.can.be.established.from.two.somewhat.
different,.but.similar,.starting.points.

DERIVATION 1
This.derivation.starts.by.noting.that.for.wireless.digital.systems.the.probability.of.a.bit.error,.Pe,. is.a.
function,.fn(.).of.signal-to-noise.ratio,.S/N,.[5];.that.is,

. P fn S Ne = ( )/ . (19.3)
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A. useful. way. to. look. at. the. fundamental. relationship. between. range. and. bit. rate. is. to. compare.
two.systems.with.different.bit.rates.but.for.which.all.other.system.factors.are.the.same,.for.example,.
the. same. transmitter. powers,. receiver. noise. figures,. antennas,. frequencies,. modulations,. detection.
schemes,.coding,.and.so.on..This.removes. the.complexities. that. result. from.attempting. to.compare.
systems.with.different.system.factors..Of.course,.the.receiver.bandwidth.must.be.scaled.linearly.with.
bit.rate.

In.order.to.ensure.a.fair.comparison,.two.systems,.A.and.B,.must.be.compared.at.the.same.prob-
ability.of.bit.error.and.in.the.same.environment..Then,.from.Equation.19.3,.the.S/N.of.the.two.systems.
must.be.the.same;.that.is,

.

S
N

S
N

A

A

B

B
= ,

.

and.substituting.Equations.19.1.and.19.2.for.S.and.N.yields
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.
.

(19.4)

DERIVATION 2
This.derivation.starts.from.the.highly.idealized.Shannon.theoretical.channel.capacity.equation

.
C B S

N= +
⎛
⎝⎜

⎞
⎠⎟

log ,2 1
.

(19.5)

where.C.is.the.maximum.bit.rate.that.can.be.transmitted.without.making.any.errors.over.a.channel.with.
bandwidth.B.in.additive.white.Gaussian.noise.(AWGN).having.noise.power.N.and.signal.power.S.[5]..
The.capacity.normalized.to.bandwidth,.C/B,.will.be.the.same.for.systems.having.the.same.modulation,.
detection.schemes,.coding,.filter.shapes,.and.so.on..Therefore,.to.make.a.fair.comparison.between.two.
systems,.A.and.B,.having.all.system.factors.the.same.except.bit.rate.and.range,.the.ratios.of.C/B.must.be.
equal..Then,.from.Equation.19.5,

.
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and.substituting.Equations.19.1.and.19.2.again.yields.Equation.19.4.

19.2.2 Data Rate versus Range examples

Different.wireless.environments.have.different.propagation.exponents,.m,.representing.the.decrease.of.
signal.power.with.distance,.d..For.example,.in.free.space,.m.=.2..However,.for.environments.cluttered.
with.buildings,. trees,.and.terrain. irregularities,.m. is.determined.empirically.and.can.vary.from.2.to.
perhaps.5.or.6..Typical.values.for.m.are.between.3.and.4.[1–4,11].

The.fundamental.relationship.between.data.transmission.rate,.rb,.and.range.(distance.d).in.Equation.
19.4. can. be. illustrated. by. starting. with. a. data. rate. and. range. for. a. typical. system. and. plotting.
the relationship.19.4..Digital.cellular.systems.have.bit.rates.from.8.kb/s.to.perhaps.14.kb/s.for.voice.
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transmission.[4].. In.some.typical.environments.cluttered.with.buildings,.digital.voice.cellular.sys-
tems.operating.around.800.MHz.can.cover.users.up.to.a.range.of.10.km.with.a.probability.of.perhaps.
90%..Thus,.a.bit.rate.of.10.kb/s.and.a.range.of.10.km.are.useful.for.exploring.the.range/bit.rate.relation-
ship.of.systems.having.different.bit.rates.but.otherwise.the.same.system.factors..Note.that.these.digital.
cellular.voice.systems.use.(1).heavy.forward.error.correction.(on.the.order.of.1/2.to.1/3),.(2).receivers.
with.state-of-the-art.sensitivities,.(3).handset.transmitter.power.as.large.as.is.permissible.considering.
transmitting. time. from. small. batteries. and. user. safety,. (4). antennas. as. efficient. as. possible. in. small.
handsets,.and.(5).base.station.antennas.with.heights.and.gains.that.will.provide.the.10.km.range.in.typi-
cal.environments..Thus,.new.digital.wireless.systems.will.not.have.significantly.better.system.perfor-
mance.except.perhaps.for.use.of.multiple.antennas.

Using.the.typical.values.of.10.kb/s.and.10.km.range.for.system.B,.the.relationship.between.bit.rate.and.
range.from.Equation.19.4.for.a.comparative.system.A.with.the.same.system.factors.is.plotted.in.Figure.19.1.
for.a.propagation.exponent.of.m.=.3..The.relationship. in.Figure.19.1. is. fundamental..Any.change. in.
system.factors.will.only.shift.the.lines.horizontally..Changes.in.system.factors.will.not.change.the.slope.
of.the.relationship..The.slope.is.determined.solely.by.the.propagation.exponent,.m,.and.the.propagation.
exponent.is.determined.by.the.environment.

19.2.3 changing the Percentage of Area covered

The.reference.range.of.10.km.used.for.Figure.19.1.was.based.on.covering.90%.of.the.areas.at.that.distance.
between.a.base.station.and.a.user.located.in.an.environment.cluttered.with.buildings,.trees,.and.terrain.
irregularities..However,.the.statistics.of.received.signal.power.at.any.given.fixed.range.can.usually.be.
represented.by.a.log.normal.distribution.with.standard.deviation,.σ,.typically.varying.in.different.envi-
ronments.between.σ.=.6.dB.and.12.dB.[1–4,11]..Thus,.with.90%.of.areas.covered.and.typical.values.of.
σ, perhaps.50%.(half).of.the.areas.could.have.10.dB.higher.received.signal.power..This.10.dB.would.be.
reflected.in.a.factor.of.10.increase.in.the.reference.bit.rate,.rb.in.Equation.19.4..Thus,.the.typical.digital.
cellular.voice.system.could.support.100.kb/s.over.50%.of. the.areas.at.10.km.range..This.reference.of.
100.kb/s.at.10.km.for.covering.50%.of.the.areas.is.plotted.in.Figure.19.2.for.m.=.3.along.with.the.refer-
ence.of.10.kb/s.at.10.km.for.covering.90%.of.the.areas..The.slope.from.Equation.19.4.is.unchanged;.the.
lines.merely.shift.to. the.right.by.a. factor.of.10..That. is,.as. the.system.bit. rate. is. increased,. the.range.
decreases.with.slope.determined.by.the.propagation.exponent.m.

The.argument.above.can.be.further.extended.to.consider.covering.only.10%.of.the.areas.at.10.km.
range..This.would.result.in.1.Mb/s.being.possible.at.10.km.range,.but.only.for.10%.of.the.areas..An.issue.
that.always.arises.is.what.percentage.of.an.area.should.be.covered.at.a.coverage.range.claimed.for.a.
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FIGURE 19.1 Transmission. rate. versus. range. for. comparing. systems. in. an. environment. with. a. propagation.
exponent.m.=.3.for.a.reference.system.having.a.bit.rate.of.10.kb/s.and.a.range.of.10.km.
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wireless.data.system..This.range.is.always.a.statistical.factor.in.environments.cluttered.with.buildings,.
trees,.and.terrain.features.(small.hills.and.valleys)..Unless.the.conditions.are.specified,.a.range.claim.
for.a.wireless.system.is.meaningless..This.is.one.reason.the.values.specified.in.Table.19.1.are.not.precise..
(The.spread.in.values.for.digital.cellular.in.Table.19.1.are.consistent.with.the.differences.between.the.
90%.and.50%.lines.in.Figure.19.2.and.uncertainty.in.the.propagation.exponent,.m,.and.standard.devia-
tion,.σ,.used.to.estimate.range.also.contribute.to.the.spread..Other.factors.discussed.later.in.this.article.
also.contribute.to.the.imprecision.of.values.in.Table.19.1.)

19.3 changing Modulation Levels

The.previous.data.rate-versus-range.comparisons.were.made.for.wireless.data.systems.with.the.same.
system. factors.. However,. in. the. quest. for. higher. data. rates. within. the. limited. available. bandwidths,.
evolving.wireless.data.systems.have.made.use.of.higher-level.modulation.than.the.two-level.(binary).or.
four-level. modulation. used. in. earlier. digital. voice. systems.. Examples. include. four-level. quadrature.
amplitude.modulation.(4-QAM).sometimes.called. four-level.phase.shift.keying. (4-PSK),.used. in. the.
IS-54/IS-136.North.American.time.division.multiple.access.(NATDMA).[sometimes.referred.to.as.digi-
tal.advanced.mobile.phone.service.(D-AMPS).or.North.American.digital.cellular.(NADC)].or.the.two.
level.amplitude.shift.keying.(ASK),.sometimes.called.phase.shift.keying.(PSK),.used.in.IS-95.CDMA,.
and.two.level.frequency.shift.keying.(FSK),.that.is,.Gaussian.minimum.shift.keying.(GMSK),.used.in.
GSM. [4].. While. higher-level. modulations,. for. example,. 16-level. quadrature. amplitude. modulation.
(16-QAM).and.64-QAM,.permit.higher.transmission.bit.rates.within.a.given.bandwidth,.they.require.a.
higher.SNR.for.any.particular.probability.of.bit.error,.Pe.[5]..Thus,.to.compare.transmission.rate.and.
range.for.systems.A.and.B.having.different.level.modulation.but.having.all.other.system.factors.the.same.
requires
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where.kΔ. accounts. for. the. different.S/N. required. for. the. different. level. digital. modulations..Then.by.
either.Derivation.1.or.2,.Equation.19.4.becomes
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FIGURE 19.2 Transmission.rate.versus.range.for.comparing.systems.with.50%.coverage.compared.to.a.reference.
system.of.10.kb/s,.10.km,.m.=.3,.and.90%.coverage.
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where.kΔ.and.kΔ′.may.be.different.because.of.different.relationships.for.Pe.for.the.different.modulations,.and.
the.effect.of.kΔ′.again.is.only.to.offset.the.lines;.the.factor.does.not.affect.the.slope..Equation.19.6.is.plotted.
for.m.=.3.and.90%.coverage.in.Figure.19.3.to.compare.16-QAM.and.64-QAM.with.the.basic.4-QAM.where.
the.reference.10.kb/s.and.10.km.were.for.4-QAM..All.relationships.in.Figure.19.3.are.for.90%.coverage.

Higher-level.modulation.is.used.for.the.higher-data-rate.options.in.the.enhanced.data.rates.for.GSM.
evolution.(EDGE).cellular.data.standard,.in.the.802.11a,.g,.and.n.wireless.LAN.standards,.in.WiMax,.
and.in.Long.Term.Evolution.(LTE)..In.these.systems,.in.areas.of.low.S/N,.low-level.modulation.is.used.
with.the.resulting.lower.data.transmission.rate.within.the.fixed.system.bandwidth..However,.in.loca-
tions.with.higher.signal.level.and.resulting.higher.S/N,.the.modulation.level.is.increased.adaptively.to.
increase.the.data.rate..Thus,.these.systems.can.provide.higher.data.rates,.but.mostly.at.much.shorter.
ranges.consistent.with.the.relationships.in.Figures.19.1.through.19.3..Since.these.systems.use.fixed.band-
widths,.they.will.not.follow.the.curves.in.the.figures.that.result.from.optimizing.bandwidth.for.a.given.
bit.rate.as.incorporated.in.Equation.19.2.and.therefore.also.in.Equations.19.4.and.19.6..Instead,.con-
stant-bandwidth.adaptive-bit.rate.systems.will. follow.a.series.of.vertical. lines. in.steps. in.Figure.19.3.
transitioning.at.ranges.where.the.signal.level.will.be.high.enough.to.support.a.higher.bit.rate..Such.a.
relationship.is.not.fundamental.but.is.a.result.of.system.implementation.with.a.fixed.bandwidth.and.
adaptive.modulation.(and.coding).

19.4 Multiple-input, Multiple-output

Sometimes.claims.are.made. that.using.multiple.antennas. in. transmitting.and.receiving. in.multiple-
input,.multiple-output.(MIMO).systems.will.solve.the.bit.rate.limitation.problem.in.wireless.data.sys-
tems..MIMO.may.help.increase.the.bit.rate.at.a.given.S/N,.or.increase.the.S/N.at.a.given.range,.but.it.does.
not.overcome.the.range.versus.bit.rate.limitations..(MIMO.may.also.provide.considerable.mitigation.of.
co-channel.interference.from.other.users,.but.this.is.a.different.issue.than.the.S/N.limited.fundamental.
range.limitation.that.is.the.subject.of.this.section.).Also,.it.should.be.noted.that.room.for.multiple.anten-
nas.is.very.limited.on.a.small.handset.and.even.on.a.small.laptop.card..It.seems.unlikely.that.more.than.
two.or.three.antennas.will.be.useful.on.such.small.user.terminals.

Relationships.among.numbers.of.antennas,. capacity. (bit. rate),.S/N,. and.environmental. factors. for.
MIMO.are.complex.and.tend.to.obscure.the.fundamental.dependency.between.range.and.bit.rate..There.
are.at.least.two.approaches.that.can.be.used.to.ascertain.the.relationship.between.range.and.bit.rate.for.
systems.using.multiple.transmit.and.receive.antennas.

The.first.approach.considers.the.use.of.the.antennas.for.increasing.the.S/N.at.a.given.range.by.trans-
mitting.the.same.signal,.pre-coded.if.the.channel.is.known.at.the.transmitter,.across.all.MT.transmit.
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FIGURE 19.3 Transmission.rate.versus.range.for.comparing.systems.with.different.modulation.levels.compared.
to.a.reference.system.of.10.kb/s,.10.km,.m.=.3,.90%.coverage,.and.4-QAM.
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antennas.and.properly.combining.the.received.signal.from.MR.receive.antennas.at.the.receiver..With.
some.assumptions.on.the.matrix.representing.transmission.among.the.antennas,.H,.and.other.idealiza-
tions,.the.average.S/N.gain.from.using.MIMO.in.such.a.scenario.is.upper-bounded.by.[6]:

. S N M M S N/ /( ) ≤ ( )MIMO T R SISO
.. (19.7)

A.possible.usable.MIMO.wireless.system.configuration.could.be.two.transmit.antennas.and.three.
receive.antennas,.that.is,.a.2.×.3.MIMO.system..Then,.according.to.Equation.19.7,.this.could.yield.up.to.
a.factor.of.six.increase.in.(S/N)MIMO,.over.an.otherwise.equal.single-input,.single-output.(SISO).system..
However,.it.should.be.noted.that.because.of.several.nonidealities.and.perhaps.different.definitions.of.
equality.of.systems,.this.upper.bound.will.seldom.be.achieved.and.factors.of.3.or.even.2.may.be.more.
likely.for.2.×.3.MIMO.systems..With.a.propagation.parameter.m.=.3,.a.factor.of.6.in.(S/N).would.be.
reflected.in.a.factor.of.(6)1/3.in.range..The.range.versus.bit.rate.for.the.upper.bound.for.a.2.×.3.MIMO.
system.is.plotted.on.Figure.19.4.by.applying.the.factor.of.(6)1/3.in.range.to.the.m.=.3,.90%.coverage,.and.
4-QAM.SISO.system..The.reference.SISO.digital.cellular.voice.system.used.in.the.previous.figures.which.
provides.10.kb/s.at.10.km.over.90%.of.the.areas.is.included.for.comparison..Thus,.as.stated.earlier.and.
noted. in.the.figure,.MIMO.can.provide. increased.bit.rate.at.a.given.range.with.other.system.factors.
being.equal.in.some.sense,.but.it.does.not.overcome.the.fundamental.range.versus.bit.rate.relationship.
for.a.given.set.of.system.factors.

Another.way.to.approach.the.MIMO.versus.SISO.comparison.is.to.considers.a.highly.idealized.theo-
retical. capacity. equation. [6–8],. which. is. a. MIMO. equivalent. of. the. SISO. capacity. Equation. 19.5..
However,.the.complexity.of.the.equation.obscures.the.relationships.among.bit.rate,.range,.S/N,.and.so.
on..The.equation.can.be.simplified.to

.
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(19.8)

where.MT,.MR,.H,.B,.and.C.are.as.earlier.defined,.Ts.is.a.characteristic.of.the.transmitted.signal(s),.S′/N′.
is.a.measure.of.SNR.that.may.or.may.not.be.the.same.as.the.S/N.for.an.equivalent.SISO.system,.and.fn(.).
is.a.functional.relationship..While.determining.equivalence.may.be.an.issue,.it.is.clear.that.Equation.
19.8.also.depends.on.a.measure.of.signal.power.S′.and.noise.power.N′,.where.S′.will.depend.on.distance.
as.in.Equation.19.1.and.N′.will.depend.on.bit.rate.as.in.Equation.19.2..Thus,.Equations.19.8,.19.1,.and.
19.2.will.also.yield.a.relationship.like.Equation.19.6.with.some.kΔ′.determined.by.MT,.MR,.H,.Ts,.and.other.
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system.factors,.for.example,.modulation,.type.of.detection,.and.so.on..Thus,.for.a.2.×.3.MIMO.system,.
Equation.19.8.will.result.in.a.line.somewhere.between.the.SISO.line.and.the.upper.bound.2.×.3.MIMO.
line.in.Figure.19.4..The.slope.will.still.be.determined.by.the.propagation.parameter,.m,.and.the.offset.will.
be.determined.by.the.fn(.).and.parameters.in.Equation.19.8.that.depend.on.H,.Ts,.and.other.system.fac-
tors..Thus,.bit.rate.and.range.for.MIMO.and.SISO.systems.can.be.compared.using.Equation.19.6.with.
appropriate.values.for.kΔ′,.and.an.example.of.one.comparison.is.shown.in.Figure.19.4.

An.experimental.demonstration.of.the.variation.of.signal.power.and.MIMO.capacity.as.a.function.of.
distance.inside.a.laboratory.building.is.found.in.Reference.8..While.the.distances.in.this.indoor.experiment.
are.less.than.those.for.outdoor.wireless.data.systems,.the.decrease.in.capacity.(data.rate).due.to.the.decrease.
of.signal.power.with.distance.in.this.indoor.environment.is.consistent.with.the.relationship.in.Figure.19.4.

19.5  changing carrier Frequency Band and Base Station 
Antenna Height

At.any.specified.range,.the.received.signal.power,.S,.decreases.with.frequency.from.the.800.MHz.cellular.
band.to.the.1.9.GHz.frequency.band.and.decreases.further.to.the.2.4.GHz.ISM.band.used.for.802.11.g.
and.in.wireless.fidelity.(WiFi).systems..Some.measurements.[9].suggest.a.decrease.of.about.8.dB.between.
800.MHz.and.1.9.GHz.and.perhaps.10.dB.between.800.MHz.and.2.4.GHz..This.is.approximately.a.vari-
ation.of.f 2..Thus,.at.these.higher.frequency.bands,.the.reference.bit.rate.would.be.a.factor.of.about.six.less.
at.1.9.GHz.than.the.10.kb/s.800.MHz.reference.used.in.Figures.19.1.through.19.4.and.a.factor.of.10.less.
at.2.4.GHz..Different.operating.frequencies.also.contribute.to.imprecision.in.values.in.Table.19.1.

Digital.cellular.systems.for.covering.distances.of.10.km.in.cluttered.environments.usually.have.base.
station.antenna.heights.on.the.order.of.30.m..Base.stations.for.covering.shorter.ranges.often.have.shorter.
antenna.heights,.sometimes.on.the.order.of.10.m.or.less,.and.outdoor.WiFi.systems.often.have.access.
point. (base. station). antenna. heights. even. less. than. 10.m.. Received. signal. power,. S,. decreases. with.
antenna.height,.h,.at.a.rate.on.the.order.of.h−2,.[1,2,4,10,11]..Different.base.station.antenna.heights.are.
another.reason.that.values.specified.in.Table.19.1.are.not.precise.

WiFi.systems.usually.use.64.QAM.modulation.for.54.Mb/s.transmission.rates..From.Figure.19.3,.this.
would.result.in.a.range.of.about.300.m.for.the.d−3.variation.from.the.reference.10.kb/s.and.10.km.digital.
cellular.voice.coverage..However,.WiFi.operates.at.2.4.GHz,.not.the.800.MHz.of.the.reference.cellular.
systems,.and.WiFi.usually.has.access.point.(base.station).antennas.less.than.10.m.high.compared.to.the.
30.m. height. of. the. reference. digital. cellular. antennas.. These. two. factors—frequency. and. antenna.
height—then.would.reduce.the.300.m.range.by.factors.of.[(10)]1/3.for.frequency.and.at.least.[(3)2]1/3.for.
antenna.height.for.an.overall.reduction.of.a.factor.of.approximately.4.5..This.reduces.the.WiFi.range.
estimate.to.less.than.100.m.at.a.54.Mb/s.rate.consistent.with.the.value.in.Table.19.1.

A.further.reduction.in.range.for.WiFi.will.result.from.replacing.the.cellular.base.station.antenna.with.
a.gain.on.the.order.of.15.dB.with.a.small.access.point.antenna.with.a.gain.of. less. than.5.dB.and,.of.
course,.MIMO.can.be.implemented.as.in.802.11n.to.increase.the.bit.rate.

19.6 other Ways to increase Data transmission Rate

Data. transmission. rate. can. be. increased. in. other. ways. besides. increasing. bandwidth. or. modulation.
levels.or. incorporating.MIMO.as.discussed.in.the.preceding.sections..However,.as.considered.in.the.
following.sections,.other.ways.incur.a.penalty.in.range.equivalent.to.that.from.increasing.bandwidth.

19.6.1 increasing Data Rate by Decreasing Spreading Gain in cDMA

A.definition.of.spreading.gain.or.spreading.factor.in.CDMA.systems.is.the.chip.rate.of.the.CDMA.chip.
sequence,.rc.divided.by.the.bit.rate.of.the.transmitted.data.rb,.that.is,.rc/rb.
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The.bandwidth.occupied.by.a.CDMA.system.is.proportional.to.the.chip.rate.and.for.most.systems.the.
bandwidth.is.fixed.at.one.or.at.least.a.few.values..The.data.transmission.rate,.proportional.to.the.bit.rate,.
can.be.varied.by.varying.the.spreading.gain.while.holding.the.chip.rate.and.thus.the.occupied.band-
width.fixed..This.is.one.of.the.techniques.used.in.the.UMTS/WCDMA.third-generation.cellular.systems.
to.increase.data.transmission.rate.

The.CDMA.signal.is.spread.with.the.chip.sequence.to.the.occupied.bandwidth.for.transmitting.and.
then.de-spread.at.the.receiver.back.to.the.bandwidth.occupied.by.the.transmitted.data.bit.rate..The.
noise.spectral.density.in.the.receiver.is.not.affected.by.the.dispreading.process.and.remains.at.no.as.in.
Equation.19.2..Thus,.the.noise.at.the.de-spreader.output.is.again.the.N.in.Equation.19.2..Equation.19.1.
still.holds.for.the.received.signal.power,.S..Thus,.Derivation.1.and.2.in.Section.19.2.1.are.still.applicable.
and. the.data.rate.versus.range.examples. in.section.19.2.2.are.still.valid..Thus. there. is.no.difference.
between.the.affect.of.decreasing.spreading.gain.in.a.CDMA.system.and.increasing.the.bandwidth.in.a.
system.as.discussed.earlier.since.the.effect.of.decreasing.spreading.gain.is.to.increase.the.post..de-spread.
bandwidth.in.the.same.way.

19.6.2 increasing Data Rate by increasing number of cDMA code

Another.way.to.increase.the.transmitted.data.rate.in.a.CDMA.system.is.to.keep.the.chip.rate.and.spread-
ing.gain.fixed.but.to.add.additional.different.spreading.sequences.(spreading.codes).to.spread.different.
segments.of.the.transmitted.data.stream..The.transmitted.bit-rate.is.then.quantized.by.the.number.of.
spreading.codes.used.to.spread.the.data..This.is.another.technique.used.in.the.UMTS/WCDMA.third.
generation.cellular.systems.to.increase.data.transmission.rate.

In. this. case,. the. noise. out. of. each. de-spreader. remains. nearly. constant. with. increased. bit. rate..
However,.one.must.consider.the.transmitter.power.and.resulting.received.signal.power.per.spreading.
code,.that.is,.the.received.power.per.spreading.sequence..For.an.equal.comparison.between.two.systems,.
they.must.be.compared.based.on.equal.total.transmitted.power.Pt. in.Equation.19.1..Thus,.the.power.
allocated.to.each.spreading.code.decreases.linearly.with.the.increase.in.number.of.spreading.codes,.mc,.
and.thus.with.the.quantized.increase.in.transmitted.bit.rate..For.each.different.code,.the.received.signal.
power.per.code,.Sc,.is.given.by.Equation.19.1.with.the

. P P mtc t c= total/ .

Note,.some.CDMA.systems.can.allocate.different.transmitter.power.to.different.codes..However,.in.
order.to.transmit.the.maximum.data.rate.at.a.maximum.range,.the.maximum.transmitter.power.per.
code.is.needed..Therefore,.herein.the.transmitter.power.considered.is.the.maximum.possible.and.that.
power.is.considered.to.be.distributed.uniformly.to.the.different.codes.in.order.to.have.the.error.perfor-
mance.uniform.across.the.different.codes.

Substituting.the.relationships.above.into.the.derivations.in.Section.19.2.1.yields.the.same.relation-
ships.between.data.rate.and.range.as.in.Section.19.2.2,.that.is,.Equation.19.4,.and.the.data.rate.versus.
range.relationship.is.the.same.for.increasing.the.number.of.spreading.codes.as.for.increasing.the.data.
rate.by.increasing.the.bandwidth.

An.additional.issue.not.included.in.the.idealized.discussion.above.is.the.fact.that.as.the.number.of.
spreading.codes.is.increased,.the.peak-to-average.ratio.of.the.transmitted.signal.increases..This.occurs.
because.of.the.increased.number.of.levels.needed.to.accommodate.the.increased.number.of.spreading.
codes..The.efficiency.of. transmitter.amplifiers.generally.decreases.as. the.peak-to-average.ratio.of. the.
signal.increases..Thus,.as.the.data.transmission.rate.increases.for.a.CDMA.system.that.increases.data.
rate.by.increasing.the.number.of.spreading.codes,.the.range.will.decrease.even.faster.than.indicated.in.
the.figures. in.Section.9.2.2.because.the.transmitter.power.will.have.to.decrease.to.accommodate.the.
increased.peak-to-average.power.ratio.required.for.the.increasing.number.of.spreading.codes.



365Fundamental Limitations on Increasing Data Rate in Wireless Systems

Also,.the.discussion.above.considers.the.noise.out.of.a.de-spreader.to.be.independent.of.the.number.
of.codes..This.may.not.be.true.depending.on.the.correlation.among.codes,.and.so.on..That.is,.the.self-
noise.out.of.a.de-spreader.may.increase.with.the.number.of.codes..This.would.again.cause.the.range.to.
decrease.even.faster.than.indicated.in.the.figures.in.Section.19.2.2.

19.6.3 increasing Data Rate by increasing number of tDMA time Slots

In.some.TDMA.systems,.for.example,.GPRS.and.EDGE.derived.from.GSM,.the.transmission.data.rate.
is.increased.by.increasing.the.number.of.TDMA.time.slots.used.and.transmitting.different.segments.of.
the.transmitted.data.stream.over.different.time.slots..The.transmitted.bit-rate.is.then.quantized.by.the.
number.of.time.slots.used.

19.6.3.1 Holding total transmitted Power constant

In.this.case,.the.noise.over.each.time.slot.remains.constant..However,.one.must.consider.the.transmitter.
power.and.resulting.received.signal.power.per.time.slot..For.an.equal.comparison.between.two.systems,.
they.must.be.compared.based.on.equal.total.transmitted.power.Pt. in.Equation.19.1..Thus,.the.power.
allocated.to.each.time.slot.decreases.linearly.with.the.increase.in.number.of.time.slots,.ms,.and.thus.with.
the.quantized.increase.in.transmitted.bit.rate..For.each.different.time.slot,.the.received.signal.power.per.
slot,.ss,.is.given.by.Equation.19.1.with.the

. P P mts t s= total/ .

To.transmit.the.maximum.data.rate.at.a.maximum.range,.the.maximum.transmitter.power.per.time.
slot.is.needed..Therefore,.herein.the.transmitter.power.considered.is.the.maximum.possible.and.that.
power.is.considered.to.be.distributed.uniformly.over.the.different.time.slots.in.order.to.have.the.error.
performance.uniform.across.the.different.slots.

Substituting.the.relationships.above.into.the.derivations.in.Section.19.2.1.yields.the.same.relationship.
between.data.rate.and.range.as.in.Section.19.2.2,.that.is,.Equation.19.4,.and.the.data.rate.versus.range.
relationship.is.the.same.for.increasing.the.number.of.time.slots.as.for.increasing.the.data.rate.by.increas-
ing.the.bandwidth.

19.6.3.2 Holding Power per time Slot constant

This.case.is.trivial..Holding.the.transmitted.power.per.time.slot.constant.yields.the.same.signal-to-noise.
ratio.regardless.of.the.number.of.time.slots.used..Thus,.in.this.case,.the.range.remains.the.same.even.as.
the.transmission.data.rate.increases..However,.“you.can’t.get.something.for.nothing”.in.systems.con-
strained.by.physics,.that.is,.“there.is.no.free.lunch”!.Obviously,.as.the.number.of.time.slots.ms.increases,.
the.total.transmitted.power.increases.by.ms..The.total.transmitter.power.is.a.dominant.consumer.of.dc.
power.in.a.handset.so.the.dc.power.consumed.increases.as.the.transmission.data.rate.increases..The.
result. is. a. decrease. in. battery. usage. time,. that. is,. in. transmitting. time.. This. is. accompanied. by. an.
increase.in.handset.temperature.as.more.power.is.dissipated.in.transmitter.circuit.inefficiencies..As.was.
observed.in.some.early.GPRS.data.handsets,.the.handset.can.become.so.hot.that.it.is.not.comfortable.to.
hold..This.case.can.occur.in.TDMA.systems.because.transmitter.amplifiers.are.usually.peak.power.lim-
ited..Thus,.they.can.transmit.the.same.amount.of.power.in.each.time.slot.as.long.as.they.do.not.overheat.
on.the.increased.total.power.transmitted.

19.7 Line-of-Sight Wireless Link considerations

The.data.rate.versus.range.relationships.in.the.previous.sections.were.derived.for.wireless.transmission.
in.environments.cluttered.with.buildings,.trees,.and.other.obstacles..In.these.environments.the.wireless.
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signals. experience. greater. transmission. loss. than. in. free. space. and. the. signal. power. decreases. with.
.distance.faster.than.the.1/d2.of.free.space.as.indicated.in.Equation.19.1..This.can.result.in.much.greater.
range.for.a.given.data.rate.over.an.unobstructed.line-of-sight.path.than.can.be.achieved.in.a.cluttered.
environment..Examples.of.data.transmission.over.line-of-sight.paths.are.discussed.below.

19.7.1 terrestrial Line-of-Sight

In.cluttered.environments.the.excess.transmission.loss.of.the.median.of.the.log.normal.variation.can.
range.from.perhaps.25.to.55.dB.greater.than.free.space.values.[1–4,11]..Wireless.systems.designed.to.
provide. coverage. in. such. environments,. for. example,. cellular. systems,. must. have. enough. margin. to.
overcome.the.excess.loss.at.a.given.distance..Thus,.if.these.systems.were.used.on.line-of-sight.transmis-
sion.paths,.they.could.provide.either.much.greater.transmission.bit.rates.at.a.particular.distance,.or.a.
much.greater.range.for.a.particular.transmission.bit.rate.

The.main.reason.cellular.systems.are.able.to.operate.successfully.in.severely.cluttered.environments.
is.that.they.are.designed.to.have.large.margins.over.what.would.be.required.to.operate.over.line-of-sight.
paths..While.a.small.part.of.the.margin,.only.a.few.dB,.is.provided.by.forward.error.correcting.codes.in.
digital.systems.and.perhaps.signal.processing.in.MIMO,.by.far.the.largest.part.of.the.margin.is.provided.
by.the.transmitter.power,.the.receiver.sensitivity,.and.the.gain.of.base.station.antennas.

As.an.example,.consider.a.middle.value.of.excess.loss.of.40.dB.below.free.space.for.the.median.of.a.
lognormal.large-scale.variation.at.10.km.range..The.100.kb/s.transmission.possible.for.the.median.from.
Figure.19.2.in.the.cluttered.environments.would.become.1.Gb/s.possible.for.the.same.system.over.a.free.
space.(line-of-sight).path.(40.dB.is.×10,000.which.multiplied.by.100.kb/s.yields.1.Gb/s)..This.transmis-
sion.rate.and.distance.are.consistent.with.free.space.calculations.(Friis.equation).using.typical.cellular.
wireless.system.parameters.

Greater.range.than.the.10.km.could.be.provided.by.trading.transmission.bit.rate.for.range.with.the.
free. space. attenuation. increasing. with. 1/d2.. For. example,. if. the. 1.Gb/s. were. reduced. to. 1.Mb/s,. the.
receiver.sensitivity.would.increase.by.a.factor.of.1000.or.30.dB.(see.Section.19.2)..With.free.space.attenu-
ation.increasing.as.1/d2,.the.increase.in.range.would.be. 1000 .or.a.factor.of.about.×.31..The.10.km.range.
would.increase.to.about.310.km.for.1.Mb/s.

From.the.comments.in.Section.19.5.regarding.reduced.transmission.link.capabilities.of.WiFi.com-
pared.to.cellular.systems,.one.would.expect.WiFi.to.have.somewhat.less.range.than.the.310.km.indicated.
above.unless.additional.gain.were.provided.in.the.radio.link..On.fixed.wireless.links,.higher.gain.anten-
nas.are.sometimes.used.to.provide.additional.link.gain.

A.demonstration.was.run.between.mountain.tops.in.2005.by.some.radio.amateurs.[12]..They.used.
WiFi.transmitters.with.30.mw.output.power.and.succeeded.in.transmitting.at.1.Mb/s.over.a.34.mile.
path.(~56.km).using.26.dB.gain.antennas.on.both.ends.of.the.path..The.error.control.protocols.were.not.
capable.of.coping.with.the.large.delay,.so.even.though.the.transmission.rate.was.1.Mb/s,.the.throughput.
was. much. lower. because. of. repeated. transmissions.. The. same. group. used. different. WiFi. cards. with.
changed.retry. time.parameters. to. transmit.between.mountains.separated.by.56.miles. (~93.km)..The.
transmission.bit.rate.over.the.56.mile.path.is.not.reported.but.the.authors.state.the.data.was.transferred.
with.“great.data.transfer.rates.”.While.the.descriptions.of.these.demonstrations.do.not.include.all.the.
details,.for.example,.received.signal.power.is.not.reported,.they.do.show.that.low-power.WiFi.can.trans-
mit.a.M.b/s.over.many.km.over.line-of-sight.paths,.and.thus.are.consistent.with.the.range.and.bit.rate.
discussion.above.for.line-of-sight.wireless.transmission.

19.7.2 Satellite Line-of-Sight

Mobile. satellite. systems,. for. example,. Iridium. and. Globalstar,. generally. only. support. low. data. rate.
transmissions.in.line-of-sight.conditions..Because.of.the.very.large.ranges.(many.thousands.of.km).and.



367Fundamental Limitations on Increasing Data Rate in Wireless Systems

limited.power.on.satellites.to.use.for.transmitters,.these.systems.do.not.provide.enough.wireless.link.
margin. to.work. in.cluttered.environments,. for. example,.within.buildings,. in.city. streets.or. canyons.
when.line-of-sight.does.not.exist,.or.under.trees..While.there.is.some.gain.from.the.satellite.antennas,.
the.user.terminal.antennas.have.essentially.no.gain..For.these.satellite.mobile.systems,. the.receiving.
antenna.temperatures.are.essentially.“room.temperature,”.for.example,.293°K.so.receiver.sensitivity.is.
ultimately.limited.by.antenna.temperature,.regardless.of.how.low.the.noise.figure.of.the.receiver.ampli-
fiers.are.

In.contrast,.fixed.satellite.systems.usually.have.high.gain.antennas.at.the.earth.terminals.that.aid.in.
overcoming.the.large.link.loss.associated.with.the.long.line-of-sight.transmission.paths..These.high.gain.
antennas.have.narrow.beams.that.point.at.“cold.sky.”.Thus,.the.satellite.receiving.antennas.have. low.
noise.temperatures.and.the.receivers.benefit.considerably.from.low.noise.receiving.amplifiers..These.two.
factors.in.fixed.satellite.systems,.high.antenna.gain.(and.narrow.beams).and.high.receiver.sensitivity.
(from.low.noise.temperature),.contribute.to.wireless.links.that.can.support.much.higher.data.transmis-
sion.rates.than.can.be.supported.by.mobile.satellite.systems.

19.8 Discussion

This.chapter.has.considered.the.fundamental.relationships.between.data.transmission.rate.(bit.rate),.
transmitter.power.and.distance.between.transmitters.and.receivers.(range).for.wireless.data.systems..
Other.factors.that.offset.the.fundamental.bit.rate.versus.range.curves.were.also.noted,.for.example,.
percent.of.area.covered,.modulation.level,.use.of.MIMO,.carrier.frequency,.and.antenna.height..It.has.
been.noted.several.times.that.the.slope.of.the.bit-rate-versus-range.relationship.was.determined.by.the.
propagation.environment.and.that.this.was.a.fundamental.physical.relationship..However,.sometimes.
it.is.pointed.out.that.the.loss.in.glass.optical.fibers.has.been.reduced.significantly.over.time.from.the.
1970s.and.that.this.permitted.significant.increases.in.the.range.of.fiber.systems.and.also.increases.in.
their.bit.rates..The.implication.is.that.wireless.system.attenuation.too.should.be.able.to.be.reduced.by.
advances.in.technology..The.fallacy.in.this.reasoning.occurs.from.ignoring.the.fundamental.difference.
between. propagation. in. a. one-dimensional. (1-D). bounded. medium,. that. is,. glass. optical. fiber,. and.
propagation.in.multi-dimensional.unbounded.media,.that.is,.wireless.propagation.between.antennas.
in.open.areas.

In.ideal.1-D.propagation,.the.signal.power.is.confined.to.within.the.“pipe,”.that.is,.the.fiber..The.only.
loss.mechanisms.in.nonideal.1-D.propagation.are.leakage.through.the.walls.of.the.pipe.and.ohmic.loss,.
that.is,.heating.due.to.resistance.in.the.walls.and/or.the.medium.within.the.pipe.(for.example,.loss.in.the.
glass.in.the.case.of.optical.fiber)..These.losses.result.in.a.decrease.in.signal.power.along.the.pipe.as.e−αd,.
where.α.is.an.attenuation.factor.and.d.is.distance.along.the.pipe..This.loss.can.also.be.expressed.as.deci-
bels.per.unit.distance,.for.example,.dB/m.or.dB/ft..With.this.loss.mechanism,.the.attenuation.of.signal.
power.in.the.pipe.can.be.reduced.by.reducing.the.wall.leakage.and/or.the.ohmic.loss.in.the.propagating.
medium..The.reduction.of.these.loss.mechanisms.in.the.glass.in.optical.fibers.was.what.permitted.the.
large.increases.in.range.for.glass.optical.fibers.over.the.years..Improvements.in.technology.also.contrib-
uted.to.large.increases.in.transmission.rates.in.optical.fibers.

However,. the. propagation. mechanism. for. wireless. signals. transmitted. between. antennas. in. open.
areas.is.much.different..Even.in.free.space.where.there.is.no.ohmic.loss,.at.sufficient.distance.between.
the.antennas.the.signal.power.from.a.transmitting.antenna.continues.to.expand.(i.e.,.spread).to.fill.the.
increasing.space..This.results.in.the.power.density.decreasing.as.1/d2..Antennas.with.gain.confine.the.
angle.within.which.the.power.spreads,.but.the.power.still.spreads.over.a.surface.proportional.to.d2.as.
distance.increases..This.so.called.spreading.loss.is.fundamental.to.propagation.in.space.that.is.not.com-
pletely. enclosed. by. walls,. that. is,. unbounded.. The. presence. of. a. ground. reflection,. reflections. from.
objects,.and.shadowing.by.buildings.and.objects.cause.the.propagation. in.cluttered.environments. to.
follow.exponents,.m,.greater.than.2,.that.is,.to.propagate.as.1/dm..If.this.propagation.in.an.unbounded.
region.is.in.a.medium.with.ohmic.loss,.an.additional.e−αd.factor.is.superimposed.on.the.1/dm factor.
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Thus,.even.in.lossless.media.where.α.=.0,.wireless.signals.follow.a.fundamental.1/dm.relationship,.and.
this.results.in.the.fundamental.bit.rate.versus.distance.relationships.plotted.in.the.figures.in.this.section..
The. wireless. signal. power. received. at. some. reference. distance. can. be. changed. by. changing. antenna.
gains.and.other.system.factors,.but.a.fundamental.bit.rate.versus.distance.relationship.still.applies.as.
discussed.in.this.chapter..Wireless.propagation.cannot.be.improved.in.the.same.manner.as.propagation.
in.glass.optical.fiber.was.improved.
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20.1 introduction

Wireless.networks.are.fundamentally.limited.by.two.main.factors:.interference.and.fading..While..fading.
results.in.random.variation.in.the.desired.signal.level,.interference.hinders.the.wireless.users.to.decode.
their.data.successfully..The.major.reason.for.fading.is.known.to.be.multipath.propagation.and.its.math-
ematical.modeling.using.random.processes.is.a.well-studied.subject.[1]..Interference,.however,.is.affected.
by.many.uncertainties.present.in.the.wireless.networks.whose.precise.modeling.requires.a.holistic.and.
multilayered.approach.

The.geometry.of.wireless.networks,. that. is,. the.spatial.distribution.of.wireless.nodes.which.deter-
mines.the.internodal.distances.and.thereby.the.path.loss.that.the.interfering.signals.undergo,.as.well.as.
the.shadowing.and.fading.effects.are.two.important.factors.which.impact.on.the.interference..Moreover,.
the.choices.of.wireless.protocols.also. impact.on. the.characteristics.of. interference..For.example,. the.
MAC.protocols.and.the.scheduling.algorithms.used.in.the.network.determine.the.simultaneous.wireless.
transmitters.and.thereby.the.set.of.interfering.nodes..The.routing.algorithms.used.in.a.multihop.wire-
less.network.also.determine.the.interpath.and.intrapath.interference.experienced.by.wireless.users.[2].

Traditionally,.wireless.networks.have.used.the.spatial.reuse.to.multiply.the.use.of.spectrum.by.con-
sidering.a.minimum.separation.between.concurrent.wireless.transmitters.on.the.same.channel..This.has.
brought.about.the.cellular.design.for.wireless.networks.[3]..The.cellular.design.along.with.the.reserva-
tion-based.multiple.access.techniques.(FDMA/TDMA/CDMA).used.to.be.the.main.design.principles.
for.voice-centric.wireless.networks.until.recently..Inspired.by.the.ever-increasing.demand.for.wireless.
Internet.and.due.to.the.intermittent.and.dynamic.nature.of.Internet.traffic,.random.access.techniques.
(e.g.,.ALOHA,.CSMA,.etc.),.which.are.more.efficient.for.the.sporadic.Internet.type.of.data,.have.become.
more.popular.in.the.wireless.networks..Moreover,.due.to.the.recent.requirements.for.emergency.disaster.
recovery,.wireless.sensor.networks,.wireless.mesh.structures,.and.so.on.infrastructure-less.wireless.net-
works.have.recently.become.very.important..Such.wireless.networks.are.highly.decentralized.and.may.
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not.benefit.from.a.centralized.agent.to.coordinate.their.transmissions..Interference.characterization.in.
such.uncoordinated.environments.becomes.an.even.more.involved.task.

20.2 interference in Wireless networks

Co-channel.interference.has.been.a.major.limiting.factor.ever.since.wireless.communication.evolved.
from.the.merely.point-to-point.or.broadcast.(i.e.,.one.to.many).communication.scenarios.to.networks.of.
wireless.users..In.a.wireless.network,.many.users.share.a.common.wireless.medium,.that.is,.a.chunk.of.
radio.spectrum,.to.transmit.information.to.their.intended.destinations..The.transmitter–receiver.pairs.
which.use.the.same.frequencies.for.communication.will.interfere.and.as.a.result.neither.may.be.success-
ful. in. their. communications.. The. medium. access. regulations. and. the. interference. management. are.
therefore.very.important.to.share.the.wireless.resources.efficiently.and.maximize.the.network.capacity.

Interference.mitigation.has.been.quite.efficient.in.centralized.wireless.networks..These.are.infrastruc-
ture-based. networks. which. utilize. base. stations. (BS). or. access. points. (AP). to. facilitate. the. access.of.
wireless.users.to.a.wired.backbone..The.network.coverage.area.is.usually.partitioned.into.a.number.of.
cells.and.the.users.within.these.cells.communicate.directly.to.their.associated.BS..To.avoid.interference.
among.users.that.transmit.information.on.the.same.frequency.(i.e.,.co-channel.users),.a.natural.solution.
is.to.take.advantage.of.attenuation.of.wireless.signals.with.distance.and.let.the.co-channel.users.trans-
mit.simultaneously.only. if. their.spatial.separation. is. large.enough.to.avoid. interference..The.cellular.
concept.is.a.generalization.of.the.spatial.reuse.approach..The.idea.is.to.allocate.a.portion.of.radio.spec-
trum.to.each.cell.while.keeping.a.minimum.distance.between.co-channel.cells..This.results.in.frequency.
reuse.as.the.same.frequencies.can.be.reused.many.times.throughout.the.network.[3]..Multiple.access.
techniques.have.been.implemented.in.the.cellular.networks.under.broad.classification.of.narrowband.
and.wideband.systems.[4].

There. is. a. class.of. emerging.wireless.networks,. like.ad.hoc,. sensor,.mesh.and.cognitive.networks,.
where.centralized.control.is.not.generally.feasible.and.resource.allocation.is.considered.to.be.distrib-
uted..In.such.scenarios,.the.network.self-interference.is.subject.to.considerable.uncertainty.and.is.not.
tightly.controllable..Interference.is.the.main.limiting.factor.in.these.networks.and.its.characterization.is.
therefore.critical..The.locations.of.interfering.nodes.play.the.most.important.role.in.determining.the.
characteristics.of.interference..The.field.of.interferers.is.a.function.of.underlying.nodes.distribution.and.
the.medium.access.technique.used.in.the.network..In.order.to.model.the.interference.behavior,.mathe-
matical.models.are.required.for.the.spatial.locations.of.the.interferers.[5].

20.3 interference Modeling

Sharing.the.space.and.the.radio.spectrum,.wireless.users.transmit.information.to.their.intended.destina-
tions.which.results.in.multiuser.interference.(MUI)..Interference.impacts.on.key.performance.metrics.in.
the.network.including.outage,.capacity,.coverage,.and.connectivity..Knowledge.of.the.statistical.models.for.
interference.is.of.considerable.importance.for.modeling.and.performance.evaluation.of.wireless.networks..
To.find.the.statistics.of.interference,.it.is.important.to.have.mathematical.models.which.characterize.the.
geometry.of.wireless.networks..The.geometry.of.a.network.determines.the.relative.positions.of.the.interfer-
ing.nodes.with.respect.to.a.given.receiver..The.propagation.loss.inflicted.on.the.interference.signals.depend.
on.the.distances.between.the.interferers.and.the.receiver.as.well.as.the.shadowing/fading.effects.which.
may.be.location.dependent.[1]..To.investigate.the.effect.of.interference.on.successful.communications,.
some.of.the.models.used.in.the.literature.are.either.pairwise,.which.means.that.they.consider.the.effect.of.
only.one.interfering.signal.at.a.time,.or.consider.the.cumulative.effects.of.interference.signals.but.assume.
that.the.network.geometry.is.deterministic.and.channel.gains.are.known..On.the.other.hand,.stochastic.
geometry.and.particularly,.Theory.of.point.processes.have.proven.to.be.very.useful.disciplines.for.stochas-
tic.modeling.of.wireless.networks.and.interference.[6,7]..In.the.following,.we.consider.some.of.the.deter-
ministic.as.well.as.random.interference.models.that.have.been.adopted.in.the.literature.
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20.3.1 Deterministic interference Models

Deterministic.interference.models.are.based.on.the.assumptions.that.the.network.geometry.is.not.ran-
dom.and.the.channel.gains.between.any.two.nodes.are.known..Let.us.denote.the.channel.gain.between.
two.nodes.X.and.Y.in.the.network.as.GX,Y..In.the.following,.we.discuss.some.of.the.deterministic.models.
which.have.been.commonly.used.in.the.literature.

Additive Interference and SINR Threshold.[8]:.This.model.is.based.on.additive.interference.(i.e.,.con-
siders.the.interference.aggregation).and.a.signal-to-interference-plus-noise.ratio.(SINR).threshold.for.
successful. communications.. The. SINR. threshold. depends. on. the. physical. layer. technique. and. the.
decoding.strategy.used..For.a.certain.acceptable.BER.(bit.error.rate),.the.SINR.needs.to.exceed.an.appro-
priate.threshold..Let.us.denote.the.set.of.concurrently.active.links.in.the.network.as.Λ..For.a.given.link.
m.∈.Λ,.mo.and.md.denote.the.transmitter.node.and.the.receiver.node.of.link.m.respectively..The.SINR.
perceived.by.md.(denoted.by.γm).can.be.written.as
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where.N.denotes.the.noise.power..Assuming.that.the.SINR.threshold.for.link.m.is.βm,.communication.
on.link.m.is.successful.if.γm.≥.βm.

Capture Threshold Model:.This.is.the.model.which.is.used.in.network.simulator.NS-2.[9]..This.model.
makes.use.of.thresholds:.RxThreshold.and.CpThreshold.which.denote.the.receive.and.capture.thresholds,.
respectively..Packet.reception.on.link.m.is.successful,.provided.that.during.the.transmission.time.of.packet
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This.model.does.not.take.into.account.the.interference.aggregation.and.interference.is.accounted.only.
for.one.interfering.signal.at.a.time.

Protocol Model.[8]:.Based.on.the.Protocol.model,.a.packet.transmission.on.link.m.is.successful,.pro-
vided.that.for.each.link.l.∈.Λ.\.{m},.we.have

. l m m m m m Ro d o d o d− ≥ + − − ≤( )1 Δ  and  C

where.Δ.is.a.positive.parameter.and.RC.is.the.communication.range.
Interference Range Model.[10]:.This.model.assumes.fixed.range.for.communication.and.interference..

According.to.this.model,.a.packet.reception.on.link.m.is.successful,.provided.that.for.each.link.l.∈.Λ \.{m},.
we.have

. l m R m m Ro d o d− ≥ − ≤I Cand ,

where.RI.is.the.interference.range.and.RC.is.the.communication.range..In.the.interference.range.model,.the.
interferer–receiver.separation.is.required.to.be.larger.than.a.fixed.quantity..Protocol.model,.on.the.other.
hand,.requires. that. this.separation.be. larger.than.a.quantity.which.is.proportional. to.the.transmitter–
receiver.separation.

In.Reference.11,.it.is.shown.that.some.of.these.interference.models.are.essentially.equivalent..For.exam-
ple,.the.capture.threshold.model.is.shown.to.be.equivalent.to.the.protocol.model.under.the.power-law.
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path.loss.model.(GX,Y.=.k|X.−.Y|−α,.where.α.is.the.path.loss.exponent.and.k.is.a.constant).and.when.all.
nodes.use.the.same.modulation.and.coding.schemes..As.mentioned.earlier,.deterministic.interference.
models.are.simple,.however.not.always.realistic.mainly.for.following.reasons:.(i).interference.aggregation.
is.not.considered.in.these.models.(except.for.the.additive.interference.model),.and.(ii).the.channel.gains.
or.distances.between.nodes.are.assumed.to.be.known.for.any.two.nodes.in.the.network.

20.3.2 Statistical Modeling of Aggregate interference

Now,.we.consider.the.scenario.that.the.wireless.nodes.are.randomly.distributed.in.space..This.is.a.more.
realistic.scenario.as.the.locations.of.nodes.at.a.given.time.instant.is.more.likely.to.be.random.due.to.
mobility..We.focus.on.a.Poisson.network.which.is.a.well-adopted.model.in.the.literature..The.Poisson.
assumption.is.valid.when.the.nodes.move.in.an.uncorrelated.fashion.in.a.mobile.wireless.network.which.
avoids.the.clustering.of.nodes..In.a.fixed.wireless.network,.like.wireless.sensor.networks,.the.Poisson.
assumption.is.also.valid.when.the.nodes.are.deployed.randomly.in.the.measurement.field.of.sensors.

20.3.2.1 Mathematical Preliminaries

Point Processes:. Point. processes. are. random. collection. of. points. that. are. localized. in. space. or. time..
Renewal.processes.are.well-known.one-dimensional.examples.of.point.processes.in.the.time.domain..
These.processes.are.stochastic.models.for.events.that.occur.randomly.in.time.[12]..On.the.other.hand,.
spatial.point.processes.are.defined.in.ℜd,.d.≥.2..These.processes.have.found.applications.in.disciplines.
like.Seismology,.Ecology,.and.Forestry.[13–15]..Point.processes.are.also.considered. for.modeling.the.
spatial.distribution.of.nodes.in.wireless.networks.[6].

Poisson Point Processes:.Poisson.point.process.(PPP).is.a.valid.and.widely.accepted.model.when.the.distri-
bution.of.nodes.in.a.random.network.lack.correlation.and.the.nodes.do.not.form.clusters..This.is.particularly.
useful.to.model.the.distribution.of.nodes.in.a.mobile.network.when.the.mobile.nodes.move.independently..
Let.us.consider.a.Poisson.point.process.defined.in.the.Euclidean.space:.ℜd,.d.≤.3.with.density.λ.>.0.and.
define.a.counting.variable.N(A).for.every.A.⊂.ℜd.as.the.number.of.points.falling.in.A..In.order.to.qualify.as.
a.Poisson.point.process,.the.point.process.defined.over.S.⊂.ℜd.must.have.following.properties:

Property.1:.If.A.⊆.S.is.a.bounded.closed.set,.N(A).is.a.Poisson.random.variable.with.mean.λμ(A).
where.μ(A).is.the.length,.area.or.volume.of.A.depending.on.the.dimension.of.the.space.

Property.2:.Given.that.A1,.. . .,.Am.are.disjoint.subsets.of.S,.N(A1),.. . .,.N(Am).are.independent.random.
variables.

It. is. also. noteworthy. that. a. Poisson. point. process. remains. Poisson. under. probabilistic. thinning..
According.to.this.property,.if.the.points.of.a.PPP.with.density.λ.are.retained.randomly.with.some.reten-
tion.probability.p,.the.resulting.point.process.will.remain.a.PPP.but.with.a.smaller.density.of.λ.p..Figure.
20.1.shows.a.Poisson.point.process.with.density.0.01.defined.in.the.two.dimensional.Euclidean.space.
along.with.a.thinned.version.with.retention.probability.0.1.

Random Sums:.Let.us.consider.a.Poisson.point.process.Π.and.a.real.valued.function. f(x).which.is.
defined.for.x.∈.Π,.that.is,.for.the.points.of.point.process..The.sum

.
F f x

x

=
∈
∑ ( ),

Π .
(20.1)

is.a. random.variable..For.any.point.process.defined. in. the. region.R,. it. is.known. that. the.mean.of.F.
reduces.to.an.integral.over.the.region.R.as

.
E F E f x f x x x

x R
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⎧
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where.λ(x).is.the.density.at.point.x.(the.point.process.can.also.be.nonhomogeneous)..Closed-form.results.
for.higher.moments.are.not.generally.known.for.an.arbitrary.point.process..For.Poisson.point.processes,.
on.the.other.hand,.characteristic.function.of.the.random.sum.is.known.in.closed.from..Higher-order.
statistics.of.F.can.be.obtained.from.the.characteristic.function.[16]..Random.sums.have.many.applica-
tions.in.physics,.signal.processing,.and.communication.problems.

Campbell’s Theorem:.The.characteristic.function.of.F.defined.in.Equation.20.1.is.[17]

.

ψ ω ω λω
F

F
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E j f x x x( ) exp exp ( ) ( ) .= { } = ( ) −( )
⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟∫e dj 1

The.nth.cumulant.of.F.can.be.found.from.the.characteristics.function:

.
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The.cumulants.and.moments.can.be.determined.uniquely.from.one.another.

20.3.2.2 Statistics of interference from a Poisson Field of interferers

Let. us. consider. an. infinite. homogeneous. Poisson. point. process. with. density. λ. defined. on. the. two-
dimensional.Euclidean.plane.(i.e.,.ℜ2).and.denote.it.by.Π′..Assume.that.the.points.of.Π′.represent.the.
locations.of.the.interferers..The.receiver.can.be.assumed.to.be.located.at.the.origin.without.loss.of.gen-
erality..Our.goal.is.to.obtain.the.statistics.of.interference.perceived.at.the.receiver.

The.propagation.model.is.considered.to.be.a.combination.of.a.deterministic.path.loss.component.
as.well.as.random.fading..The.propagation.loss.incurred.on.the.received.signal.of.a.transmitter.with.
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FIGURE 20.1 Sample.PPP.with.λ.=.0.01.in.a.disk.with.radius.100.and.its.thinned.version.with.p.=.0.1.



374 Mobile Communications Handbook

distance.d.apart.from.the.receiver.is.assumed.to.be.Xg(d).where.X.denotes.the.random.fading.vari-
able. and. g(d). denotes. the. deterministic. amplitude. loss. component.. For. example,. for. a. power-law.
path.loss.model.[18],.we.have.g(d)..=..d−α/2,.where.α.is.the.path.loss.exponent.(note.that.the.power.loss.
is. d−α).. The. random. fading. component. is. assumed. to. be. independent. and. identically. distributed.
(i.i.d). across. different. interferers. and. the. probability. distribution. function. (PDF). of. X is. denoted.
as fX(x).

Note.that.the.power-law.path.loss.model.is.not.valid.for.distances.less.than.1.as.it.leads.to.amplifica-
tion.of.transmitted.power.level.and.has.a.singularity.at.d.=.0..To.circumvent.this.problem,.we.make.the.
assumption.that.no.interferer.can.be.physically.located.at.the.distances.less.than.1.

The.ith.nearest.interferer.to.the.receiver.is.denoted.by.node.i.and.the.distance.from.node.i.to.the.ori-
gin.(i.e.,.the.receiver).is.denoted.as.Ri.(see.Figure.20.2)..Using.the.above.definitions,.we.obtain.statistics.
of.interference.power.and.amplitude.

Statistics of Interference Power:.Assuming.that.all.the.interferers.use.the.same.power.level.which.is.
normalized.to.1.and.denoting.Y Xi i= 2 ,.the.aggregate.interference.power.at.the.receiver.can.be.shown.as

.
I Y Ri i

i

= −∑ α .
.

(20.2)

One.can.see.that.aggregate.interference.is.a.random.sum.over.the.Poisson.point.process.that.models.
the.locations.of.the.interferers.and.has.the.same.form.as.Equation.20.1..The.effect.of.fading.on.each.of.
the.signals.can.be.interpreted.as.a.mark.associated.with.the.underlying.Poisson.point.process.[6,17]..We.
define.the.marked.Poisson.point.process.Π.as

. Π Π= ∈ ʹ{( , ) }.S Y S⏐

Since.each.point.of.Π′.is.marked.independently,.using.the.marking Theorem.(see.Reference.17),.Π.is.a.
Poisson.point.process.with.density.λ fY(y).over.ℜ2.\.b(o,1).×.ℜ+.where.\.and.b(o,1).denote.the.set.exclusion.
operator.and.unit.disk.centered.at.the.origin..Applying.the.Campbell’s.Theorem,.the.characteristic.func-
tion.of.I can.be.found.as

FIGURE 20.2 Poisson.field.of.interferers.
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The.nth.cumulant.of.I can.be.found.as
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After.simplification,.and.provided.that.α.>.2,.we.have
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(20.3)

Note.that.except.for.the.free.space.path.loss.model.for.which.we.have.α.=.2,.the.α.>.2.condition.is.
always.satisfied.

Statistics of Interference Amplitude:.Now,.let.us.consider.the.statistics.of.aggregate.interference.ampli-
tude.after.the.correlation.detection.at.the.receiver..These.statistics.are.important.for.outage.and.capacity.
analysis..Denoting.that.the.transmitted.information.symbol.by.node.i.as.bi.with. E b{ }i

2 1= .(note.that.bi.is.
also. the. transmitted.baseband.signal.assuming.amplitude.modulation.and. transmit.power.normalized.
to 1),.the.received.signal.from.node.i.in.baseband.will.be. b X Ri

i i ie j− −ϕ α/2 ,.where.the.φi.factor.is.due.random.
propagation.delay.which.impacts.on.the.phase.of.the.received.signal..Assuming.that.the.arrival.time.of.the.
interference.signal.is.uniformly.distributed.between.two.sampling.instants,.the.PDF.of.φi.can.be.assumed.
uniform.in.[0,2π]..To.simplify.the.analysis,.we.assume.that.only.real-valued.symbols.are.used.by.the.inter-
ferers.and.therefore.the.in-phase.component.of.interference.is.important.for.detection..The.in-phase.com-
ponent.of.the.aggregate.interference.amplitude,.denoted.by.I� .can.be.written.as

.
I b X R

i

� = −∑ i i i icos( ) ./ϕ α 2

.
(20.4)

Denoting.Ui.=.cos(φi),.we.have.I b X U Ri i i i i
� = ∑ −α/ .2

The.statistics.of.I�.can.also.be.found.using.Campbell’s.Theorem..The.characteristic.function.of.I�.can.
be.found.as

.
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where.p(bi).is.the.probability.of.symbol.bi..The.nth.cumulant.I�.can.also.be.found.as

.

κ
ψ ω
ω

πλ μ

ω

α

n n

n
F
n

n
n

n n

I
j

E b E X r

( ) ln ( )

{ } { }

� =
∂

∂
⎡

⎣
⎢

⎤

⎦
⎥

=

=

−

1

2

0

1     i
// .2

1

∞

∫ dr
.

(20.5)



376 Mobile Communications Handbook

where. μn
nE U= { }i ..Note.that.for.n.=.1,.we.will.see.later.that.μ1.=.0.and.consequently.κ1.=.0..For.n.≥.2.

and.for.α.>.2.the.integral.in.the.above.equation.converges.and.we.have
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(20.6)

With.the.uniform.pdf.assumption.for.φi.and.using.the.transformation.rule.for.random.variables,.we.
have
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Assuming. Rayleigh. fading. with. E{X2}.=.1,. we. have. E{Xn}.=.Γ(1.+.n/2). and. E{Y n}.=.n!. Also. with. a.
BPSK.assumption.for.transmitted.symbols,.we.have
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In.Figure.20.3,.assuming.a.Poisson.field.of.interferers,.with.density.λ.=.0.01,.analytical.results.for.vari-
ance.of.interference.power.(i.e.,.κ2(I).using.Equation.20.3).along.with.simulation.results.are.provided..
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Analytical. results. for. variance. of. interference. amplitude. (i.e.,.κ2(I�). using. Equation. 20.6). along. with.
simulation.values.are.also.shown.in.Figure.20.4.

20.3.2.3 interference from a thinned Poisson network

20.3.2.3.1  Thinning due to Medium Access Regulations

Medium.access.regulations.influence.on.the.field.of.interferers.by.filtering.the.point.process.correspond-
ing.to.a.wireless.network.and.determining.the.set.of.simultaneous.transmitters.or.the.interferers..In.the.
following,.we.consider.two.well-adopted.medium-access.techniques.and.discuss.their.effect.on.the.field.
of.interferers.and.through.that.on.the.statistics.of.interference.

20.3.2.3.1.1  ALOHA Networks  Using.the.ALOHA.protocol,.the.field.of.simultaneous.transmitters.is.
the. result. of. a. probabilistic. thinning. of. the. original. point. process. that. models. the. network.. For. a.
Poisson.network,.the.field.of.interferers.will.remain.Poisson.but.with.a.smaller.density..For.example,.
assuming.a.Poisson.network.with.density.λ.and.ALOHA.medium.access.with.transmission.attempt.
probability.of.p,.the.field.of.simultaneous.transmitters.will.be.a.Poisson.point.process.with.density.λ.
p.. If. we. consider. the. desired. transmitter. to. be. isolated. from. this. process,. the. field. of. interferers. is.
a  PPP. and. the. obtained. results. in. the. previous. section. can. be. applied. to. find. the. interference.
statistics.

20.3.2.3.1.2  CSMA Networks  In.a.CSMA.network,.the.distance.between.concurrent.transmitters.are.
kept.above.a.minimum.level,.which.implies.that.the.numbers.of.points.in.disjoint.areas.are.no.longer.
independent.. The. Poisson. point. process,. therefore,. cannot. be. used. to. be. model. these.networks.. The.
point.processes.used.to.model.these.networks.are.known.to.be.Matérn.hard-core.processes.of.types.I.
and.II.[19]..Both.of.these.processes.are.based.on.a.parent.PPP.of.intensity.λp..In.the.type.I.process,.all.
nodes.with.a.neighbor.within.the.hard-core.distance.δ.are.silenced,.whereas.in.the.type.II.process,.each.
node.has.a.random.associated.mark,.and.a.node.is.silenced.only.if.there.is.another.node.within.distance.
δ.with.a.smaller.mark.[20]..In.Reference.20,.it.is.shown.that.the.type.II.Matérn.hard-core.process.gener-
ates.a.level.of.interference.which.is.comparable.to.the.one.of.a.Poisson.point.process..On.the.other.hand,.
the.type.I.process.generates.an.excess.interference.(relative.to.the.Poisson.case).which.grows.exponen-
tially.in.the.hard-core.distance.
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20.3.2.3.2  Interference from Randomly Punctured Poisson Networks

Consider.a.random.wireless.network,.where.the.field.of.simultaneous.transmitters.is.a.Poisson.point.
process,.denoted.by.Π..Assume.that.the.receiver.is.interested.in.the.signals.transmitted.by.kth.nearest.
transmitter.for.k.∈.T.and.T.represents.the.set.of.desired.transmitters..In.a.random.wireless.network,.
the.locations.of.the.desired.transmitter(s).are.random..By.excluding.the.desired.transmitter(s),. the.
field.of.interferers.will.be.a.randomly.punctured.version.of.Π..Examples.for.the.above.communica-
tions.scenario.include:.cooperative.communications.where.multiple.users.cooperate.to.transmit.their.
information.and.the.receiver.requires.the.signals.from.all.of.these.users.to.perform.signal.processing.
and.detect.their.signals;.or.multiuser.detection.where.the.receiver.wishes.to.detect.signals.from.mul-
tiple.users.

Most.of. the.works. for. interference.modeling. in.wireless.networks.assume.that. the. interferers.are.
distributed.according.to.a.PPP.and.isolate.the.desired.transmitter.from.this.point.process..The.desired.
transmitter.is.assumed.to.have.a.deterministic.fixed.distance.to.the.receiver.and.to.be.separate.from.the.
PPP. (e.g.,. [21–23]).. The. aggregate. interference. originated. from. a. Poisson. field. of. interferers. can. be.
modeled.as.a.random.sum.over.the.PPP.(see.Section.20.3.2.2)..In.a.more.realistic.scenario,.the.desired.
transmitter. (or. transmitters). also. belongs. to. the. point. process. that. models. the. field. of. concurrent.
transmitters.. By. excluding. the. desired. transmitter(s),. the. interference. is. coming. from. a. randomly.
punctured.PPP.

In.Reference.24,.an.approximation.approach.is.followed.to.obtain.the.statistics.of.interference.from.a.
randomly.punctured.Poisson.field.of.interferers..The.model.adopted.in.Reference.24.considers.carving.
out.annular.regions.with.inner.and.outer.radii.of.Rk−1.and.Rk+1.from.the.Euclidean.plane.for.any.k.∈.T..
The.resulting.region,.denoted.by.S,.contains.all.the.interferers..With.equal.transmission.power.levels.
from.the.interferers,.the.normalized.interference.power.perceived.at.the.receiver.is

.
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As.the. inner.and.outer.radii.of.annular.regions.are.random.variables,.S.has.random.boundaries..
Depending.on.the.indices.of.the.desired.transmitters,.the.annular.regions.may.overlap..For.example,.
for.T.=.{4,5},.the.regions:.{R3.≤.r.≤.R5}.and.{R4.≤.r.≤.R6}.overlap.and.the.excluded.region,.which.is.the.
union.of.these.annuli,.is.{R3.≤.r.≤.R6}..Considering.the.overlap,.the.excluded.region.consists.of.M.dis-
joint.annului.where.M.is.less.than.or.equal.to.the.number.of.desired.transmitters..Denoting.the.inner.
and. outer. radii. of. kth. such. annulus. are. denoted. as. Rk,l. and. Rk,u,. the. boundaries. of. region. S. are.
B R Rk

M
k l k u= =∪ 1{ , }, , ..For.example,.for.T.=.{4,5},.we.have.M.=.1.and.B.=.{R3,.R6}.and.for.T.=.{4,7},.we.have.

M.=.2.and.B.=.{R3,.R5,.R6,.R8}.
To. find. statistics. of. interference. power,. we. assume. that. the. punctured. point. process. keeps. its.

Poisson property.and.therefore.Campbell’s.Theorem.can.be.used.to.find.the.statistics.of.interference..
Conditioning.on.the.random.boundaries.(i.e.,.the.elements.of.B),.the.conditional.cumulants.of.inter-
ference. is. found. in. Reference. 24. and. law. of. total. cumulance. is. used. to. find. the. cumulants.. Defining.
Y R Rn i

M
i u

n
i l

n= − ∑ −=
− −1 1

2 2( ), ,
α α ,.the.conditional.cumulants.of.interference.power.are

.
κ

πλ
αn
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nI B E X
n Y| { } .( ) = −

2
2

The.mean.of.interference.is.therefore

.
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−
κ

πλ
α1 1

2
2
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where. E Y E R E Ri
M

i u i l{ } { } { }, ,1 1
2 21= − ∑ −( )=
− −α α ..For.variance,.the.law.of.total.cumulance.degenerates.to.the.

law.of.total.variance.and.we.have
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To.find.the.variance.of.interference,.as.can.be.seen.from.the.above.equation,.the.joint.statistics.of.Ri.
and.Rj,.i.≠.j,.are.required..The.joint.statistics.are.also.required.to.find.higher.cumulants.of.interference..
In. Reference. 24,. it. is. found. that. for. β. a. real. number. and. for. any. set. of. indices. {l1,. l2,. . . .,. ln}. where.
l1.<.l2.<.….<.ln,.the.joint.moments.can.be.found.using

.
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Assuming.the.field.of.simultaneous.transmitters.is.a.two-dimensional.Poisson.point.process.with.den-
sity.λ.=.0.5.and.the.desired.transmitter.is.node.k(i.e.,.kth.nearest.transmitter.to.the.receiver),.the.analyti-
cal.and.simulation.results.for.mean.and.variance.of.interference.are.shown.in.Figure.20.5..Rayleigh.fading.
with.E{X2}.=.1.and.path.loss.exponent.α.equals.4.is.assumed.to.obtain.these.results..As.shown.in.these.
figures,.the.obtained.analytical.results.and.simulation.values.for.interference.statistics.match.

20.4 interference Statistics and capacity

When.it.comes.to.the.capacity.of.multiuser.wireless.networks,.interference.is.conventionally.assumed.
to. have. the. characteristics. of. additive. white. Gaussian. noise. (AWGN).. With. this. assumption,. the.
well-known.results.for.capacity.of.additive.Gaussian.noise.channels.can.be.used.for.capacity.analy-
sis..This.assumption,.however,.is.the.most.pessimistic.one..This.can.be.seen.from.Shannon’s.capacity.
bound.for.general.additive.channels.[25]:

.
W P

N C W N
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Nlog log ,2

1
2

1 1
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≤ ≤ +

⎛
⎝⎜

⎞
⎠⎟

r r

.
(20.8)

where.Pr.is.the.received.power,.N1.is.the.entropy.power.of.interference.and.N.is.the.interference.power..To.
find.the.entropy.power,.complete.statistics.of.interference.is.required..For.a.given.N,.it.is.always.true.that.
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N1.≤.N. for. a. general. probability. distribution. of. interference. and. the. equality. holds. for. the. Gaussian-
distributed.interference..This.is.due.to.the.maximum entropy property.of.Gaussian.distribution..On.the.
other. hand,. both. upper. and. lower. bounds. of. capacity. decrease. with. entropy. power.. For. the. case. of.
Gaussian-distributed.interference,.capacity.is.minimum.and.the.bound.degenerates.to.equality.(N.=.N1.
and. C P N= +log ( ( )))2 1 / ..As.can.be.observed.from.the.above.equation,.to.maximize.the.upper.and.lower.
bounds.of.capacity.it.is.desirable.to.minimize.the.entropy.power.of.interference.for.a.given.interference.
power..In.Reference.26,.it.is.shown.that.using.the.Gram–Charlier.series.expansion.for.the.distribution.of.
interference,.we.have

.

N N
I1 2

24

=
⎛

⎝⎜
⎞

⎠⎟
exp ( )

.
kurt �

We.can.observe.that.to.minimize.the.entropy.power.of.interference.for.a.given.interference.power.
(variance),.its.kurtosis.needs.to.be.maximized..Kurtosis,.on.the.other.hand,.is.one.of.the.measures.used.
for.non-Gaussianity.of.random.variables..The.smaller.the.kurtosis.is,.the.closer.the.distribution.is.to.
Gaussian.

20.4.1 capacity improvement through interference Statistics Shaping

Now.that.we.have.demonstrated.the.effect.of.higher-order.statistics.of.interference.on.the.capacity,.in.
this. section. we. seek. to. answer. this. question:. is. it. possible. to. shape. the. statistics. of. interference. and.
thereby. improve. the. capacity?. To. answer. this. question,. we. first. consider. the. interference. zones. in. a.
Poisson.network.

Interference Zones:.In.Reference.27,.interference.power.from.a.Poisson.wireless.network.is.shown.to.
be.comprised.of.a.non-Gaussian.component,.mainly.from.the.interfering.nodes.close.to.the.receiver,.
and.a.Gaussian.component,.from.the.rest.of.interfering.nodes..These.components.are.shown.to.be.sta-
tistically.independent..The.Euclidean.plane.is.divided.into.the.regions:.{1.≤.r.<.Rb}.and.{r.≥.Rb},.where.Rb.
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FIGURE 20.5 Mean.and.variance.of.interference.versus.desired.transmitter.index.
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is.the.border.of.Gaussian.and.non-Gaussian.zones..The.interference.from.non-Gaussian.and.Gaussian.
regions.are.denoted.as. I�1 .and.I�2.respectively.

We.consider.two.cases.when.the.interfering.nodes.employ.power.control.and.the.nodes.inside.the.two.
interference.regions.employ.different.power.levels.P1.and.P2,.respectively,.and.the.case.that.there.is.no.
power.control. and.nodes. inside. the. two. regions.employ. the. same.power. level.. It.will.be. shown. that.
through.power.control,.it.is.possible.to.control.the.higher-order.statistics.of.interference.and.particu-
larly.the.kurtosis.of.interference.

Interference Statistic with Power Control:.The.aggregate.interference.at.the.primary.receiver.will.be.
I I I� � �= +1 2 ..By.defining

.
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and.assuming.nodes.in.these.regions.use.the.power.levels.P1.and.P2.respectively,.we.have
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With.the.above.definitions,.κn I( )�
1 .can.be.found.by.modifying.Equation.20.5.as
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Similarly,.κn I( )�
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Using.the.independence.of.I�1.and. I�2 ,.we.have.κ κ κn n nI I I( ) ( ) ( )� � �= +1 2 ..Note.that.the.interference.will.
be.zero.mean.as.κ κ κ1 1 1 1 2 0( ) ( ) ( )I I I� � �= + = ..The.kurtosis.of.interference.will.be
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When. there. is. no. power. control. and. the. same. power. level. is. used. in. the. interference. zones. (i.e.,.
P1.=.P2),.the.kurtosis.is.a.fixed.value:
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.
Kurtosis( ) ( ) ,I A B

A B
� =

+
+

4 4

2 2
2

and.independent.of.the.choice.of.power.level.
Capacity Maximization Problem:.As.shown.in.Equation.20.8,.to.maximize.the.capacity,.it.is.desirable.

to.maximize. the.entropy.power.N1..By.choosing. the.appropriate. levels.of.P1.and.P2,. capacity.can.be.
increased..Generally,.following.optimization.problem.can.be.solved.to.maximize.the.entropy.power:
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where.Pmin.and.Pmax.are.the.minimum.and.maximum.acceptable.power.levels.and.are.system-defined.
parameters.

20.5 Applications in cognitive Radio networks

Cognitive.radios.(CR).are.the.enabling.technology.for.dynamic.spectrum.access.(DSA)..In.this.access.
paradigm,.an.existing.network.which.has.an.exclusive.access.right.to.a.certain.spectrum.band.and.com-
monly. known. as. Primary Network. coexists. and. shares. the. spectrum. with. an. unlicensed. Secondary 
Network..The.secondary.network.can.coexist.with.the.primary.provided.that.the.interference.from.the.
secondary.users.is.below.a.certain.threshold.and.does.not.cause.any.problem.in.detection.of.the.primary.
data.[28]..In.other.words,.the.presence.of.the.secondary.network.should.go.unnoticed.by.the.primary.
users..In.this.section,.we.discuss.some.of.the.previous.results.for.interference.modeling.in.the.context.of.
cognitive.radio.networks.

To.avoid.interference,.a.secondary.unlicensed.device.has.to.fulfill.node-level.as.well.as.network-level.
obligations..At.the.node.level,.it.is.only.allowed.to.transmit.if.it.does.not.detect.data.reception.from.its.
nearby.primary.neighbors..This.is.typically.satisfied.by.secondary.nodes.performing.spectrum.sensing..
Two.well-known.spectrum.sensing.approaches.are.in-band.and.out-of-band.sensing.[29,30]..In.in-band.
sensing,.a.secondary.device.periodically.(say.every.τ.seconds).ceases.its.transmission.on.the.primary.
network’s.spectrum.band,.senses.the.channel.and.quits.transmission.if.it.detects.primary.activity..The.
choice.of.τ.depends.on.the.sensitivity.of.a.primary.receiver. to. the.secondary. interference..The.more.
sensitive.the.primary.user.is.the.smaller.the.τ.must.be..In.out-of.band.sensing,.a.primary.receiver.makes.
its.presence.known.to. the.secondary.users.by. transmitting.a.beacon.signal.on.a.control.out-of-band.
channel..Upon.detecting.this.beacon,.a.secondary.device.knows.that.a.primary.receiver.is.in.its.range.
and.therefore.avoids.transmission..In.the.following,.we.assume.out-of.band.spectrum.sensing.in.our.
analysis..We.also.assume.that.there.is.full.correlation.between.the.control.channel.and.the.primary.data.
channel..This.can.be.justified.when.the.frequency.separation.of.two.channels.is.less.than.the.coherence.
bandwidth.of.channel.

Denoting.the.amplitude.of.aggregate.secondary.interference.by.IS,.the.interference.constraint.is.shown.as

. Pr{ } .IS
2 > <β ε . (20.9)

where.β.and.ε.are.system-defined.parameters.
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System Model:.We.focus.on.a.primary.base.station.(BS).coexisting.with.an.infinite.secondary.network.
with.nodes.randomly.distributed.according.to.a.Poisson.point.process.with.density.λ..The.primary.BS.is.
assumed.to.be.located.at.the.origin..Similar.to.Section.20.3.2,.we.assume.that.no.secondary.node.can.be.
physically.located.at.distances.smaller.than.1.to.the.BS..This.will.circumvent.the.invalidity.of.power-law.
path.loss.model.for.distances.smaller.than.1..We.denote.the.ith.closest.secondary.neighbor.to.the.primary.
BS.as.node.i.and.its.distance.as.RS,i..Secondary.nodes.are.assumed.to.transmit.at.the.same.power.level.
equal.to.PS.

Spectrum Sensing Model:. an. out-of-band. spectrum. sensing. where. a. primary. receiver. indicates. its.
reception.activity.by.transmitting.a.beacon.on.a.control.out-of-band.channel.is.considered..The.second-
ary.nodes.that.detect.this.beacon.signal.avoid.transmission..Assume.that.the.power.of.beacon.signal.is.
Pb. and. the. channel. power. gain. from. node. i. to. the. primary. receiver. is. X Ri i

2
S ,
α ,. where. {Xi}. are. i.i.d..

Rayleigh.random.variables.with. E Xi{ }2 1= ..Node.i.will.therefore.interfere.with.the.primary.receiver.if.
the.SNR.of.bean.is.less.than.a.system-defined.threshold..This.happens.if. P X NRi ib S

2
0,

α γ< ,.where.N is.the.
noise.power,.α.is.the.path.loss.exponent.and.γ0.is.the.threshold.SNR.for.detection.of.the.beacon.

Aggregate Interference Model:.The.aggregate.interference.amplitude.has.the.same.form.as.Equation.
20.4.with.necessary.modification.to.include.the.spectrum.sensing.factor:
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The.received.interference.signal.from.node.i.will.be. P a X R t P X NRi i i i i iS S b S/ ,
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where.1(.).is.an.indicator.function.which.takes.the.value.1.if.node.i.cannot.sense.the.beacon.and.there-
fore.contribute.to.the.aggregate.interference..Note.that.node.i.will.sense.the.primary.activity.and.avoid.
transmission.only.if. ( ) ( ),X R N Pi i

2
0/ /S b

α γ< .or. R P X Ni iS b,
/( )> 2

0
1/γ α .where. ( ) /P X Nib

2
0

1/γ α .can.be.inter-
preted.as.the.sensing.range.for.a.given.level.of.fading.Xi.

Statistics of interference from secondary networks:.Using.Campbell’s.Theorem,
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. (20.10)

where. h x P x N( ) ( ) /= b
2

0
1/γ α .is.the.sensing.range.and.μn.is.found.in.Equation.20.7..It.is.possible.to.further.

simplify.κn(IS).by.splitting.the.integral.in.Equation.20.10.into.two.parts.as.follows:
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where.x N P1 0= ( )γ / b .is.the.fading.value.which.results.in.sensing.range.equal.to.1..After.simplification,
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(20.11)

When.X.has.Rayleigh.distribution.with.E{X2}.=.1,.the.pdf.of.X.is. f x x xX
x( ) ,= ≥−2 02e .and.for.A,.B,.

and.C.real.numbers,.we.have
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where.Γl(.).and.Γu(.).are.the.lower.and.upper.incomplete.gamma.functions.respectively.[31]..These.results.
can.be.used.to.find.κn(IS).in.Equation.20.11.

Considering.a.Poisson.field.of.secondary.interference.with.density.λ.=.0.01.and.assuming.Pb.=.10.μW,.
N.=.1.μW,.and.γ0.=.−30.dB,.the.second.cumulant.of.interference.(i.e.,.κ2(IS)).for.the.cases.that.nodes.are.
equipped.or.are.not.equipped.with.spectrum.sensing.are.shown.in.Figure.20.6..Analytical.results.are.
shown. along. with. the. simulation. values. for. each.case..Note. that. the. case.of.no. spectrum. sensing. is.
equivalent.to.assuming.γ0.=.∞..These.results.indicate.that.spectrum.sensing.significantly.decreases.the.
power.of.secondary.interference.perceived.at.the.primary.receiver.

Interference avoidance in cognitive radio networks:.Now.that.statistical.models.for.secondary.interfer-
ence.are.found,.question.arises.as.to.how.the.interference.power.constraint.can.be.satisfied.by.tuning.the.
parameters.of. the. secondary.network’s. interference. statistics..The.secondary.network.can.adjust. the.
statistical.parameters.of.interference.either.by.controlling.the.density.of.interfering.secondary.nodes.
(e.g.,.through.media.access.(MAC).regulation.techniques).or.by.controlling.the.power.level(s).chosen.by.
secondary.nodes..In.the.following,.the.power.control.for.secondary.network.as.a.means.for.satisfying.
the.interference.constraint.is.discussed.

Using.the.interference.constraint.given.in.Equation.20.9,.a.probability.distribution.function.for.inter-
ference.needs.to.be.specified..Interference.has.been.approximated.using.different.probability.distribu-
tion. functions,. including. Gaussian. distribution. [32]. (which. requires. up. to. second-order. statistics),.
generalized.Gaussian.distribution.[33].(which.requires.up.to.fourth-order.statistics),.Gaussian.mixture.
distribution.[34],.and.so.on.
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Assuming. a. Gaussian. distribution. for. interference. statistics. and. using. the. interference. constraint.
given.in.Equation.20.9,.we.must.have
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With. a. generalized. Gaussian. assumption. for. interference,. interference. statistics. up. to. fourth.
order.need.to.be.considered..The.PDF.of.a.zero-mean.generalized.Gaussian.interference.can.be.writ-
ten.as
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where.θ.>.0.is.the.shape.parameter.and.ρ.>.0.is.the.scale.parameter..The.variance.and.the.kurtosis.of.a.
generalized.Gaussian.distribution.are.given.by
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where.ρ.and.θ.are.the.shape.and.scale.parameters,.respectively,.and.the.kurtosis.equals.( ( ) ( ))κ κ4 2
2I IS S/ ..

The.shape.and.scale.parameters.can.be.uniquely.determined.by.solving.the.above.equations.for.a.given.
variance.and.kurtosis.of.interference.

For.a.generalized.gamma.distributed.IS,.we.have.[35]
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The.choice.of.PS.influences.on.the.variance.and.kurtosis.and.through.them.on.the.shape.and.scale.
parameters.of.interference.and.consequently,.on. Pr{ }IS

2 > β ..The.power.level.can.therefore.be.adjusted.so.
that. Pr{ }IS

2 > <β ε.and.interference.constraint.is.satisfied.

20.6 conclusions

Emerging.wireless.networks.tend.to.favor.distributed.resource.allocation.and.local.interference.man-
agement..The.effect.of.aggregate.interference.may.be.significant.in.a.large.wireless.network..Interference,.
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on. the. other. hand,. limits. the. networks. performance. in. terms. of. capacity,. outage. and. connectivity..
Statistical.modeling.of.interference.is.important.for.performance.evaluation.and.design.of.wireless.net-
works..In.this.chapter,.we.consider.modeling.of.interference.assuming.deterministic.and.random.net-
work.geometries..The.effect.of.interference.statistics.on.capacity.and.capacity.enhancement.by.shaping.
higher-order.statistics.of.interference.is.discussed..Some.applications.of.the.obtained.results.in.cognitive.
radio.networks.are.also.examined.
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21.1 introduction

Designing.a.cellular.network.is.a.challenging.task.that.invites.engineers.to.exercise.all.their.knowledge.
in.telecommunications..Although.it.may.not.be.necessary.to.work.as.an.expert.in.all.of.the.fields,.the.
interrelationship.among.the.areas.involved.impels.the.designer.to.naturally.search.for.a.deeper.under-
standing.of.the.main.phenomenon..In.other.words,.the.time.for.segregation,.when.radio.engineers.and.
traffic.engineers.would.not.talk.to.each.other,.at.least.through.a.common.vocabulary,.is.probably.gone.

A.great.many.aspects.must.be.considered.in.a.cellular.network.planning..The.main.ones.include.the.
following.

Radio Propagation:.Here.the.topography.and.the.morphology.of.the.terrain,.the.urbanization.fac-
tor.and.the.clutter.factor.of.the.city,.and.some.other.aspects.of.the.target.geographical.region.
under.investigation.will.constitute.the.input.data.for.the.radio.coverage.design.

Frequency Regulation and Planning:.In.most.countries.there.is.a.centralized.organization,.usually.
performed.by.a.government.entity,.regulating.the.assignment.and.use.of.the.radio.spectrum..
The.frequency.planning.within.the.assigned.spectrum.should.then.be.made.so.that.interfer-
ences.are.minimized.and.the.traffic.demand.is.satisfied.

Modulation:.As.far.as.analog.systems.are.concerned,.the.narrowband.FM.is.widely.used.due.to.its.
remarkable. performance. in. the. presence. of. fading.. The. North. American. Digital. Cellular.
Standard.IS-54.proposes.the.π/4.differential.quadrature.phase-shift.keying.(π/4.DQPSK).mod-
ulation,.whereas.the.Global.Standard.for.Mobile.Communications.(GSM).establishes.the.use.
of.the.Gaussian.minimum-shift.keying.(GMSK).

Antenna Design:.To.cover.large.areas.and.for.low-traffic.applications.omnidirectional.antennas.
are. .recommended..Some.systems.at. their. inception.may.have. these.characteristics,.and. the.
utilization. of. omnidirectional. antennas. certainly. keeps. the. initial. investment. low.. As. the.
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.traffic.demand.increases,.the.use.of.some.sort.of.capacity.enhancement.technique.to.meet.the.
demand,.such.as.replacing.the.omnidirectional.by.directional.antennas,.is.mandatory.

Transmission Planning:.The.structure.of.the.channels,.both.for.signaling.and.for.voice,.is.one.of.
the.aspects.to.be.considered.in.this.topic..Other.aspects.include.the.performance.of.the.trans-
mission.components.(power.capacity,.noise,.bandwidth,.stability,.etc.).and.the.design.or.speci-
fication.of.transmitters.and.receivers.

Switching Exchange:. In.most.cases.this.consists.of.adapting.the.existing.switching.network.for.
mobile.radio.communication.purposes.

Teletraffic:.For.a.given.grade.of.service.and.number.of.channels.available,.how.many.subscribers.
can. be. accommodated. into. the. system?. What. is. the. proportion. of. voice. and. signaling.
channels?

Software Design:.With.the.use.of.microprocessors.throughout.the.system.there.are.software.appli-
cations.in.the.mobile.unit,.in.the.base.station,.and.in.the.switching.exchange.

Other.aspects,.such.as.human.factors,.economics,.and.so.on,.will.also.influence.the.design.
This.chapter.outlines.the.aspects.involving.the.basic.design.steps.in.cellular.network.planning..Topics,.

such.as.traffic.engineering,.cell.coverage,.and.interference,.will.be.covered,.and.application.examples.
will.be.given.throughout.the.section.so.as.to.illustrate.the.main.ideas..We.start.by.recalling.the.basic.
concepts. including. cellular principles, performance measures and system requirements,. and. system 
expansion techniques.

21.2 cellular Principles

The.basic.idea.of.the.cellular.concept.is.frequency reuse.in.which.the.same.set.of.channels.can.be.reused.
in.different.geographical.locations.sufficiently.apart.from.each.other.so.that.co-channel interference.is.
within.tolerable.limits..The.set.of.channels.available.in.the.system.is.assigned.to.a.group.of.cells.consti-
tuting.the.cluster..Cells.are.assumed.to.have.a.regular hexagonal.shape.and.the.number.of.cells.per.clus-
ter.determines.the.repeat pattern..Because.of.the.hexagonal.geometry.only.certain.repeat.patterns.can.
tessellate..The.number.N.of.cells.per.cluster.is.given.by

. N i ij j= + +2 2
. (21.1)

where.i.and.j.are.integers..From.Equation.21.1.we.note.that.the.clusters.can.accommodate.only.certain.
numbers.of.cells.such.as.1,.3,.4,.7,.9,.12,.13,.16,.19,.21.most.common.being.4.and.7..The.number.of.cells.
per.cluster.is.intuitively.related.with.system.capacity.as.well.as.with.transmission.quality..The.fewer.cells.
per.cluster,.the.larger.the.number.of.channels.per.cell.(higher.traffic.carrying.capacity).and.the.closer.
the. co-cells. (potentially. more. co-channel. interference).. An. important. parameter. of. a. cellular. layout.
relating.these.entities.is.the.D/R.ratio,.where.D.is.the.distance.between.co-cells.and.R.is.the.cell.radius..
In.a.hexagonal.geometry.it.is.found.that

. D R N/ = 3 . (21.2)

21.3 Performance Measures and System Requirements

Two.parameters.are.intimately.related.with.the.grade.of.service.of.the.cellular.systems:.carrier-to-
co-channel.interference.ratio.and.blocking.probability.

A.high.carrier-to-co-channel.interference.ratio.in.connection.with.a.low-blocking.probability.is.the.
desirable.situation..This.can.be.accomplished,.for.instance,.in.a.large.cluster.with.a.low-traffic.condition..
In.such.a.case.the.required.grade.of.service.can.be.achieved,.although.the.resources.may.not.be..efficiently.
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utilized..Therefore,.a.measure.of.efficiency.is.of.interest..The.spectrum.efficiency.ηs.expressed.in.erlang.
per.square.meter.per.hertz,.yields.a.measure.of.how.efficiently.space,.frequency,.and.time.are.used,.and.
it.is.given.by

.
ηs = ×

number of reuses
coverage area

number of channels
bandwidtth available

time the channel is busy
total time of the ch× aannel

Another.measure.of.interest.is.the.trunking.efficiency.in.which.the.number.of.subscribers.per.chan-
nel.is.obtained.as.a.function.of.the.number.of.channels.per.cell.for.different.values.of.blocking.probabil-
ity..As.an.example,.assume.that.a.cell.operates.with.40.channels.and.that.the.mean.blocking.probability.
is.required.to.be.5%..Using.the.erlang-B.formula.(refer.to.the.Traffic.Engineering.section.of.this.chapter),.
the.traffic.offered.is.calculated.as.34.6.erlang..If.the.traffic.per.subscriber.is.assumed.to.be.0.02.erl,.a.total.
of. 34.6/0.02.=.1730. subscribers. in. the. cell. is. found.. In. other. words,. the. trunking. efficiency. is.
1730/40.=.43.25.subscribers.per.channel.in.a.40-channel.cell..Simple.calculations.show.that.the.trunk-
ing.efficiency.decreases.rapidly.when.the.number.of.channels.per.cell.falls.below.20.

The.basic.specifications.require.cellular.services.to.be.offered.with.a.fixed.telephone.network.quality..
Blocking.probability.should.be.kept.below.2%..As. for. the. transmission.aspect,. the.aim.is. to.provide.
good-quality.service.for.90%.of.the.time..Transmission.quality.concerns.the.following.parameters:

•. Signal-to-co-channel.interference.(S/Ic).ratio
•. Carrier-to-co-channel.interference.ratio.(C/Ic)
•. Signal.plus.noise.plus.distortion-to-noise.plus.distortion.(SINAD).ratio
•. Signal-to-noise.(S/N).ratio
•. Adjacent.channel.interference.selectivity.(ACS)

The.S/Ic.is.a.subjective.measure,.usually.taken.to.be.around.17.dB..The.corresponding.C/Ic.depends.on.
the.modulation.scheme..For.instance,.this.is.around.8.dB.for.25-kHz.FM,.12.dB.for.12.5-kHz.FM,.and.
7.dB.for.GMSK,.but.the.requirements.may.vary.from.system.to.system..A.common.figure.for.SINAD.is.
12.dB.for.25-kHz.FM..The.minimum.S/N.requirement.is.18.dB,.whereas.ACS.is.specified.to.be.no.less.
than.70.dB.

21.4 System expansion techniques

The.obvious.and.most.common.way.of.permitting.more.subscribers. into. the.network. is.by.allowing.
system.performance.degradation.but.within.acceptable.levels..The.question.is.how.to.objectively.define.
what.is.acceptable..In.general,.the.subscribers.are.more.likely.to.tolerate.a.poor-quality.service.rather.
than.not.having.the.service.at.all..Some.alternative.expansion.techniques,.however,.do.exist.that.can.be.
applied.to.increase.the.system.capacity..The.most.widely.known.are.as.follows.

Adding New Channels:.In.general,.when.the.system.is.set.up.not.all.the.channels.need.to.be.used,.
and.growth.and.expansion.can.be.planned.in.an.orderly.manner.by.utilizing.the.channels.that.
are.still.available.

Frequency Borrowing:.If.some.cells.become.more.overloaded.than.others,. it.may.be.possible.to.
reallocate. channels. by. transferring. frequencies. so. that. the. traffic. demand. can. be.
accommodated.

Change of Cell Pattern:.Smaller.clusters.can.be.used.to.allow.more.channels.to.attend.a.bigger.
.traffic.demand.at.the.expense.of.a.degradation.of.the.transmission.quality.

Cell Splitting:. By. reducing. the. size. of. the. cells,. more. cells. per. area,. and. consequently. more.
channels.per.area,.are.used.with.a.consequent.increase.in.traffic.capacity..A.radius.reduction.
by. a. factor. of. f. reduces. the. coverage. area. and. increases. the. number. of. base. stations. by. a.
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.factor.of.f  2.Cell.splitting.usually.takes.place.at.the.midpoint.of.the.congested.areas.and.is.so.
planned.in.order.that.the.old.base.stations.are.kept.

Sectorization:.A.cell.is.divided.into.a.number.of.sectors,.three.and.six.being.the.most.common.
arrangements,.each.of.which.is.served.by.a.different.set.of.channels.and.illuminated.by.a.direc-
tional.antenna..The.sector,.therefore,.can.be.considered.as.a.new.cell..The.base.stations.can.be.
located.either.at.the.center.or.at.the.corner.of.the.cell..The.cells.in.the.first.case.are.referred.to.
as.center-excited.cells.and.in.the.second.as.corner-excited.cells..Directional.antennas.cut.down.
the.co-channel.interference,.allowing.the.co-cells.to.be.more.closely.spaced..Closer.cell.spac-
ing.implies.smaller.D/R.ratio,.corresponding.to.smaller.clusters,.that.is,.higher.capacity.

Channel Allocation Algorithms:.The.efficient.use.of.channels.determines.the.good.performance.of.
the.system.and.can.be.obtained.by.different.channel.assignment.techniques..The.most.widely.
used.algorithm.is.based.on.fixed.allocation..Dynamic.allocation.strategies.may.give.better.per-
formance.but.are.very.dependent.on.the.traffic.profile.and.are.usually.difficult.to.implement.

21.5 Basic Design Steps

Engineering.a.cellular.system.to.meet.the.required.objectives.is.not.a.straightforward.task..It.demands.
a.great.deal.of.information,.such.as.market.demographics,.area.to.be.served,.traffic.offered,.and.other.
data.not.usually.available.in.the.earlier.stages.of.system.design..As.the.network.evolves,.additional.sta-
tistics.will.help.the.system.performance.assessment.and.replanning..The.main.steps.in.a.cellular.system.
design.are.as.follows.

Definition of the Service Area:.In.general,.the.responsibility.for.this.step.of.the.project.lies.on.the.
operating.companies.and.constitutes.a.tricky.task,.because.it.depends.on.the.market.demo-
graphics.and,.consequently,.on.how.much.the.company.is.willing.to.invest.

Definition of the Traffic Profile:.As.before,.this.step.depends.on.the.market.demographics.and.is.
estimated.by.taking.into.account.the.number.of.potential.subscribers.within.the.service.area.

Choice of Reuse Pattern:.Given.the.traffic.distribution.and.the.interference.requirements.a.choice.
of.the.reuse.pattern.is.carried.out.

Location of the Base Stations:.The.location.of.the.first.base.station.constitutes.an.important.step..
A.significant.parameter.to.be.taken.into.account.in.this.is.the.relevance.of.the.region.to.be.
served..The.base.station.location.is.chosen.so.as.to.be.at.the.center.of.or.as.close.as.possible.to.
the.target.region..Data,.such.as.available.infrastructure.and.land,.as.well.as.local.regulations.
are.taken.into.consideration.in.this.step..The.cell.radius.is.defined.as.a.function.of.the.traffic.
distribution..In.urban.areas,.where.the.traffic.is.more.heavily.concentrated,.smaller.cells.are.
chosen.so.as.to.attend.the.demand.with.the.available.channels..In.suburban.and.in.rural.areas,.
the.radius.is.chosen.to.be.large.because.the.traffic.demand.tends.to.be.small..Once.the.place-
ment.of.the.first.base.station.has.been.defined,.the.others.will.be.accommodated.in.accordance.
with.the.repeat.pattern.chosen.

Radio Coverage Prediction:.Given.the.topography.and.the.morphology.of.the.terrain,.a.radio.pre-
diction.algorithm,.implemented.in.the.computer,.can.be.used.to.predict.the.signal.strength.in.
the. geographic. region.. An. alternative. to. this. relies. on. field. measurements. with. the. use. of.
appropriate.equipment..The.first.option.is.usually.less.costly.and.is.widely.used.

Design Checkup:.At.this.point.it.is.necessary.to.check.whether.or.not.the.parameters.with.which.the.
system.has.been.designed.satisfy.the.requirements..For.instance,.it.may.be.necessary.to.re-evaluate.
the.base.station.location,.the.antenna.height,.and.so.on,.so.that.better.performance.can.be.attained.

Field Measurements:.For.a.better.tuning.of.the.parameters.involved,.field.measurements.(radio.
survey).should.be.included.in.the.design..This.can.be.carried.out.with.transmitters.and.towers.
provisionally.set.up.at.the.locations.initially.defined.for.the.base.station.

The.cost.assessment.may.require.that.a.redesign.of.the.system.should.be.carried.out.
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21.6 traffic engineering

The.starting.point.for.engineering.the.traffic.is.the.knowledge.of.the.required.grade.of.service..This.is.
usually.specified.to.be.around.2%.during.the.busy.hour..The.question.lies.on.defining.the.busy.hour..
There.are.usually.three.possible.definitions:.(1).busy.hour.at.the.busiest.cell,.(2).system.busy.hour,.and.
(3).system.average.over.all.hours.

The.estimate.of.the.subscriber.usage.rate.is.usually.made.on.a.demographic.basis.from.which.the.traf-
fic.distribution.can.be.worked.out.and.the.cell.areas.identified..Given.the.repeat.pattern.(cluster.size),.the.
cluster.with.the.highest.traffic.is.chosen.for.the.initial.design..The.traffic.A.in.each.cell.is.estimated.and,.
with.the.desired.blocking.probability.E(A, M),.the.erlang-B.formula.as.given.by.Equation.21.3.is.used.to.
determine.the.number.of.channels.per.cell,.M
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In.case.the.total.number.of.available.channels.is.not.large.enough.to.provide.the.required.grade.of.
service,.the.area.covered.by.the.cluster.should.be.reduced.in.order.to.reduce.the.traffic.per.cell..In.such.
a.case,.a.new.study.on.the.interference.problems.must.be.carried.out..The.other.clusters.can.reuse.the.
same.channels.according.to.the.reuse.pattern..Not.all.channels.need.to.be.provided.by.the.base.stations.
of.those.cells.where.the.traffic.is.supposedly.smaller.than.that.of.the.heaviest.loaded.cluster..They.will.
eventually.be.used.as.the.system.grows.

The.traffic.distribution.varies.in.time.and.space,.but.it.is.commonly.bell.shaped..High.concentrations.
are.found.in.the.city.center.during.the.rush.hour,.decreasing.toward.the.outskirts..After.the.busy.hour.
and.toward.the.end.of.the.day,.this.concentration.changes.as.the.users.move.from.the.town.center.to.
their.homes..Note.that.because.of.the.mobility.of.the.users.handoffs.and.roaming.are.always.occurring,.
reducing.the.channel.holding.times.in.the.cell.where.the.calls.are.generated.and.increasing.the.traffic.in.
the.cell.where.the.mobiles.travel..Accordingly,.the.erlang-B.formula.is,.in.fact,.a.rough.approximation.
used.to.model.the.traffic.process.in.this.ever-changing.environment..A.full.investigation.of.the.traffic.
performance.in.such.a.dynamic.system.requires.all.the.phenomena.to.be.taken.into.account,.making.
any.traffic.model.intricate..Software.simulation.packages.can.be.used.so.as.to.facilitate.the.understand-
ing.of.the.main.phenomena.as.well.as.to.help.system.planning..This.is.a.useful.alternative.to.the.complex.
modeling,. typically.present. in. the.analysis.of.cellular.networks,.where.closed-form.solutions.are.not.
usually.available.

On.the.other.hand,.conventional.traffic.theory,.in.particular,.the.erlang-B.formula,.is.a.handy.tool.widely.
used.in.cellular.planning..At.the.inception.of.the.system.the.calculations.are.carried.out.based.on.the.best.
available.traffic.estimates,.and.the.system.capacity.is.obtained.by.grossly.exaggerating.the.calculated.figures..
With.the.system.in.operation.some.adjustments.must.be.made.so.that.the.requirements.are.met.

The.approach.just.mentioned.assumes.the.simplest.channel.assignment.algorithm:.the.fixed.alloca-
tion..It.has.the.maximum.spatial.efficiency.in.channel.reuse,.since.the.channels.are.always.assigned.at.
the.minimum.reuse.distance..Moreover,.because.each.cell.has.a.fixed.set.of.channels,.the.channel.assign-
ment.control.for.the.calls.can.be.distributed.among.the.base.stations.

The.main.problem.of.fixed.allocation.is.its.inability.to.deal.with.the.alteration.of.the.traffic.pattern..
Because.of. the.mobility.of. the.subscribers,.some.cells.may.experience.a.sudden.growth.in.the.traffic.
offered,.with.a.consequent.deterioration.of.the.grade.of.service,.whereas.other.cells.may.have.free.chan-
nels.that.cannot.be.used.by.the.congested.cells.

A.possible.solution.for.this.is.the.use.of.dynamic.channel.allocation.algorithms.in.which.the.channels.
are. allocated. on. a. demand. basis.. There. is. an. infinitude. of. strategies. using. the. dynamic. assignment.
.principles,. but. they. are. usually. complex. to. implement.. An. interim. solution. can. be. exercised. if. the.
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change.of.the.traffic.pattern.is.predictable..For.instance,.if.a.region.is.likely.to.have.an.increase.of.the.
traffic.on.a.given.day.(say,.a.football.stadium.on.a.match.day),.a.mobile.base.station.can.be.moved.toward.
such.a.region.in.order.to.alleviate.the.local.base.

Another.specific.solution.uses.the.traffic.available.at.the.boundary.between.cells.that.may.well.com-
municate.with.more. than.one.base. station.. In. this. case,. a. call. that. is.blocked. in. its.own.cell. can.be.
directed.to.the.neighboring.cell.to.be.served.by.its.base.station..This.strategy,.called.directed retry,. is.
known.to.substantially.improve.the.traffic.capacity..On.the.other.hand,.because.channels.with.margin-
ally.acceptable.transmission.quality.may.be.used,.an.increase.in.the.interference.levels,.both.for.adjacent.
channel.and.for.co-channel,.can.be.expected..Moreover,.subscribers.with.radio.access.only.to.their.own.
base.will.experience.an.increase.in.blocking.probability.

21.7 cell coverage

The.propagation.of.energy.in.a.mobile.radio.environment.is.strongly.influenced.by.several.factors,.includ-
ing.the.natural.and.artificial.relief,.propagation.frequency,.antenna.heights,.and.others..A.precise.charac-
terization.of.the.signal.variability.in.this.environment.constitutes.a.hard.task..Deterministic.methods,.
such.as.those.described.by.the free space, plane earth,.and.knife-edge diffraction.propagation.models,.are.
restricted.to.very.simple.situations..They.are.useful,.however,.in.providing.the.basic.mechanisms.of.prop-
agation..Empirical.methods,.such.as.those.proposed.by.many.researchers.(e.g.,.[1,4,5,8];.and.others),.use.
curves.and/or.formulas.based.on.field.measurements,.some.of.them.including.deterministic.solutions.
with.various.correction.factors.to.account.for.the.propagation.frequency,.antenna.height,.polarization,.
type.of.terrain,.and.so.on..Because.of.the.random.characteristics.of.the.mobile.radio.signal,.however,.a.
single. deterministic. treatment. of. this. signal. will. certainly. lead. the. problem. to. a. simplistic. solution..
Therefore,.we.may.treat.the.signal.on.a.statistical.basis.and.interpret.the.results.as.random.events.occur-
ring.with.a.given.probability..The.cell.coverage.area.is.then.determined.as.the.proportion.of.locations.
where.the.received.signal.is.greater.than.a.certain.threshold.considered.to.be.satisfactory.

Suppose.that.at.a.specified.distance.from.the.base.station.the.mean signal strength.is.considered.to.be.
known..Given.this.we.want. to.determine.the.cell. radius.such.that. the.mobiles.experience.a.received.
signal.above.a.certain.threshold.with.a.stipulated.probability..The.mean.signal.strength.can.be.deter-
mined.either.by.any.of.the.prediction.models.or.by.field.measurements..As.for.the.statistics.of.the.mobile.
radio.signal,.five.distributions.are.widely.accepted.today:.lognormal,.Rayleigh,.Suzuki.[11],.Rice,.and.
Nakagami..The.lognormal.distribution.describes.the.variation.of.the.mean.signal.level.(large-scale.vari-
ations).for.points.having.the.same.transmitter–receiver.antennas.separation,.whereas.the.other.distribu-
tions.characterize.the.instantaneous.variations.(small-scale.variations).of.the.signal..In.the.calculations.
that. follow. we. assume.a. lognormal. environment.. The.other. environments. can. be.analyzed. in. a. like.
manner;.although.this.may.not.be.of.interest.if.some.sort.of.diversity.is.implemented,.because.then.the.
effects.of.the.small-scale.variations.are.minimized.

21.7.1 Propagation Model

Define.mw.and.k.as.the.mean.powers.at.distances.x.and.x0,.respectively,.such.that

.
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where.α.is.the.path.loss.coefficient..Expressed.in.decibels,.Mw.=.10.log.mw,.K.=.10.log.k.and
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Define.the.received.power.as.w = υ2/2,.where.υ.is.the.received.envelope..Let.p(W).be.the.probability.
density. function.of. the.received.power.W,.where.W.=.10.log.w.. In.a. lognormal.environment,.v.has.a.
lognormal.distribution.and
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where.Mw.is.the.mean.and.σw.is.the.standard.deviation,.all.given.in.decibels..Define.wT.and.WT.=.10.log.wT.
as.the.threshold.above.which.the.received.signal.is.considered.to.be.satisfactory..The.probability.that.the.
received.signal.is.below.this.threshold.is.its.probability distribution function P(Wt),.such.that
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Where.erf().is.the.error.function.defined.as

.
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21.7.2 Base Station coverage

The.problem.of.estimating.the.cell.area.can.be.approached.in.two.different.ways..In.the.first.approach,.we.may.
wish.to.determine.the.proportion.β.of.locations.at.x0.where.the.received.signal.power.w.is.above.the.threshold.
power.wT..In.the.second.approach,.we.may.estimate.the.proportion.μ.of.the.circular.area.defined.by.x0.where.
the.signal.is.above.this.threshold..In.the.first.case,.this.proportion.is.averaged.over.the.perimeter.of.the.cir-
cumference.(cell.border);.whereas.in.the.second.approach,.the.average.is.over.the.circular.area.(cell.area).

The.proportion.β.equals.the.probability.that.the.signal.at.x0.is.greater.than.this.threshold..Hence,

. β = ≥ = −prob( ) ( )W W P WT T1 . (21.9)

Using.Equations.21.5.and.21.7.in.Equation.21.9.we.obtain
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This.probability.is.plotted.in.Figure.21.1,.for.x.=.x0.(cell.border).
Let.prob(W.≥.WT).be.the.probability.of.the.received.power.WT.being.above.the.threshold.WT.within.

an.infinitesimal.area.dS..Accordingly,.the.proportion.μ.of.locations.within.the.circular.area.S.experienc-
ing.such.a.condition.is

.
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where.S = πr2.and.dS = x.dxdθ..Note.that.0.≤.x.≤.x0.and.0.≤.θ.≤.2π..Therefore,.solving.for.dθ,..we.obtain

.
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(21.12)

where.u = x/x0.is.the.normalized.distance.
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Inserting.Equation.21.10.into.Equation.21.12.results.in
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where. a K W b eT w w= − =( )/ ( )/2 10 2σ α σ and  log .
These.probabilities.are.plotted.in.Figure.21.1.for.different.values.of.standard.deviation.and.path.loss.

coefficients.

21.7.3 Application examples

From.the.theory.that.has.been.developed.it.can.be.seen.that.the.parameters.affecting.the.probabilities.β.
and.μ.for.cell.coverage.are.the.path.loss.coefficient.α,.the.standard.deviation.σw,.the.required.threshold.
WT,.and.a.certain.power.level.K,.measured.or.estimated.at.a.given.distance.from.the.base.station.

The. applications. that. follow. are. illustrated. for. two. different. standard. deviations:. σw.=.5.dB. and.
σw.=.8.dB..We.assume.the.path.loss.coefficient.to.be.α.=.4.(40.dB/decade),.the.mobile.station.receiver.
sensitivity.to.be.−116.dB.(1.mW),.and.the.power.level.estimated.at.a.given.distance.from.the.base.station.
as.being.that.at.the.cell.border,.K.=.–102.dB.(1.mW)..The.receiver.is.considered.to.operate.with.a.SINAD.
of.12.dB.for.the.specified.sensitivity..Assuming.that.co-channel.interference.levels.are.negligible.and.
given. that. a. signal-to-noise. ratio. S/N. of. 18.dB. is. required,. the. threshold. Wt. will. be. −116.dB.
(1.mW).+.(18–12).dB.(1.mW).=.−110.dB.(1.mW).

Three.cases.will.be.explored.as.follows.

Case 1:.We.want.to.estimate.the.probabilities.β.and.μ.that.the.received.signal.exceeds.the.given.
threshold.(1).at.the.border.of.the.cell,.probability.β.and.(2).within.the.area.delimited.by.the.cell.
radius,.probability.μ.

Case 2:.It.may.be.interesting.to.estimate.the.cell.radius.x0.such.that.the.received.signal.be.above.
the. given. threshold. with. a. given. probability. (say. 90%). (1). at. the. perimeter. of. the. cell. and.
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FIGURE 21.1 Proportion.of.locations.where.the.received.signal.is.above.a.given.threshold;.the.dashdot.line.cor-
responds.to.the.-.approach.and.the.other.lines.to.the.μ.approach.



397Cell Design Principles

(2) within.the.cell.area..This.problem.implies.the.calculation.of.the.mean.signal.strength.K.at.
the.distance.x0.(the.new.cell.border).of.the.base.station..Given.K.and.given.that.at.a.distance.x0.
(the. former. cell. radius). the. mean. signal. strength. Mw. is. known. [note. that. in. this. case.
Mw.=.–102.dB.(1.mW)],.the.ratio.x0/x.can.be.estimated.

Case 3:.To.fulfill.the.coverage.requirement,.rather.than.calculating.the.new.cell.radius,.as.in.Case.
2,.a.signal.strength.at.a.given.distance.can.be.estimated.such.that.a.proportion.of.the.locations.
at.this.distance,.proportion.β,.or.within.the.area.delimited.by.this.distance,.proportion.μ,.will.
experience.a.received.signal.above.the.required.threshold..This.corresponds.to.calculating.the.
value.of.the.parameter.K.already.carried.out.in.Case.2.for.the.various.situations.

The.calculation.procedures.are.now.detailed.for.σw.=.5.dB..Results.are.also.shown.for.σw.=.8.dB.

Case 1:.Using.the.given.parameters.we.obtain.(Wt.–.K)/σw.=.–1.6..With.this.value.in.Figure.21.1,.
we. obtain. the. probability. that. the. received. signal. exceeds. –116.dB. (1.mW). for. S/N.=.18.dB.
given.that.at.the.cell.border.the.mean.signal.power.is.–102.dB.(1.mW).given.in.Table.21.1.
. Note,.from.Table.21.1,.that.the.signal.at.the.cell.border.exceeds.the.receiver.sensitivity.with.
97%.probability.for.σw.=.5.dB.and.with.84%.probability.for.σw.=.8.dB..If,.on.the.other.hand,.we.
are.interested.in.the.area.coverage.rather.than.in.the.border.coverage,.then.these.figures.change.
to.100%.and.95%,.respectively.

Case 2:. From. Figure. 21.1,. with. β.=.90%. we. find. (WT.–.K)/σw.=.–1.26.. Therefore,. K.=.–103.7.dB.
(1.mW)..Because.Mw.–.K.=.–10α.log(x/x0),.then.x0/x.=.1.10..Again,.from.Figure.21.1,.with.μ.=.90%.
we.find.(WT.–.K)/σw.=.–0.48,.yielding.K.=.–107.6.dB(1.mW)..Because.Mw.–.K.=.–10α.log(x/x0),.
then.x0/x.=.1.38..These.results.are.summarized.in.Table.21.2,.which.shows.the.normalized.radius.
of. a. cell. where. the. received. signal. power. is. above. –116.dB. (1.mW). with. 90%. probability. for.
S/N.=.18.dB,.given.that.at.a.reference.distance.from.the.base.station.(the.cell.border).the.received.
mean.signal.power.is.–102.dB.(1.mW).
. Note,.from.Table.21.2,.that.in.order.to.satisfy.the.90%.requirement.at.the.cell.border.the.cell.
radius.can.be. increased.by.10%.for.σw.=.5.dB.. If,.on. the.other.hand,. for. the.same.standard.
deviation.the.90%.requirement. is. to.be.satisfied.within.the.cell.area,.rather. than.at. the.cell.
border,.a.substantial.gain.in.power.is.achieved..In.this.case,.the.cell.radius.can.be.increased.by.
a.factor.of.1.38..For.σw.=.8.dB.and.90%.coverage.at.the.cell.border,.the.cell.radius.should.be.
reduced.to.88%.of.the.original.radius..For.area.coverage,.an.increase.of.27%.of.the.cell.radius.
is.still.possible.

Case 3:.The.values.of.the.mean.signal.power.K are.taken.from.Case.2.and.shown.in.Table.21.3,.
which.shows.the.signal.power.at.the.cell.border.such.that.90%.of.the.locations.will.experience.
a.received.signal.above.–116.dB.for.S/N.=.18.dB.

TABLE 21.1 Case.1.Coverage.Probability

Standard.
Deviation,.dB

β.Approach.(Border.
Coverage),.%

μ.Approach.(Area.
Coverage),.%

5 97 100
8 84 . 95

TABLE 21.2 Case.2.Normalized.Radius

Standard.
Deviation,.dB

β.Approach.
(Border.Coverage)

μ.Approach.
(Area.Coverage)

5 1.10 1.38
8 0.88 1.27
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21.8 interference

Radio-frequency.interference.is.one.of.the.most.important.issues.to.be.addressed.in.the.design,.opera-
tion,.and.maintenance.of.mobile.communication.systems..Although.both.intermodulation.and.inter-
symbol.interferences.also.constitute.problems.to.account.for.in.system.planning,.a.mobile.radio.system.
designer.is.mainly.concerned.about.adjacent-channel.and.co-channel.interferences.

21.8.1 Adjacent channel interference

Adjacent-channel. interference. occurs. due. to. equipment. limitations,. such. as. frequency. instability,.
receiver.bandwidth,.filtering,.and.so.on..Moreover,.because.channels.are.kept.very.close.to.each.other.for.
maximum.spectrum.efficiency,.the.random.fluctuation.of.the.signal,.due.to.fading.and.near-far.effect,.
aggravates.this.problem.

Some.simple,.but.efficient,.strategies.are.used.to.alleviate.the.effects.of.adjacent.channel.interference..
In.narrowband.systems,.the.total.frequency.spectrum.is.split.into.two.halves.so.that.the.reverse.channels,.
composing.the.uplink.(mobile.to.base.station).and.the.forward.channels,.composing.the.downlink.(base.
station.to.mobile),.can.be.separated.by.half.of.the.spectrum..If.other.services.can.be.inserted.between.the.
two.halves,.then.a.greater.frequency.separation,.with.a.consequent.improvement.in.the.interference.lev-
els,.is.accomplished..Adjacent.channel.interference.can.also.be.minimized.by.avoiding.the.use.of.adjacent.
channels.within.the.same.cell..In.the.same.way,.by.preventing.the.use.of.adjacent.channels.in.adjacent.
cells.a.better.performance.is.achieved..This.strategy,.however,.is.dependent.on.the.cellular.pattern..For.
instance,.if.a.seven-cell.cluster.is.chosen,.adjacent.channels.are.inevitably.assigned.to.adjacent.cells.

21.8.2 co-channel interference

Undoubtedly,. the.most.critical.of.all. interferences. that.can.be.engineered.by. the.designer. in.cellular.
planning.is.co-channel.interference..It.arises.in.mobile.radio.systems.using.cellular.architecture.because.
of.the.frequency.reuse.philosophy.

A.parameter.of. interest. to.assess. the.system.performance. in. this.case. is. the.carrier-to-co-channel.
interference.ratio.C/Ic..The.ultimate.objective.of.estimating.this.ratio.is.to.determine.the.reuse.distance.
and,.consequently,.the.repeat.pattern..The.C/Ic.ratio.is.a.random.variable,.affected.by.random.phenom-
ena.such.as.(1).location.of.the.mobile,.(2).fading,.(3).cell.site.location,.(4).traffic.distribution,.and.others..
In.this.subsection.we.shall.investigate.the.outage.probability,.that.is,.the.probability.of.failing.to.achieve.
adequate.reception.of. the.signal.due. to.co-channel. interference..This.parameter.will.be. indicated.by.
p(CI)..As.can.be.inferred,.this.is.intrinsically.related.to.the.repeat.pattern.

Co-channel.interference.will.occur.whenever.the.wanted.signal.does.not.simultaneously.exceed.the.
minimum.required.signal.level.s0.and.the.n.interfering.signals,.i1,.i2,.…,.in,.by.some.protection.ratio.r..
Consequently,.the.conditional.outage.probability,.given.n.interferers,.is
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TABLE 21.3 Case.3.Signal.Power

Standard.
Deviation.dB

β.Approach.(Border.
Coverage),.dB.(1.mW)

μ.Approach.(Area.
Coverage),.dB.(1.mW)

5 –103.7 –107.6
8 –99.8 –106.2
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The.total.outage.probability.can.then.be.evaluated.by

.
p CI p CI n p n

n

( ) ( | ) ( )= ∑
.

(21.15)

where.p(n).is.the.distribution.of.the.number.of.active.interferers.
In.the.calculations.that.follow.we.shall.assume.an.interference-only.environment,.that.is,.s0.=.0,.and.

the.signals.to.be.Rayleigh.faded..In.such.a.fading.environment.the.probability.density.function.of.the.
signal-to-noise.ratio.x.is.given.by
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where.xm.is.the.mean.signal-to-noise.ratio..Note.that.x.=.s.and.xm.=.sm.for.the.wanted.signal,.and.x.=.ij.
and.xm.=.imj.for.the.interfering.signal.j,.with.sm.and.imj.being.the.mean.of.s.and.ij,.respectively.

By.using.the.density.of.Equation.21.16.in.Equation.21.14.we.obtain
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where.zk.=.rsm/imk

If.the.interferers.are.assumed.to.be.equal,.that.is,.zk.=.z.for.k.=.1,2,.…,.n,.then
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Define.Z.=.10.log.z,.Sm.=.10.log.sm,.Im.=.10.log.im,.and.Rr.=.10.log.r..Then,.Z.=.Sm.−.(Im.+.Rr)..Equation.21.18.
is.plotted.in.Figure.21.2.as.a.function.of.Z.for.n.=.1.and.n.=.6,.for.the.situation.in.which.the.interferers.are.
equal.
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FIGURE 21.2 Conditional.and.unconditional.outage.probability.for.n.=.6.interferes.in.a.Rayleigh.environment.
and.in.a.Suzuki.environment.with.σ.=.6.dB.
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If.the.probability.of.finding.an.interferer.active.is.p,.the.distribution.of.active.interferers.is.given.by.
the. binomial. distribution.. Considering. the. closest. surrounding. co-channels. to. be. the. most. relevant.
interferers.we.then.have.six.interferers..Thus,

.
p n

n
p pn n( ) ( )=
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⎟⎟ − −

6
1 6

.
(21.19)

For.equal.capacity.cells.and.an.evenly.traffic.distribution.system,.the.probability.p.is.approximately.
given.by

. p BM= . (21.20)

where.B.is.the.blocking.probability.and.M.is.the.number.of.channels.in.the.cell.
Now.Equations.21.18,.21.19,.and.21.20.can.be.combined.into.Equation.21.15.and.the.outage.probability.

is.estimated.as.a.function.of.the.parameter.Z.and.the.channel.occupancy.p..This.is.shown.in.Figure 21.2.
for.p.=.75%.and.p.=.100%.

A.similar,.but.much.more.intricate,.analysis.can.be.carried.out.for.the.other.fading.environments..
Note.that.in.our.calculations.we.have.considered.only.the.situation.in.which.both.the.wanted.signal.and.
the. interfering.signals.experience.Rayleigh.fading..For.a.more.complete.analysis.we.may.assume.the.
wanted.signal.to.fade.differently.from.the.interfering.signals,.leading.to.a.great.number.of.possible.com-
binations..A.case.of.interest.is.the.investigation.of.the.influence.of.the.standard.deviation.in.the.outage.
probability.analysis..This.is.illustrated.in.Figure.21.2.for.the.Suzuki.(lognormal.plus.Rayleigh).environ-
ment.with.σ.=.6.dB.

Note.that.by.definition.the.parameter.z.is.a.function.of.the.carrier-to-co-channel.interference.ratio,.
which,.in.turn,.is.a.function.of.the.reuse.distance..Therefore,.the.outage.probability.can.be.obtained.as.a.
function.of.the.cluster.size,.for.a.given.protection.ratio.

The. ratio. between. the. mean. signal. power. sm. and. the. mean. interfering. power. im. equals. the. ratio.
between.their.respective.distances.ds.and.di.such.that
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where.α.is.the.path.loss.coefficient..Now,.(1).let.D.be.the.distance.between.the.wanted.and.interfering.
base.stations,.and.(2).let.R.be.the.cell.radius..The.co-channel.interference.worst.case.occurs.when.the.
mobile.is.positioned.at.the.boundary.of.the.cell,.that.is,.ds.=.R.and.di.=.D.–.R..Then,
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or,.equivalently,
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In.fact,.Sm.–.Im.=.Z.+.Rr..Therefore,

.
Z R Nr+ = −( )10 3 1α log

.
(21.23)
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With.Equation.21.23.and.the.curves.of.Figure.21.2,.we.can.compare.some.outage.probabilities.for.dif-
ferent. cluster. sizes.. The. results. are. shown. in. Table. 21.4. where. we. have. assumed. a. protection. ratio.
Rr.=.0.dB.. The. protection. ratio. depends. on. the. modulation. scheme. and. varies. typically. from. 8.dB.
.(25-kHz.FM).to.20.dB.[single.sideband.(SSB).modulation].

Note,.from.Table.21.4,.that.the.standard.deviation.has.a.great.influence.in.the.calculations.of.the.out-
age.probability.

21.9 conclusions

The.interrelationship.among.the.areas.involved.in.a.cellular.network.planning.is.substantial..Vocabularies.
belonging.to.topics,.such.as.radio.propagation,.frequency.planning.and.regulation,.modulation.schemes,.
antenna.design,.transmission,.teletraffic,.and.others,.are.common.to.all.cellular.engineers.

Designing.a.cellular.network.to.meet.system.requirements.is.a.challenging.task.which.can.only.be.
partially.and.roughly.accomplished.at.the.design.desk..Field.measurements.play.an.important.role.in.the.
whole.process.and.constitute.an.essential.step.used.to.tune.the.parameters.involved.
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22.1 introduction

The.second.half.of.the.twentieth.century.witnessed.enormous.transformations.in.electronic.communi-
cations,.including.the.development.of.data.transmission.over.legacy.telephone.networks,.the.introduc-
tion. of. packet-data. networks,. development. of. high-speed. local. area. networks. (LANs),. and. the.
development.of.mobile.wireless.communications.networks,.most.notably.cellular.networks,.paging.sys-
tems,.and.even.mobile.satellite.systems.[1,2]..By.the.start.of. the.current.century,.cellular.and.paging.
services.had.come.into.widespread.use.in.support.of.business.communications.and.personal.communi-
cations.as.well..The.early.analog.cellular.networks.were.rapidly.supplanted.by.digital.networks.affording.
increased.traffic.capacity.and.capable.of.supporting.an.expanding.array.of.data-enabled.services..In.the.
first.decade.of.the.new.century,.we.saw.rapidly.increasing.interest.in.higher-rate.forms.of.wireless.data.
communication,.including.multimedia.transmission.to.and.from.portable.phones,.and.wireless.access.
to.the.Internet.from.laptop.computers.

The.worldwide.growth.of.the.wireless.communications.industry.has.been.truly.phenomenal..At.this.
writing,.it.is.estimated.that.the.number.of.cellular.telephone.users.throughout.the.world.is.approaching.
five.billion,.and.the.aggregate.annual.revenue.of.the.wireless.industry.exceeds.the.revenues.of.the.wired-
telephone. service. industry.. In. the. mid-1990s,. Internet. access. began. expanding. from. the. business.

22
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.environment.to.include.the.home.environment,.and.this.soon.generated.annual.revenues.comparable.to.
traditional.telephone.service.and.wireless.service..Currently,.the.information exchange industry,.defined.
to.include.both.wired.and.wireless.phone.services.as.well.as.Internet.access,.enjoys.annual.revenues.of.
several.trillion.dollars.and.is.by.far.the.largest.industry.in.the.world..Underlying.this.rapid.development.
of.all.communications.services.and.networks.has.been.the.ongoing.evolution.of.digital.technology,.par-
ticularly.large-scale.integration.and.microprocessor.chip.technology..The.digital.revolution.enabled.the.
transformation.of.the.core.of.traditional.telephone.network.to.a.digital.infrastructure.providing.greater.
reliability,.increased.capacity,.and.an.ever-widening.array.of.services.to.customers..In.the.mid-1990s,.
digital.technology.began.to.have.a.major.impact.on.mobile.wireless.services.and.networks,.increasing.
network.capacities.and.capabilities,.as.well.as.lowering.the.cost.and.increasing.the.battery.life.of.mobile.
devices..An.interesting.and.important.aspect.of.the.burgeoning.worldwide.wireless.communications.
industry.has.been.the.resurgence.of.Wireless.Local.Area.Network.(WLAN).technology,.driven.by.the.
steadily. increasing.popularity.of. laptop.computers,. the.demand. for.wireless. Internet.access,.and. the.
expanding.deployment.of.wireless.access.points.on.campuses,.in.office.buildings.and,.increasingly,.in.
public.commercial.venues.served.by.Wi-Fi.hotspots..All.of.these.new.and.emerging.services.are.built.
upon.an.underlying.infrastructure.of.data.transport.technology.

In.recent.years,.the.wireless.industry.has.seen.a.steady.high.growth.rate.in.the.demand.for.services.
enabled.by.wireless.data,.spurred.in.large.part.by.the.introduction.of.smartphones.and.the.enormous.
popularity.of.services.such.as.social.networking.and.video.downloading.and.streaming..Consequently,.
the.use.of.mobile.wireless.networks.for.simple.voice.communication.is.being.dwarfed.by.the.volume.of.
data. traffic. for. Internet. access. and. multimedia. services.. Furthermore,. new. areas. of. applications. for.
wireless.data.are.continually.opening.up,.ranging.from.marketing,.sales,.and.customer.support.to.social.
networking,.and.health-care.delivery..In.response.to.the.steadily.growing.worldwide.demand.for.data-
enabled.services,.the.cellular.industry.has.migrated.through.successive.generations.of.wireless.access.
technology,.a.new.generation.about.every.10.years.

While.the.wireless.data.industry.continues.to.become.increasingly.diverse,.one.can.observe.that.
two.mainstreams.of.the.industry.are.dominant..On.the.one.hand.there.are.still-growing.demands.
for.data.services.at.ever-higher.data.rates.to.serve.mobile.users.over.wide.geographical.areas,.enabled.
principally.by.cellular.telephone.networks..On.the.other.hand,.there.are.requirements.for.wireless.
access. to.corporate.and.campus.LANs.and.to. the.Internet.and.World.Wide.Web.. In.recent.years,.
with.the.growing.popularity.of.wireless-enabled.laptop.computer.smart.tablets.and.the.widespread.
deployment.of.“Wi-Fi.hot.spots,”. there. is.steady.convergence.of. these.user.requirements,.as.users.
expect. all. forms. of. connectivity. while. on. the. move.. In. this. chapter. we. focus. on. data. services.
.supported. by. wide-area. networks,. often. termed. as. mobile data services. or. cellular data services..
However,. it. is.useful. to.briefly.review.the.evolution.of.Wireless.LAN.(WLAN).technology.and.to.
note.several.technical.developments.along.the.way.that.have.been.incorporated.into.evolving.wide-
area.networking.standards.

22.1.1 evolution of WLAn technology

WLAN.developments.began.in.the.late.1970s.with.need.to.find.an.alternative.to.cabled.LANs.in.manu-
facturing. and. office. environments.. The. objective. was. to. find. a. wireless. replacement. for. cabling. that.
would.support.the.data.rates.then.available,.typically.rates.up.to.2.Mb/s..Early.WLAN.products.were.
developed.using.several.different.wireless.technologies,.and.many.of.those.products.were.based.on.pro-
prietary. designs.. However,. the. WLAN. industry. gradually. shifted. its. attention. to. standards-based.
designs,.giving.support.to.the.IEEE.802.11.standardization.initiative.[3]..Since.the.1999.release.of.the.
original.IEEE.802.11.standard,.the.WLAN.industry.has.converged.on.the.manufacture.of.interoperable.
WLAN.products.based.on.the.evolving.802.11.family.of.standards.[4]..At.about.the.time.that.the.first.
802.11.standards.were.released,.six.wireless.product.manufacturers.came.together.to.adopt.the.name.
Wireless.Fidelity.(Wi-Fi). for.WLAN.technology.and.to.form.the.Wi-Fi.Alliance..Their.purpose. is. to.
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promote. the. growth. of. the. WLAN. industry. and,. through. their. certification. program,. to. ensure. the.
conformance. and. interoperability. of. products. manufactured. to. IEEE. 802.11. standards.. By. the. year.
2010,.the.Alliance.comprised.over.400.member.companies,.and.for.some.years.now,.the.name.Wi-Fi.has.
become.synonymous.with.802.11-based.WLAN.technology.

Today,.essentially.all.WLAN.products.are.based.on.IEEE.802.11.standards,.which.have.undergone.a.
number.of.revisions.over.the.last.dozen.years..All.of.the.802.11-based.WLANs.operate.in.the.Industrial,.
Scientific.and.Medical.(ISM).frequency.bands..These.are.termed.as.unlicensed.bands,.since.no.license.is.
required.for.operation.of.a.device.within.these.bands,.though.each.new.product.must.be.certified.for.
compliance. with. FCC. Part. 15. rules. regarding. signal. structure. and. transmitted. power. level. [3].. The.
original.ISM.bands.were.released.in.the.US.by.the.FCC.in.1985,.and.the.availability.of.unlicensed.opera-
tion.soon.became.an.important.stimulus.to.the.early.growth.of.the.WLAN.industry.[2].

As.noted.earlier,.the.initial.WLAN.developments.were.motivated.by.the.need.to.replace.cabled.con-
nections.to.legacy.wired.LANS,.and.thus.the.technical.objectives.from.the.outset.included.providing.
data.rates.comparable.to.those.available.on.cabled.LANs..As.WLAN.designs.advanced,.of.course,.data.
rates.achievable.on.wired.LANs.were.moving.steadily.higher,.and.thus.the.WLAN.industry.continued.
to. strive. for. ever-higher. data. rates,. and. this. has. been. reflected. in. the. evolving. 802.11. family. of.
standards.

The.first.standard,.issued.in.mid-1999,.was.IEEE.802.11b,.which.operated.in.the.2.4.GHz.ISM.band.at.
raw.data.rates.as.high.as.11.Mbits/s.using.a.modulation.scheme.called.Complementary.Code.Keying.
(CCK),. as. well. as. Direct-Sequence. Spread. Spectrum. (DSSS). modulation.. Almost. simultaneously,.
another.standard,.802.11a,.was.released,.using.a.different.modulation.technique,.Orthogonal.Frequency.
Division.Multiplexing.(OFDM),.operating.in.the.5.GHz.ISM.band.[5]..While.802.11a.provided.higher.
maximum.rates,.up.to.54.Mb/s,.its.operation.in.a.higher-frequency.range.resulted.in.poorer.signal.cov-
erage.and.costlier.design.and.manufacture..Thus,.802.11a.failed.to.gain.wide.adoption.in.the.market-
place,. and. 802.11b. quickly. became. the. dominant. Wi-Fi. standard.. In. 2003,. in. response. to. growing.
market. demands. for. higher. data. rates,. the. 802.11g. standard. was. released,. operating. in. the. 2.4.GHz.
band,.using.OFDM.modulation.and.providing.raw.data.rates.up.to.54.Mbits/s,.as.in.802.11a..For.several.
years.now,.802.11g.capability.has.been.included.in.almost.all.laptop.computers..It.is.useful.to.point.out.
that.the.advantages.of.the.OFDM.modulation.scheme.were.recognized.at.an.early.point.in.WLAN.tech-
nology.development,.and.this.modulation.format.has.subsequently.been.adopted.for.the.two.principle.
designs.for.fourth-generation.cellular.systems,.discussed.later.in.this.chapter.

Along.the.way.in.the.evolution.of.the.802.11.family.of.standards,.enhancements.were.added.to.the.
standard,.some.of.which.have.counterparts.in.cellular.standards,.such.as.handover.(in.802.11f),.power.
control.(in.802.11h),.and.authentication.and.encryption.(in.802.11i)..Another.major.step.in.the.802.11.
evolution.was.the.adoption.in.late.2009.of.802.11n,.which.can.operate.at.either.2.4.GHz.or.5.GHz.and.
offers.a.wide.array.of.selectable.modulation.and.coding.combinations,.achieving.maximum.data.rates.
as.high.as.600.Mb/s,.Table.22.1.summarizes.the.chief.characteristics.of.the.four.main.generations.of.
802.11.standards.

Another.WLAN.standardization.activity.begun.in.1992.is.High.performance.radio.LAN.(HiperLAN),.
a.European.alternative. to. the.IEEE.802.11.standards..The.HiperLAN.standard.was.developed.by. the.

TABLE 22.1 802.11.Standards

802.11a 802.11b 802.11g 802.11n

Approval.Date July.1999 July.1999 June.2003 October.2009
Maximum.Data.Rate.Mb/s 54 11 54 600
Modulation OFDM CCK.or.DSSS CCK,.DSSS,.

or OFDM
CCK,.DSSS,.

or OFDM
RF.Band.(GHz) 5 2.4 2.4 2.4.or.5
Channel.BW.(MHz) 20 20 20 20.or.40
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European.Telecommunications.Standards.Institute.(ETSI).primarily.for.European.markets..Planning.
for.the.first.version.of.the.standard,.HiperLAN/1,.began.in.1991,.when.the.planning.for.IEEE.892.11.was.
already.underway,.with.the.goal.of.providing.data.rates.up.to.23.Mb/s,.significantly.higher.than.802.11.
rates.. The. HiperLAN/1. standard. was. approved. in. 1996.. A. subsequent. version. of. the. standard,.
HiperLAN/2,.very.similar.to.IEEE.802.11a.and.providing.data.rates.up.to.54.Mb/s.with.operation.in.the.
5.GHz.band,.includes.capability.for.rapid.connectivity.to.a.variety.of.other.networks,.including.IP.net-
works..Further.details.on.the.HiperLAN.standards.can.be.found.in.[5].

The. work. of. the. IEEE. 802.11. group. has. also. spawned. other. standardization. initiatives,. including.
Wireless. Metropolitan. Area. Networks. (WMAN,. discussed. in. Section. 21.9),. Wireless. Personal. Area.
Network.(WPAN).and.Wireless.Body.Area.Network.(WBAN)..More.detailed.discussions.on.the.IEEE.
802.11.standards.evolution.and.related.standards.initiatives.can.be.found.in.[2,3,5]..Figure.22.1.illus-
trates.the.relative.signal.coverage.and.data.rate.capabilities.of.2G.and.3G.cellular,.WLAN,.and.WPAN.
technologies.

22.1.2 evolution of Wide-Area Mobile Data technology

In.contrast.to.the.WLAN.industry,.which.grew.out.of.the.need.to.find.wireless.replacements.for.cabled.
connections.to.legacy.LANs.operating.at.megabit.data.rates,.the.mobile.data.industry.had.its.origins.in.
early.paging.and.messaging.systems.serving.low-data-rate.applications.for.small.populations.of.users..
These. were. followed. by. specialized. packet-data. networks. serving. specific. categories. of. applications,.
such.as.service.technician.support,.delivery.services.and.some.public.safety.applications..The.develop-
ment.of.cellular.telephone.technology.in.the.early.1980s.opened.up.a.new.industry.perspective:.wide-
area.wireless.access.to.the.vast.Public.Switched.Telephone.Network.(PSTN).

Initial.cellular.service.was.of.course.Plain.Old.Telephone.Service.(POTS),.but.wireless.technology.had.
in.effect.“cut.the.tether”.to.the.public.network,.and.the.telephone.industry.soon.realized.that.the.tech-
nology.could.also.facilitate.data.communication,.then.being.implemented.mostly.with.wireline.modems.
operating.over.the.PSTN..Since.the.cellular.networks.had.been.designed.to.support.voice.service,.the.
early.forms.of.cellular.data.were.simply.overlays.onto.cellular.voice.channels,.initially.using.mobile.ver-
sions.of.existing.wireline.modems..Then,.as.digital.cellular.technology.emerged,.techniques.were.devel-
oped.to.incorporate.data.services,.either.circuit-oriented.or.packet-formatted,.into.cellular.networks..As.
the.cellular.business.began.to.grow,.manufacturers.and.service.providers.began.to.categorize.wireless.
communications.systems.into.defined.generations;. the.terminology.was.eventually. formalized.in.the.
deliberations.of.international.standards.bodies,.and.the.terms.1G,.2G,.3G.and.4G.are.now.in.common.
use..What.is.instructive.to.note.is.that.with.the.introduction.of.digital.cellular.technology.in.2G,.the.
chief.characteristic.identified.with.each.successive.generation.is.the.achievable.data.rates..The.2G..cellular.
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standards.included.data.services.with.rates.comparable.to.those.provided.by.wireline.modems.operat-
ing. in.the.PSTN..For.3G.standards,.a.major.selling.point.was.the.promise.of.data.rates.approaching.
those.already.provided.on.many.cabled.LANs,.introduced.at.a.time.when.business.travelers.were.mak-
ing. increasing. use. of. laptop. computers. while. on. the. move.. This. has. given. way. to. the. current. rapid.
growth.in.use.of.smartphones.and.smartpads,.in.turn.spurring.the.introduction.of.new.data-hungry.
user.applications,.largely.based.on.accessing.Internet.content..The.3G.standards.are.widely.deployed.in.
cellular.service.networks.today,.and.the.deployment.of.some.4G.network.technology,.offering.another.
major.step.in.data.rate.capability,.is.underway.in.the.industry..Thus,.we.see.that.as.user.demand.for.a.
widening.array.of. features.built.on.underlying.data.services.has.grown,. the.evolving.technology.has.
increasingly.been.defined.by.the.expansion.of.data.transport.capability..Thus,.the.phrase.“data.is.king,”.
is.a.slogan.now.used.frequently.in.the.wireless.industry..The.wireless.data.aspect.of.these.wireless.com-
munications.developments.is.the.specific.focus.of.this.handbook.chapter..In.the.remainder.of.this.chap-
ter,.we.discuss.the.characteristics.of.wireless.data.networks.and.then.review.the.principal.existing.and.
evolving.wireless.data.networks.and.the.related.standards.activities.currently.in.progress.

22.2 characteristics of Wireless Data networks

From.the.perspective.of.the.data.user,.the.basic.requirement.for.wireless.data.service.is.convenient,.reli-
able.access.to.data.services.over.a.geographical.area.appropriate.to.the.user’s.pattern.of.daily.business.or.
social.activity..In.the.early.days.of.cellular.service,. this.requirement.could.be.met.by. low-speed.data.
services,.by.which.we.mean.data.rates.comparable.to.those.then.provided.by.standard.data.modems.
operating.over.the.Public.Switched.Telephone.Network.(PSTN)..This.form.of.service.could.support.a.
wide.variety.of.short-message.applications.such.as.notice.of.electronic.mail.or.voice.mail,.as.well.as.short.
file.transfers.or.even.facsimile.transmissions.that.were.not.overly.lengthy..The.user’s.requirements.and.
expectations.for.these.types.of.services.were.different.in.several.ways.from.the.requirements.placed.on.
voice.communication.over.wireless.networks..In.a.wireless.voice.service,.the.user.usually.understands.
the.general.characteristics.and. limitations.of. radio. transmission,.and. is. tolerant.of.occasional. signal 
fades,.and.brief.dropouts..An.overall.level.of.acceptable.voice.quality.is.what.the.user.expects..In.a.data.
service,.the.user.is.instead.concerned.with.the.accuracy.of.delivered.messages.and.data,.the.time-delay.
characteristics.of.the.service.network,.the.ability.to.maintain.service.while.moving.about,.and.of.course.
the.cost.of.the.service..All.of.these.factors.are.dependent.upon.the.technical.characteristics.of.wireless.
data.networks,.which.we.discuss.next..In.this.discussion.we.focus.on.the.characteristics.of.outdoor.wire-
less.propagation,.which.is.relevant.to.wide-area.service.networks..Detailed.treatments.of.the.character-
istics.of.indoor.radio.propagation.can.be.found.in.References.2.and.6.

The.chief.factor.affecting.the.design.and.performance.of.outdoor.wireless.data.networks.is.the.nature.
of.radio.propagation.over.wide.geographic.areas..The.most.important.mobile.data.services.are.imple-
mented.in.various.radio.bands.from.roughly.700.MHz.to.2.GHz..In.these.frequency.bands,.radio.trans-
mission. is. characterized. by. distance-dependent. field. strength,. as. well. as. the. well-known. effects. of.
multipath fading,.signal.shadowing,.and.signal.blockage..The.signal.coverage.provided.by.a.radio.trans-
mitter,.which.in.turn.determines.the.area.over.which.a.mobile.data.terminal.can.receive.a.usable.signal,.
is.governed.primarily.by.the.power–distance relationship,.which.gives.signal.power.as.a.function.of.dis-
tance.between.transmitter.and.receiver..Broadly.stated,.for.a.given.transmit.power.and.given.transmit.
and.receive.antenna.gains,.the.received.signal.power.will.vary.with.an.inverse.square-law.to.fourth-law.
dependence.on.distance..In.general,.the.power–distance.relationship.for.mobile.radio.systems.is.a.com-
plicated.relationship.which.depends.upon.the.nature.of.the.terrain.between.transmitter.and.receiver.
[2,6]..The.overall.inverse.relationship.of.received.signal.power.to.distance.is.very.important,.and.becomes.
especially.important.if.a.service.provider.contemplates.migrating.a.wireless.data.service.from.a.higher-
frequency.band.to.a.lower-frequency.band.

When.user.terminals.are.used.in.mobile.situations,.the.received.signal.is.generally.characterized.by.
rapid.fading.of.the.signal.strength,.caused.by.the.vector.summation.of.reflected.signal.components,.the.
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vector.summation.changing.constantly.as.the.mobile.terminal.moves.from.one.place.to.another.in.the.
service.area..Measurements.made.by.many.researchers.show.that.when.the.fast.fading.is.averaged.out,.
the.signal.strength.is.described.by.a.Rayleigh.distribution.having.a.log-normal.mean..In.general,.the.
power–distance.relationship.for.mobile.radio.systems.is.a.more.complicated.relationship.which.depends.
upon.the.nature.of.the.terrain.between.transmitter.and.receiver..Chapter.8.discusses.Rayleigh.fading.
channels.in.detail.

Various.propagation.models.are.used.in.the.cellular.industry.for.network.planning.purposes,.and.a.
number.of.these.models.are.described.in.[7]..Propagation.models.for.mobile.communications.networks.
must.take.an.account.of.the.terrain.irregularities.existing.over.the.intended.service.area..Most.of.the.
models.used.in.the.industry.have.been.developed.from.measurement.data.collected.over.various.geo-
graphic.areas..A.very.popular.model.is.the.Longley–Rice model.[8,9]..Many.wireless.networks.are.con-
centrated.in.urban.areas..A.widely.used.model.for.propagation.prediction.in.urban.areas.is.one.usually.
referred. to. as. the. Okumura–Hata Model. [10,11].. Aspects. of. radio. wave. propagation. are. treated. in.
Chapters.8,.“Rayleigh.Fading.Channels,”.and.Chapter.39,.“60.GHz.Wireless.Communication”.of.this.
handbook..The.reader.can.also.find.detailed.treatments.of.radio.propagation.characteristics.for.both.
indoor.and.outdoor.environments,.together.with.discussions.of.measurement.systems.and.simulation.
modeling.techniques,.in.References.2.and.6.

By.using.appropriate.propagation.prediction.models,.one.can.determine.the.range.of.signal.coverage.
for.a.base.station.of.given.transmitted.power..In.a.wireless.data.system,.if.one.knows.the.level.of.received.
signal.needed.for.satisfactory.performance,.the.area.of.acceptable.performance.can.in.turn.be.deter-
mined..Cellular.telephone.networks.utilize.base.stations.that.are.typically.spaced.1–5.mi.apart,.though.
in.some.mid-town.areas,.microcell.separations.of.half.a.mile.or.less.are.now.being.used.

An.important.additional.factor.which.must.be.considered.in.planning.a.wireless.data.system.is.the.
in-building.penetration.of.signals..Many.applications.for.wireless.data.services.involve.the.use.of.mobile.
data.terminals.inside.buildings,.for.example,.for.trouble-shooting.and.servicing.computers.on.custom-
ers’.premises..Another.example.is.wireless.communications.into.hospital.buildings.in.support.of.emer-
gency.medical.services..It.is.usually.estimated.that.in-building.signal.penetration.losses.will.be.in.the.
range.of.15–30.dB.[2]..Thus,.received.signal.strengths.can.be.satisfactory.in.the.outside.areas.around.a.
building.but.totally.unusable.inside.the.building..This.becomes.an.important.issue.when.a.service.pro-
vider.intends.to.support.customers.using.mobile.terminals.inside.buildings.

One.important.consequence.of.the.rapid.fading.experienced.on.mobile.channels.is.that.errors.tend.to.
occur.in.bursts,.causing.the.transmission.to.be.very.unreliable.for.short.intervals.of.time..Another.prob-
lem.is.signal.dropouts.which.occur,.for.example,.when.a.data.call.is.handed.over.from.one.base.station.
to.another,.or.when.the.mobile.user.moves.into.a.location.where.the.signal.is.severely.attenuated..Because.
of.this,.mobile.data.protocols.employ.various.error-correction.and.error-recovery.techniques.to.ensure.
accurate.and.reliable.delivery.of.data.messages.

22.3 circuit-Switched versus Packet-Switched Service

One.of.the.interesting.and.instructional.aspects.of.the.development.of.wireless.data.systems.is.the.evolu-
tion.that.has.taken.place.with.respect.to.use.of.packet-switched data.transmission.versus.circuit-switched 
data.transmission..The.earliest.wireless.data.networks,.notably.the.ARDIS.and.Mobitex.networks.(dis-
cussed.later),.were.designed.specifically.to.provide.wireless.data.connectivity.primarily.for.applications.
that.required.short.bursty.data.interchanges..Spectrum.allocated.to.these.services.was.limited,.and.thus.
it.had.to.be.used.efficiently..Packet-switched.transmission,.sometimes.termed.as.packet-mode.transmis-
sion.can.make.very.efficient.use.of.radio.resources,.especially.when.the.applications.use.short,.intermit-
tent.bursts.of.data.traffic..The.early.specialized.wireless.data.services.were.in.fact.designed.to.support.
applications.in.which.most.data.transfers.were.interactive.and.occurred.in.a.bursty.fashion,.and.thus.
were.best. served.by.packet-switched.service..Typical.data. transfers.occurred. in.short.bundles,. inter-
spersed.with.longer.intervals.when.there.was.little.or.no.activity.
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Packet-switched. transmission. enables. efficient. use. of. transmission. resources. by. allowing.
the overall.channel.capacity.to.be.shared.among.multiple.users..To.achieve.this,.each.user’s.data.
stream. to. be. .transmitted. is. segmented. into. packets,. and. tags. are. inserted. into. the. packets. to.
.provide destination.addressing.and.other.information..When.one.user’s.packet.has.been..transmitted,.
the.channel.is.made.available.for.another.user’s.packets..Packets.from.multiple.sources.can.then.be.
interspersed.and.transmitted.over.the.channel..As.it. is.unlikely.that.the.data.bursts.for.different.
users.will.occur.all.at.the.same.time,.by.sharing.the.overall.resource.in.this.manner,.the.channel.
can.be.used.far.more.efficiently.than.if.the.channels.are.used.in.a.dedicated,.rather.than.shared,.
manner.

As. the. cellular. telephone. industry. was. established. and. began. to. grow,. the. first. cellular. networks,.
termed.first generation.or.1G,.were.designed.to.support.only.analog.voice.service,.in.effect.providing.
wireless.extensions.to.the.legacy.PSTN..Thus,.cellular.voice.service.was.configured.as.a.circuit-switched.
service,.in.which.an.end-to-end.circuit.connection.is.set.up.through.the.network.and.stays.in.place.for.
the.full.duration.of.the.call.session..While.this.form.of.network.service.is.perfectly.suitable.for.voice.
service,.it.is.not.so.for.data.traffic..Given.the.bursty.nature.of.typical.data.transfers,.the.circuit-switched.
mode.of.service.does.not.make.the.most.efficient.use.of.transmission.capacity.in.the.network..Thus,.in.
North.America,.the.early.analog.cellular.networks.were.augmented.with.Cellular.Digital.Packet.Data.
(CDPD,.described.later),.which.assigned.small.numbers.of.frequency.channels.to.carry.wireless.modem.
traffic.in.packet.mode.

As.the.initial.digital cellular.standards,.termed.second generation.or.2G,.were.being.developed,.they.
incorporated.a.variety.of.circuit-switched.data.services,.as.well.as.circuit-mode.services. that.carried.
packet-formatted.data.for.interoperation.with.external.packet-switched.data.networks..In.the.case.of.the.
Pan-European.standard,.Global.System.for.Mobile.Communications.(GSM),.transitional.technologies,.
GPRS.and.EDGE,.were.developed.as.add-ons.to.GSM.circuit-switched.networks..As.with.other.add-ons.
to.developed.cellular.networks,.these.packet-mode.services.anticipated.the.next.generation.in.wireless.
network.evolution.

In.defining.the.technical.objectives.for.the.third-generation.networks,.designated.as.3G,.true.packet.
data.services.were.incorporated.into.the.specifications..As.the.wireless.industry.begins.its.deployment.
of.the.next-generation.systems,.4G,.we.are.seeing.an.evolution.to.a.network.architecture.in.which.not.
only. data. services,. but. all. wireless. services,. will. be. formatted,. transmitted. and. switched. as. data.
packets.

22.4 early Developments in Wireless Data Services

The.initial.deployment.of.cellular.mobile.phone.service.networks. in.the.early.1980s.marked.a.major.
milestone.in.the.evolution.of.the.telecommunications.industry..There.had.already.been.a.decade-long.
history.of.development.in.radio.communications.technology—transoceanic.radio.telegraphy.services.
beginning.at.the.end.of.the.nineteenth.century,.land-mobile.radio.networks.for.police.cars.and.taxis.
beginning.the.1920s,.military.use.of.walkie-talkies.in.WWII,.and.AT&T’s.early.mobile telephone service.
introduced.just.after.the.war..These.early.technologies.of.course.were.designed.strictly.for.mobile.voice.
communications.

As. communications. and. microprocessor. technologies. advanced,. more. extensive. forms. of. mobile.
communications.became.available.in.the.marketplace..In.the.early.1960s,.the.earliest.paging.networks.
were.launched,.supporting.simple.tone.paging..Tone.paging.was.soon.replaced.by.special.paging.codes,.
beginning.with.numeric.codes.introduced.in.North.American.networks.in.the.1970s..This.was.eventu-
ally.followed.by.alphanumeric.paging.and.two-way.alphanumeric.paging..Until.the.cellular.telephone.
began.to.dominate.the.market,.pagers.filled.the.role.of.common.personal.and.mobile.communications.
devices..Today.a.number.of.paging.service.providers.are.still.in.place,.mainly.supporting.the.“critical.
messaging”.markets..While.paging.services.met.the.demand.for.minimal.connectivity,.growing.needs.
were. perceived. for. more. comprehensive. data. services. to. support. various. categories. of. service. and.
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.business.people.on.the.move..Notable.were.two.wireless.data.networks.that.provided.mobile.data.ser-
vices.to.users.in.a.number.of.major.metropolitan.areas.in.the.United.States.and.other.countries.as.well,.
and.we.discuss.these.next.

22.4.1 ARDiS and Mobitex

At.about.the.same.time.when.cellular.technology.was.being.developed,.several.low-rate.wide-area.data.
packet.data.systems.were.developed.and.deployed.in.several.countries..Most.prominent.among.these.
were.the.Advanced.Radio.Data.Information.Service.(ARDIS).and.Mobitex.data.networks..ARDIS.was.a.
two-way.wireless.data.service.developed.as.joint.venture.between.IBM.and.Motorola.and.first.imple-
mented.in.1983..The.ARDIS.system.consisted.of.a.small.number.of.network.control.centers.plus.network.
controllers.and.base.stations.deployed.in.about.400.US.cities..The.service.provided.two-way.transfer.of.
short.data.files.and.was.used.primarily.for.computer-aided.dispatching,.such.as.used.by.field.service.
personnel.. In. mid-1994,. IBM. sold. its. interest. in. ARDIS. to. Motorola,. and. in. early. 1998. ARDIS. was.
acquired.by.American.Mobile.Satellite.(now.TerreStar.Corporation)..The.ARDIS.service.is.no.longer.
deployed.

Mobitex. is. an. open-standard. packet-switched. wireless. data. technology. developed. by. Ericsson. and.
Swedish.Telecom.[12]..The.first.Mobitex.network.went.into.operation.in.Sweden.in.1986..In.1990,.Mobitex.
was.introduced.in.Canada.by.Rogers.Cantel.and.in.1991.in.the.US.by.RAM.Mobile.Data..In.1995,.RAM.
Mobile.Data.were.sold.and.renamed.as.BellSouth.Wireless.Data.and.later.became.Cingular.Interactive.
when. BellSouth. and. SBC. Communications. formed. Cingular. Wireless.. In. 2005,. the. Mobitex. division.
within.Cingular.Wireless.was.sold.and.became.Velocita.Wireless..In.2006.Velocita.Wireless.was.pur-
chased.by.Sprint.Nextel.and.became.a.Sprint.Nextel.company..During.the.mid-1990s,.Mobitex.gained.
popularity.by.providing.two-way.paging.services..It.was.also.the.first.wireless.data.transport.for.Research.
in.Motion’s.Blackberry.and.for.PDAs.such.as.Palm.devices..RIM.eventually.phased.out.Mobitex.and.cur-
rent.Blackberry.devices.utilize.other.wireless.data.services..In.the.United.States,.Velocita.Wireless.still.
operates.Mobitex.networks,.which.primarily.serve.Machine-to-Machine.(M2M).telemetry.applications.

Mobitex.is.now.implemented.on.more.than.30.networks.on.five.continents..In.Europe.in.the.early.
1990s,.the.introduction.of.GSM.and.its.array.of.data.bearer.services.overshadowed.Mobitex.service..On.
the.European.continent.today,.Mobitex.networks.operate.primarily.in.the.Netherlands,.Belgium.and.
Luxemburg..In.the.United.Kingdom,.Mobitex.was.deployed.initially.by.RAM.Mobile.Data,.the.UK.part.
of.which.became.Transcomm.and.was.purchased.by.British.Telecom.in.2001..Transcomm.still.operates.
Mobitex.services.in.the.United.Kingdom,.with.emphasis.on.M2M.services.such.as..vehicle.recovery.

The.Mobitex.interface.standard.is.maintained.by.the.Mobitex.Association,.and.all.networks.imple-
ment.the.same.standard-base.specification..Currently,.Mobitex.networks.operate.at.400–450.MHz.in.
Europe.and.900.MHz.in.the.United.States..The.Mobitex.protocol.is.a.packet-switched.data-only.service.
transmitting.half-duplex.at.8000.b/s.in.12.5.kHz.channels..The.multiple-access.scheme.is.Slotted-Aloha,.
and.useful.user-data.throughput.is.typically.about.half.the.raw.transmission.rate..The.modulation.tech-
nique.is.Gaussian.Minimum.Shift.Keying.(GMSK).and.demodulation.is.noncoherent..The.transmission.
protocol. is.best.suited.for.short-burst.traffic,.using.a.maximum.packet.size.of.512.bytes.and.a.24-bit.
address.field..Forward.error-correction,.as.well.as.retransmission,.is.used.to.ensure.the.quality.of.deliv-
ered.data.packets.

The.early.wide-area.wireless.data.systems.were.eventually.displaced.by.the.development.of.the.cellu-
lar.system.concept.and.the.widespread.deployment.of.cellular.service.networks..A.major.advantage.of.
cellular. was. that. it. provided. an. efficient. integration. of. radio. technology. with. the. ubiquitous. Public.
Switched.Telephone.Network.(PSTN),.providing.customers.with.the.mobility.and.convenience.of.access.
to.at.least.basic.telephone.service—telephony—over.wide.geographic.areas..Basic.cellular.voice.service.
was.soon.augmented.with.cellular.data.services,.and.the.evolution.to.the.modern.world.of.data.service.
on.the.move.was.underway..The.new.era.of.tetherless access.to.public.networks.had.opened.up,.and.the.
world.of.communications.was.changed.forever.



413Wireless Data

22.5 the Four Generations of cellular technology evolution

The. wireless. industry. has. adopted. a. nomenclature. of. generations. referring. broadly. to. fundamental.
changes.in.transmission.technology.and.supported.services..The.technology.for.the.first-generation.(1G).
analog.cellular.systems.was.developed.at.AT&T.Bell.Laboratories. in.the.1970s..However,. the.earliest.
deployment.of.these.systems.occurred.in.the.Nordic.countries.under.the.name.Nordic.Mobile.Telephone.
(NMT).about.a.year.earlier.than.the.deployment.of.AT&T’s.Advanced.Mobile.Phone.Service.(AMPS).in.
the.US..The.first-generation.cellular.networks,.which.provided.only.basic.voice.service.using.analog.FM.
transmission.with.Frequency.Division.Multiple.Access.(FDMA),.were.followed.in.the.early.1990s.by.
second-generation.(2G).networks.employing.digital.voice.coding.and.digital.transmission..The second-
generation.networks.were.first.developed. in.Europe.with. the. formation.of. the.GSM.standardization.
group.[13].

The.original.motivation.for.the.GSM.standardization.initiative.was.to.address.international.roaming,.
which.was. a. serious. problem. for. European. operators,. since. their. existing.analog. networks. were. not.
interoperable..The.standardization.group.quickly.decided.to.adopt.a.new.digital.Time-Division.Multiple.
Access.(TDMA).technology,.since.it.would.allow.the.integration.of.other.services.to.expand.the.horizon.
of.wireless.applications.[14,15]..However,.in.the.US.the.reason.for.migrating.to.digital.cellular.technol-
ogy.was.that.the.traffic.loads.on.the.analog.networks.in.major.metropolitan.market.areas.such.as.New.
York.and.Los.Angeles.were.nearing.capacity.limits.in.the.then-allocated.frequency.bands..The.second-
generation.networks.provided.increased.traffic-handling.capacity.and.improved.voice.quality.in.poor.
signal.environments..They.also.provided.the.means.for.circuit-oriented.wireless.data.transmission.and.
facsimile.transmission.well.as.various.enhanced.features.and.services.that.were.already.being.offered.in.
the.PSTN.

The.cellular.telephone.service.industry.grew.very.rapidly,.as.network.coverage.and.service.quality.
steadily.improved..Costs.to.consumers.declined.due.to.advancements.in.integrated.circuit.technology.
and. service. prices. fell. in. response. to. industry. competition.. Although. the. Nordic. countries,. led. by.
Finland,.have.always.had.the.highest.rate.of.cellular.penetration,.in.the.early.days.of.the.industry.the.US.
cellular.market.was.by.far.the.largest..By.1994,.there.were.41.million.subscribers.worldwide,.25.million.
of.them.in.the.United.States..In.the.past.decade,.the.number.of.wireless.subscribers.in.the.United.States.
has. tripled. to. about. 300. million.. In. North. America. the. transition. to. digital. cellular. began. with. the.
development.of.the.IS-54.and.IS-136.standards,.using.TDMA.as.in.GSM,.but.with.30.kHz.radio.fre-
quency.channels.as.then.used.for.AMPS..As.in.the.GSM.standard,.the.IS-54/136.standard.provided.an.
array.of.circuit-oriented.data.services..As.IS-54/136.systems.were.being.deployed,.providing.a.threefold.
increase. in.capacity,. concern.was.already.growing.with.respect. to. looming.capacity. limitations..The.
need.for.even.higher.capacity.motivated.the.investigation.of.CDMA,.perceived.as.offering.significantly.
higher.capacity. than. the.TDMA.systems..As. in. the. IS-54/136.and.GSM.systems,. the.CDMA.system.
included.circuit-oriented.data.services,.though.still.at.modest.data.rates.

While.the.debate.between.TDMA.and.CDMA.for.2G.systems.was.ongoing.in.the.United.States,.GSM.
deployment.began.in.the.EU.in.the.early.1990s..At.the.same.time,.developing.countries.started.their.
planning.for.cellular.networks.and.most.of.them.adopted.the.GSM.digital.technology.rather.than.ana-
log.technology..Soon,.GSM.was.being.deployed.in.more.than.100.countries..An.interesting.phenomenon.
in.the.evolution.of.the.cellular.industry.was.the.unexpectedly.rapid.expansion.of.the.industry.in.devel-
oping.countries..In.these.countries,.the.build-out.of.infrastructure.for.traditional.landline.service.was.
too.slow.to.meet.the.demand.for.new.subscriptions,.and.the.new.cellular.networks.could.be.deployed.
much.more.rapidly.than.the.wireline.infrastructure.could.be.expanded.

In.early.stages.of.the.TDMA.vs..CDMA.race,.CDMA.networks.were.being.deployed.in.only.a.few.
countries..Testing.and.early.operational.experience.had.shown.that.the.relative.capacity.advantage.for.
CDMA.was.not.as.great.as. initially.projected.. In. the.mid-1990s,.when.the.first.CDMA.deployments.
appeared.in.the.United.States,.most.service.providers.were.subsidizing.the.cost.of.cellular.phones.to.stay.
in. the. race. with. TDMA. and. analog. capacity. improvements. such. as. band-splitting.. However,. as.
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.experience.was.gained.with.CDMA,.it.quickly.became.evident.that.the.received.voice.quality.in.CDMA.
systems. was. superior. to. that. of. TDMA. systems,. and. CDMA. quickly. grew. in. popularity. with. users..
Meanwhile,. given. the. huge. success. of. digital. cellular. technology,. manufacturers. worldwide. began.
.working. on. standards. for. third-generation. (3G). international. mobile. telephone. (IMT-2000). wireless.
networks.

The.motivation.for.migrating.to.3G.networks.was.to.develop.an.international.standard.that.would.
assimilate.and.gradually.replace.2G.networks..At.the.same.time,.3G.systems.were.intended.to.improve.
voice.quality.and.network.capacity.and.to.provide.significantly.increased.data.rates.to.accommodate.the.
rapidly. growing. demand. for. data-enabled. services. by. mobile. users.. The. 3G. systems. also. provided. a.
transition.from.circuit-oriented.data.to.packet.data.services.at.rates.up.to.about.2.Mb/s..Among.multiple.
radio.access.technologies.proposed.to.the.International.Telecommunications.Union.(ITU),.the.domi-
nant.technology.for.3G.systems.was.Wideband.CDMA.(W-CDMA).

The.fourth.generation.(4G).of.cellular.wireless.standards.is.the.successor.to.the.3G.and.2G.families.of.
standards.. In. 2009,. the. ITU. Radio. (ITU-R). organization. established. the. International. Mobile.
Telecommunications. Advanced. (IMT-Advanced). requirements. for. 4G. standards,. setting. peak. speed.
requirements.for.4G.service.at.100.Mb/s.for.high.mobility.communications.such.as.access.from.moving.
vehicles. and. 1.Gbit/s. for. low-mobility. communication. such. as. access. by. pedestrians. and. stationary.
users.

A.4G.system.is.expected.to.provide.a.comprehensive.and.secure.all-IP.based.mobile.broadband.solu-
tion.to. laptop.computer.wireless.modems,.smartphones,.and.other.mobile.devices..Facilities.such.as.
ultra-broadband.Internet.access,.IP.telephony,.gaming.services,.and.streamed.multimedia.may.be.pro-
vided.to.users..Two.radio.access.technologies.have.been.developed.to.meet.the.requirements. for.4G:.
LTE-Advanced.and.WiMAX2..Because.these.systems.do.not.yet.fully.achieve.the.data.rate.requirements.
defined.for.4G,.they.are.unofficially.referred.to.as.3.9G.systems..Nevertheless,.some.service.providers.
have.been.using.the.4G.designation.for.these.systems,.and.it.is.generally.agreed.that.these.systems.are.
paving.the.way.for.strictly.defined.4G.technology.

22.6 Wireless Data in 1G cellular networks

The.first.generation.of.cellular.telephone.networks,.AMPS.in.the.US.and.about.half.a.dozen.analog.cel-
lular.networks.in.across.Europe,.were.designed.strictly.for.analog.voice.service,.in.effect.simply.provid-
ing.wireless.connections.to.the.PSTN.over.wide.geographic.areas..They.had.a.capability.for.cell-to-cell.
handover.and.in.some.cases.the.ability.to.roam.from.one.cellular.service.provider’s.network.to.another..
However,.it.soon.became.evident.that.many.users,.particularly.business.travelers,.real.estate.agents,.and.
service.technicians,.would.like.to.be.able.to.use.the.cellular.networks.for.data.transmission,.just.as.they.
were.becoming.accustomed.to.using.the.PSTN.for.data.connections.with.dial-up.modems..Thus,.manu-
facturers.began.to.offer.portable.modems.and.facsimile.devices.for.use.by.“road.warriors.”

22.6.1 Modems over Analog cellular channels

In.this.form.of.data.communication,.the.user.simply.accessed.a.cellular.voice.channel.just.as.he.would.
in.making.a.traditional.voice.call.over.the.cellular.network..The.user.then.operated.the.modem.or.fax.
device.just.as.he.would.have.done.from.office.to.office.over.the.PSTN..In.this.form.of.data.communica-
tion,.the.cellular.network.was.not.providing.a.data.service,.but.simply.an.analog.RF.link.over.which.the.
mobile.data.modem.or.fax.device.could.interoperate.with.a.corresponding.data.modem.or.standard.fax.
machine.in.the.office.or.service.center..The.call.connection.from.the.Mobile.Switching.Center.(MSC).to.
the.PSTN.was.a.standard.landline.connection,.exactly.the.same.as.provided.for.a.cellular.voice.call..Very.
soon,.many.mobile.devices.came.into.the.marketplace,.including,.eventually,.modems.and.fax.devices.
built.into.laptop.computers,.giving.rise.to.the.popular.term.“mobile.office”.for.the.traveling.business.
person.
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At.the.same.time,.law.enforcement.personnel.began.making.use.of.this.form.of.wireless.data.over.
cellular.and.radio.dispatch.networks.to.gain.rapid.access.to.databases.for.verification.of.vehicle.registra-
tions.and.drivers’.licenses..Mobile.devices.came.into.the.marketplace.able.to.operate.at.transmission.
rates.up.to.9.6.or.14.4.kb/s..Error.correction.modem.protocols.such.as.MNP-10,.V.34,.and.V.42.were.used.
to.provide.reliable.delivery.of.data.in.the.error-prone.wireless.transmission.environment.

In.another. form.of.data.communication.over. the.analog.cellular.networks,. the.mobile. subscriber.
used.a.portable.modem.or.fax.device.as.described.above,.but.now.accessed.a.modem.provisioned.by.the.
cellular.operator.as.part.of.a.modem pool.connected.to.the.MSC..Some.modem.pools.provided.the.sub-
scriber.with.a.choice.of.several.standard.modem.types..The.call.connection.from.the.modem.pool.to.the.
office.was.a.digital.connection.provided.by.any.one.of.a.number.of.public.packet.data.networks,.such.as.
those.providing.X.25.service..Here,.the.cellular.operator.provided.a.special.service.in.the.form.of.modem.
pool.access,.and.this.service.usually.carried.a.higher.tariff.than.did.standard.cellular.telephone.service,.
due.to.the.operator’s.added.investment.in.the.modem.pools..In.this.form.of.service,.however,.the.user.in.
the.office.or.service.center.did.not.require.a.modem.but.instead.had.a.direct.digital.connection.to.the.
packet.data.network.from.his.desk-top.or.host.computer.

Each.of.the.types.of.wireless.data.transmission.just.described.was.in.effect.an.appliqué.onto.an.under-
lying.analog.cellular.service.and,.therefore,.had.limitations.imposed.by.the.characteristics.of.the.under-
lying.voice-circuit.connection..That.is,.the.cellular.segment.of.the.call.connection.was.a.circuit-mode.
service,.which.might.have.been.cost-effective.and.bandwidth-efficient.if.the.user.was.transferring.large.
files.or.long.fax.transmissions,.but.not.if.only.short.messages.were.to.be.transmitted..As.is.well.under-
stood.by.communications.engineers,.packet.data. transmission.can.make.much.more.efficient.use.of.
transmission. capacity. than. does. circuit-mode. transmission,. since. segmenting. communication. into.
packets.allows.a.communication.path.to.be.shared.among.multiple.users..In.the.operation.of.cellular.
networks,.where.RF.bandwidth.is.a.limited.and.expensive.resource,.it.soon.became.clear.than.packet.
services. would. provide. a. more. efficient. way. to. use. available. bandwidth.. In. the. previous. section,. we.
described.the.ARDIS.and.Mobitex.networks,.which.were.designed.ab initio.as.packet.data.networks..
Here,.we.describe.a.packet.data.service.that.was.conceived.as.a.service.to.be.integrated.with.already-
deployed.1G.analog.cellular.networks.

22.6.2 cellular Digital Packet Data

In.each.generation.of.evolution.of.mobile.networking.technology,.there.have.been.one.or.more.develop-
ments.anticipating.the.next.generation..In.North.America,.the.1G.cellular.system.was.AMPS,.providing.
analog.voice.service.over.30.kHz.channels.in.the.800–900.MHz.cellular.band..As.market.demand.for.
mobile. data. services. grew,. the. cellular. industry. looked. for. ways. to. capitalize. on. their. considerable.
investments. in. AMPS. networks. and. use. those. networks. to. deliver. data. service.. The. result. was. the.
Cellular.Digital.Packet.Data.(CDPD).system,.designed.to.provide.packet.data.service.as.an.overlay.onto.
existing. AMPS. networks.. (It. was. also. possible. to. overlay. CDPD. service. onto. a. D-AMPS. network,.
described.below.).CDPD.was.developed.by.IBM.in.collaboration.with.the.major.cellular.carriers.[16]..
Any.cellular.carrier.owning.a.license.for.AMPS.service.was.free.to.implement.CDPD.service.without.
need.for.further.licensing.

The.basic.concept.of.the.CDPD.system.was.to.provide.packet.data.service.on.a.noninterfering.basis.
simultaneously.with.analog.cellular.voice.service.using.the.same.set.of.30-kHz.RF.channels..This.was.
accomplished.typically.by.allocating.one.or.a.few.30-kHz.channels.in.each.cell.site.to.CDPD.service..
Each.CDPD.channel.supported.packet.data.transmission.at.rates.up.to.19.2.kb/s,.though.degraded.radio.
channel.conditions.limited.useful.data.throughput.to.lower.levels.and.introduced.additional.time.delays.
due.to.error-detection.and.retransmission.protocols..The.CDPD.radio.link.physical.layer.used.GMSK.
modulation. on. both. forward. (base-to-mobile). and. reverse. (mobile-to-base). links.. Transmit. pulse-.
shaping.ensured.that.the.average.signal.power.spectrum.satisfied.the.emission.requirements.for.analog.
cellular.systems.
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The.participating.companies.issued.the.first.release.of.the.CDPD.specification.in.1993.and.a.second.
release.in.1994..Typical.applications.for.CDPD.service.included:.electronic.mail,.field.support.service,.
package-delivery.tracking,.inventory.control,.credit.card.verification,.security.reporting,.vehicle.theft.
recovery,.traffic.and.weather.advisory.services,.and.a.wide.range.of.information.retrieval..services..Some.
CDPD.networks.provided.service.for.PDAs..While.a.number.of.wireless.carriers.implemented.CDPD.
service,.it.achieved.only.limited.success.in.the.marketplace,.due.in.part.to.the.availability.of.lower-cost.
public.data.services.such.as.Mobitex,.as.well.as.the.anticipation.of.higher-speed.services.that.would.be.
available.in.2G.digital.cellular.systems..By.2005,.most.CDPD.networks.had.been.shut.down,.and.higher-
speed.data.services.were.available.as.features.of.2G.and.3G.digital.cellular.systems.

22.7 Wireless Data in 2G cellular networks

In.the.1980s,.as. the.cellular. industry.began.to.develop.digital. systems.to.replace. the.first-generation.
analog.systems,.the.need.for.cellular.data.services.was.becoming.apparent,.and.the.thus.the.2G.cellular.
systems.were.designed.to.incorporate.data.services.as.well.as.digital.voice.service..In.this.section.we.
summarize.the.evolution.of.cellular.data.services.in.the.principal.2G.systems.as.well.as.the.transitional.
technologies.that.anticipated.the.next.step.in.the.evolution.of.cellular.systems.

22.7.1 Data Services in Digital AMPS

In.the.US.and.Canada,.the.Electronic.Industries.Alliance.(EIA).and.the.Telecommunications.Industry.
Association.(TIA).together.developed.the.interim.standard.IS-54,.the.first.of.the.digital.cellular.standards.
in.the.US..The.IS-54.standard.was.soon.followed.in.early.2000.by.IS-54B.and.IS-136,.and.this.set.of.three.
standards.came.to.be.known.collectively.as.Digital.AMPS.(D-AMPS),.though.the.name.United.States.
Digital.Cellular.(USDC).was.also.used.to.refer.to.these.standards,.as.well.as.the.simpler.designation.IS-54.

The. D-AMPS. system. used. the. existing. 30-kHz. AMPS. radio. channels. but. replaced. the. analog.
AMPS.signal.with.a.six-slot.TDMA.transmission.structure,.As.in.the.GSM.system,.the.D-AMPS.sys-
tem.defined.full-rate.and.half-rate. logical.channels..The.initial.systems.implemented.only. full-rate.
channels,.in.which.two.out.of.the.six.slots.carried.each.digitally.compressed.voice.signal,.thus.tripling.
the.number.of.full-rate.voice.calls.that.could.be.carried.on.a.single.cell..The.six-slot.format.allowed.for.
later. introduction.of.half-rate.vocoders,.which.would.provide.a.doubling.of.voice-call. capacity.. In.
addition.to.digital.voice.service,.the.D-AMPS.system.eventually.incorporated.circuit-switched.data.
services,.as.well.as.facsimile.service.for.mobile.connectivity.with.Group-3.fax.machines.in.common.
use.on.the.PSTN..The.data.service.modes.included.full-rate.and.half-rate.modes,.all.circuit-switched..
The.air.interface.for.the.D-AMPS.system.used.π/4-shift.Differential.Quaternary.Phase.Shift.Keying.
(π/4-shift.DQPSK).with.a. transmission.rate.of.48.6.kb/s..After.accounting. for.overhead.bits. in. the.
TDMA.frames,.a.full-rate.data.mode.would.carry.13.kb/s,.but.error-control.coding.brought.the.user.
data.rates.to.lower.levels.

As.D-AMPS.networks.were.being.built.out.in.North.America,.Qualcomm’s.CDMA.system.was.being.
developed.and.tested,.and.D-AMPS.was.ultimately.displaced.by.CDMA.and,.in.some.US.markets,.by.
GSM..At.this.writing,.there.are.no.longer.any.D-AMPS.networks.in.operation.

22.7.2 Data Services in GSM

In.the.early.1980s,.a.technical.group.was.formed.to.develop.a.Pan-European.standard.for.a.digital.cel-
lular.system,.called.Global.System.for.Mobile.Communications.(GSM),.which.would.replace.six.incom-
patible.analog.cellular.systems.then.in.use.throughout.Europe..Soon,.throughout.much.of.Europe.and.
surrounding.regions,.spectrum.was.reallocated.so.that.a.completely.new.system.could.be.developed..The.
GSM.system.went.into.operation.in.1992.and.rapidly.gained.adoption.throughout.Europe.and.elsewhere.
in. the. world,. particularly. in. the. Asia-Pacific. region.. In. a. GSM. system,. each. RF. channel. supports.
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.multiple  user. channels. with. a. TDMA. signal. format.. This. radio. channel. structure,. termed. FDMA/
TDMA,.was.also.adopted.for.2G.systems.in.North.America.and.Japan,.though.many.details.of.the.chan-
nel.structures.differed.from.one.system.to.another.

In.GSM.each.200-kHz.frequency.channel.has.an.aggregate.bit.rate.of.270.833.kb/s,.carried.over.the.
radio.interface.using.Gaussian Minimum Shift Keying.(GMSK)..The.270-kb/s.data.stream.in.each.fre-
quency.channel.in.divided.into.eight.fixed-assignment.TDMA.channels.termed. logical channels..The.
GSM.radio.interface.standard.provides.a.variety.of.traffic.and.control.channels,.defined.in.a.hierarchy.
built.upon.the.underlying.8-slot.TDMA.transmission.format..The.details.of.the.GSM.protocol.structure.
can.be.found.in.many.references.including.[17]..For.our.purposes.here,.where.we.focus.on.cellular.data.
services,.it.suffices.to.say.that.the.basic.building.block.of.the.frame.hierarchy.is.a.4.615-ms.frame.com-
prising.eight.5.77-μs.time.slots..The.next.level.in.the.hierarchy.is.a.120-ms.GSM.multiframe,.a.multi-
frame. comprising. 26. eight-slots.. In. each. multiframe,. 24. frames. carry. user. information,. while. two.
frames.carry.control.information..This.structure.allowed.for.the.implementation.of.full-rate.and.half-
rate. services. in. GSM. networks.. The. earliest. implementation. of. GSM. provided. full-rate. digital. voice.
service.in.which.all.24.frames.in.a.multiframe.were.used..Later,.as.voice.coding.technology.advanced,.
providing.good-quality.voice.reproduction.at.lower.compressed.data.rates,.half-rate.voice.service.would.
be.implemented.by.allocating.only.12.frames.per.multiframe.to.a.user.channel..The.aggregate.data.rate.
in.a.full-rate.GSM.channel.is.22.8.kb/s,.and.in.a.half-rate.channel.11.4.kb/s,.each.including.coding.incor-
porated.for.error.protection.

The. GSM. standard. eventually. specified. a. number. of. bearer services. to. support. transmission. of.
unspecified.data.[18]..For.use.on.a.full-rate.channel,.several.data.rates.up.to.9.6.kb/s.are.provided..For.
use.on.a.half-rate.channel,.the.data.rates.up.to.4.8.kb/s.are.specified..The.stated.rates.are.user.data.rates,.
but.the.aggregate.transmission.rate.in.each.case.is.higher,.due.to.the.addition.of.error-control.coding..
The.error-control.coding.specified.in.GSM.data.services.is.more.powerful.than.the.coding.used.in.digi-
tal.voice.service,.since.data.transmissions.are.less.tolerant.of.errors.than.are.voice.transmissions..For.
each.GSM.data.rate,.a.different.coding.method.is.used,.though.each.employs.punctured.convolutional.
coding.with.interleaving..Detailed.examples.of.channel.coding.for.GSM.data.channels.can.be.found.in.
Reference.17.

GSM. supports. both. asynchronous. and. synchronous. transmission. and. a. choice. of. Transparent. or.
Non-Transparent.mode..Transparent.mode.provides.forward.error.correction.(FEC),.constant.bit.rate.
and. constant. transport. delay.. Nontransparent. mode. activates. a. Radio Link Protocol,. which. uses.
Automatic.Repeat.Request.(ARQ).with.retransmission..In.addition.to.the.asynchronous.and.synchro-
nous.circuit-switched.services,.GSM.also.provides.packet.data.services..These.are.either.asynchronous.
access.to.a.Packet Assembler/Disassembler.(PAD),.or.direct.asynchronous.access.to.a.packet.data.net-
work.. It. should. be. noted. that. while. these. services. supported. packet-oriented. interfaces. to. the. GSM.
network,.they.simply.carried.packet-formatted.data.over.the.air.interface.in.on.a.circuit-switched.chan-
nel.for.the.full.duration.of.the.call.connection..Thus,.they.did.not.provide.the.efficiency.of.true.packet.
data.in.use.of.frequency.resources.

GSM.also.provided.for.Short.Message.Service.(SMS),.which.carries.short.text.messages.on.control.
channels.and.is.the.basis.for.texting,.which.has.become.extremely.popular.with.cell.phone.users..GSM.
data.services.are.described.in.considerable.detail.in.Reference.18.

22.7.2.1 High-Speed circuit Switch Data

While.the.circuit-switched.data.services.in.conventional.GSM.provided.data.rates.comparable.to.legacy.
dial-up.modems,.much.higher.rates.were.already.being.deployed.in.fixed.networks..Accordingly,.in.the.
Phase. 2+. stage. of. GSM. development,. one. of. the. GSM. standardization. groups. specified. High-Speed 
Circuit Switch Data.(HSCSD).service.[18]..The.GSM.designation.Phase.2+.denotes.the.fact.that.these.
services.are.built.upon. the.Phase.2.GSM.architecture.while.providing.some.of. the.capabilities.envi-
sioned.for.a.subsequent.third.generation.(3G).of.wireless.systems..HSCSD.provides.higher.data.rates.
than.the.original.CSD.services,.using.two.innovations..The.first.innovation.is.to.allow.different.levels.of.



418 Mobile Communications Handbook

error.correction.coding,.which.can.be.chosen.in.accordance.with.channel.quality..For.example,.a.data.
call.made.under.very.good.channel.conditions.can.employ.a.coding.scheme.having.a.small.amount.of.
redundancy,.thus.higher.user.data.rate.for.the.same.channel.transmission.rate..A.second.innovation.in.
HSCSD.is.the.ability.to.use.multiple.time.slots.simultaneously..Thus,.combining.four.time.slots.a.user.
could.be.provided.error-protected.data.at.38.4.kb/s.instead.of.9.6.kb/s..Of.course.HSCSD.services.could.
not.be.accessed.with.conventional.GSM.mobile.terminals,.due.to.the.increased.complexity.required.for.
multislot. operation. and. for. the. enhanced. coding. options.. Today. mobile. devices. are. available. in. the.
market.place.providing.data.speeds.of.38.4–57.6.kb/s,.slightly.more.than.what.can.be.achieved.with.data.
modems.in.the.PSTN.

22.7.2.2 General Packet Radio Service

Soon.after.the.first.GSM.networks.became.operational.in.the.early.1990s.and.customers.gained.experi-
ence.with.the.GSM.data.services,.it.became.evident.that.the.circuit-switched.bearer.services.were.not.
particularly. well. suited. for. certain. types. of. applications. where. data. traffic. was. bursty.. The. circuit-
switched.data.services,.while.satisfactory.for.long.file.transfers,.were.not.cost-effective.for.the.customer.
using.the.service.for.connections.to.the.Internet.or.corporate.networks,.applications.of.growing.impor-
tance.in.the.business.world..Similarly,.from.the.service.provider’s.perspective,.the.use.of.circuit-switched.
connections.for.carrying.bursty.traffic.did.not.make.efficient.use.of.cellular.network.capacity..At.the.
same.time,.customer.demand.for.higher-rate.data.services.was.growing.steadily.as.new.software.appli-
cations. for. mobile. users. were. entering. the. marketplace.. The. development. of. General. Packet. Radio.
Service.(GPRS),.begun.in.1994.as.part.of.the.GSM.Phase.2+.specification,.was.an.important.step.toward.
satisfying.the.evolving.needs.of.mobile.customers.and.cellular.service.providers.as.well..The.primary.
GPRS.specifications.were.approved.by.1997.[19].

Stated.briefly,.GPRS.overlays.true.packet.data.service.onto.a.GSM.network.in.a.way.that.maintains.
strict.separation.between.radio.subsystem.and.the.network.system,.with.the.advantage.that.no.modifi-
cations.to.Mobile.Switching.Centers.(MSCs).are.required.[20]..GPRS.provisioning.does.require.some.
enhancements.and.modifications.to.GSM.infrastructure.and,.as.with.HSCSD,.to.mobile.stations.(MSs)..
In.GPRS,.the.allocation.of.the.eight.timeslots.on.one.RF.channel.is.flexible..One.to.eight.time.slots.in.a.
TDMA.frame.can.be.assigned.to.the.service,.and.uplink.and.downlink.timeslots.are.allocated.sepa-
rately..The.capacity.of.an.RF.channel.can.be.shared.dynamically.between.circuit-switched.and.packet.
data.services..GPRS.provides.data.rates.up.to.171.2.kb/s,.this.upper.limit.achieved.by.assigning.all.eight.
time.slots.in.a.GSM.radio.channel.to.a.single.user.[21,22].

The.GPRS.system.brings.packet-switched.data.services.to.the.existing.GSM.system,.providing.the.cus-
tomer.many.advantages.not.provided.by. the. earlier.GSM.circuit-switched.data. services.. In. the.GPRS.
system,.mobile.users.can.access.public.data.networks.directly.using.their.standard.protocol.addresses,.
such.as.IP.or.X.25..The.resource.allocation.in.the.GPRS.network.is.dynamic.and.dependent.on.demand.
and.resource.availability..Packets.can.also.be.sent.in.idle.periods.between.speech.calls..With.the.GPRS.
system,.it.is.possible.for.customers.to.communicate.point-to-point.(PTP).or.point-to-multipoint.(PT2MP),.
and.the.system.also.supports.SMS..The.theoretical.maximum.throughput.in.the.GPRS.system.is.160.kb/s.
per.MS.using.all.eight.channels.without.error-correction.coding.redundancy.[23]..Because.GPRS.builds.
upon.a.2G.network.technology.while.approaching.higher.data.rates.envisioned.for.3G.systems,.GPRS.is.
often.described.as.a.2.5G.technology,.that.is,.a.transitional.technology.between.2G.and.3G..It.should.be.
noted.here.that.the.terms.2G.and.3G.are.official.designations.adopted.by.standardization.groups,.but.the.
term.2.5G.has.no.official.definition.and.has.been.used.in.the.industry.primarily.for.marketing.purposes.

22.7.2.3 enhanced Data for Global evolution

Soon.after.the.year-2000.introduction.of.GPRS,.it.was.perceived.by.network.operators.that.GSM-based.
networks.would.have.to.provide.even.higher.data.rates..The.need.for.higher.rates.has.grown.out.of.the.
market.demand.for.an.expanding.menu.of.services,.such.as.multimedia.transmission..In.response.to.
this.market.demand,.the.European.Technical.Standards.Institute.(ETSI).defined.a.new.family.of.data.
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services,.built.upon.the.existing.structure.of.GPRS..This.new.family.of.data.services.was.initially.named.
Enhanced. Data. Rates. for. GSM. Evolution,. and. subsequently. renamed. Enhanced. Data. for. Global.
Evolution. (EDGE)..While. the.primary. motivation. for.EDGE.development.was.enhancement.of.data.
services. in.GSM/GPRS.networks,.EDGE.can.also.be. introduced. into.networks.built. to. the.D-AMPS.
standard.[24]..In.Europe,.EDGE.is.considered.a.2.5G.standard,.providing.a.transition.between.2G.and.
3G.systems..As.is.the.case.with.GPRS,.a.GSM.network.operator.requires.no.new.license.to.implement.
EDGE. services. in. its. network,. since. the. 200-kHz. RF. channel. organization. of. conventional. GSM. is.
reused. with. a. different. organization. of. logical. channels. within. each. RF. channel.. EDGE. technology.
became.available.in.2001,.and.was.deployed.in.GSM.networks.beginning.in.2003..Next.we.describe.the.
implementation.of.EDGE.in.GSM/GPRS.networks.

EDGE.enhances.data.service.performance.over.GPRS.in.two.ways.[21,25]..First,.it.replaces.the.GMSK.
radio.link.modulation.used.in.GSM.with.an.8-PSK.modulation.scheme.capable.of.tripling.the.data.rate.
on.a.single.radio.channel..Second,.EDGE.provides.more.reliable.transmission.of.data.using.a.link.adap-
tion.technique,.which.dynamically.chooses.a.modulation.and.coding.scheme.(MCS).in.accordance.with.
the.current.transmission.conditions.on.the.radio.channel..The.EDGE.link.adaptation.mechanism.is.an.
enhanced.version.of.the.link.adaptation.used.in.GPRS.

EDGE.provides.two.forms.of.enhanced.data.service.for.GSM.networks—Enhanced.Circuit-Switched.
Data.(ECSD).for.circuit-switched.services.and.Enhanced.GPRS.(EGPRS).for.packet-switched.services..
In.each.form.of.EDGE.data.service,.there.are.provisions.for.combining.logical.channels.(time.slots).in.
the.GSM.transmission.format.to.provide.a.wide.menu.of.achievable.data.rates.

The.major.impact.that.EDGE.has.on.the.GSM/GPRS.protocol.structure.is.at.the.physical.layer.of.
the.radio.interface,.and.there.is.only.minor.impact.on.MAC.and.radio.link.control.(RLC).layers.[21]..
The.EDGE.RF.specification.and.definition.of.burst.structures.are.common.to.EGPRS.and.ECSD..A.
major.modification. in.EGPRS,.relative. to.GPRS,. is. the. link.quality.control. (LQC). function,.which.
provides.a.wider.array.of.link.error-control.schemes.than.exist.in.conventional.GSM.or.in.GPRS..The.
LQC.function.provides.nine.different.modulation.and.coding.schemes,.MCS-1.to.MCS-9,.as.well.as.
related.signaling.and.adaptation.procedures.for.switching.between.MCSs.in.response.to.radio.link.
conditions..Table.22.2.summarizes. the.nine.MCSs.used. in.EGPRS.and.shows. the.data. throughput.
provided.by.each.MCS..The.EGPRS.modulation.and.coding.schemes.are.organized.into.three.fami-
lies,.A–C,.according.to.their.RLC.block.sizes..For.example,.in.family.A,.MCS-9.carries.1184.payload.
bits.in.two.RLC.data.blocks.during.one.EGPRS.radio.block.of.four.consecutive.bursts.(radio.blocks)..
MCS-6.carries.592.payload.bits.in.one.RLC.frame,.and.MC-3.carries.296.payload.bits.within.the.RLC.
block..In.each.family,.the.numbers.of.payload.bits.carried.in.the.lower-rate.coding.schemes.are.sub-
multiples.of.the.payloads.at.higher.rates..This.feature.enables.efficient.retransmission.of.negatively.
acknowledged. RLC. blocks. when. this. functionality. is. needed. following. a. sudden. change. in. radio.

TABLE 22.2 EGPRS.Modulation.and.Coding.Parameters

Modulation.and.
Coding.Scheme Code.Rate Modulation.Type

Data.Rate.per.
Time.Slot.(kb/s) MCS.Family

MCS-9 1.00 8-PSK 59.2 A
MCS-8 0.92 8-PSK 54.4 A
MCS-7 0.76 8-PSK 44.8 B
MCS-6 0.49 8-PSK 29.6 A
MCS-5 0.37 8-PSK 22.4 B
MCS-4 1.00 GMSK 17.6 C
MCS-3 0.80 GMSK 14.8 A
MCS-2 0.66 GMSK 11.2 B
MCS-1 0.53 GMSK 8.8 C
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channel.conditions..For.a.detailed.discussion.on.EGPRS.link.adaptation.and.analysis.of.its.perfor-
mance,.the.reader.is.referred.to.[21].

The.ECSD.service.is.built.upon.the.high-speed.circuit-switched.data.HSCSD.service.standardized.in.
the.GSM.Phase.2+.specification..While.the.user.data.rates.provided.by.ECSD.(up.to.64.kb/s).are.not.
higher.than.those.in.HSCSD,.the.same.data.rates.are.achieved.in.ECSD.by.using.smaller.numbers.of.
time.slots.and.simpler.implementation.in.the.mobile.stations.[21]..As.was.the.case.with.HSCSD,.ECSD.
provides.both.transparent.(T).and.nontransparent.(NT).services..Table.22.3.shows.the.data.rates.pro-
vided.by.ECSD.service.in.EDGE.

A.further.extension.of.the.GSM.standard,.termed.as.Evolved.EDGE.(E-EDGE).upgrades.EDGE.fur-
ther.to.provide.even.higher.data.speeds..Also.called.EDGE.Evolution,.it.provides.downlink.data.rates.up.
to.600.kb/s..There.has.been.much.interest.in.E-EDGE.technology.on.the.part.of.carriers,.some.of.whom.
see.this.technology.as.an.alternative.or.a.step.in.transition.to.full.3G.networks..At.this.writing,.however,.
there.has.been.little.or.no.adoption.of.E-EDGE.technology.

22.7.3 Data Services in 2G cDMA networks

In.contrast.to.the.GSM.and.D-AMPS.standardization.work.carried.out.by.multiple.organizations.work-
ing.together,.the.CDMA.initiative.was.based.on.a.cellular.system.design.developed.by.Qualcomm,.Inc..
[26]..Proponents.of.the.CDMA.system.projected.that.the.system.would.provide.a.significantly. larger.
capacity.increase.(over.analog.AMPS).than.would.be.achieved.with.the.D-AMPS.standard..Subsequently,.
the.TIA.established.subcommittee.TR45.5,.which.began.developing.a.standard.based.on.the.Qualcomm.
CDMA.design.

The.resulting.air-interface.specification.IS-95.was.released.in.July.1993..A.revised.standard,.IS-95A,.
was.released. in.1995,.and.first.deployed. in.commercial. service.soon. thereafter..The.IS-95A.standard.
provided. the. basis. for. many. of. the. first. CDMA. networks. deployed. throughout. the. world.. In. 1997,.
Qualcomm’s.CDMA.technology.was.re-branded.as.cdmaOne,.though.the.earlier.designation.IS-95.is.
still.used.frequently.in.the.industry..In.addition.to.digital.voice.service,.the.IS-95A.CDMA.networks.
provide.circuit-switched.data.service.at.rates.up.to.14.4.kb/s..A.subsequent.revision.of.the.standard.pro-
vided.for.packet-switched.data.services.at.rates.up.to.64.kb/s,.termed.as.medium data rate.(MDR),.in.
addition.to.voice.service..Due.to.this.increased.data.rate.capability,.cdmaOne.was.referred.to.as.a.2.5G.
technology.

As.the.new.digital.cellular.equipment.became.available,.service.providers.in.North.America.adopted.
both.the.TDMA.and.CDMA.standards,.some.operators.implementing.one.standard.in.a.given.market.
area.and.the.other.standard.in.another.market.area..However,.as.the.cellular.service.market.grew,.sub-
scribers.and.service.providers.showed.an.increasing.preference.for.the.CDMA.technology;.better.voice.
quality.was.typically.cited.as.the.deciding.factor..Today.IS-95-based.CDMA,.usually.referred.to.collec-
tively.as.cdmaOne,. is.the.dominant.cellular.technology.in.North.America.and.has.become.a.de facto.
worldwide.standard.as.well..Also,.cdmaOne.was.accepted.as.the.basis.for.one.leg.of.the.cellular.industry.
evolution. to. Third-Generation. (3G). systems,. as. cdma2000.. A. key. driver. in. the. evolution. toward. 3G.
systems.is.the.requirement.for.data.service.rates.significantly.higher.than.those.offered.by.2G.systems..
An. important. development. proposed. to. meet. this. requirement. was. CDMA-based. High-Data-Rate.
(HDR).service,.the.basis.for.EV-DO,.discussed.later.

TABLE 22.3 ECSD.Service.Rates.in.EDGE

Coding.Scheme Code.Rate Modulation.Type Gross.Rate.(kb/s) Radio.Interface User.Rate.(kb/s)

TCH/28.8.(NT/T) 0.419 8-PSK 69.2 29.0 28.8
TCH/32.0.(T) 0.462 8-PSK 69.2 32.0 32.0
TCH/43.2.(NT) 0.629 8-PSK 69.2 43.5 43.2

Note: NT,.Non-Transparent.Service;.T,.Transparent.Service.
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22.8 Data Services in 3G networks

In.1998,.the.ITU.called.for.proposals.for.a.set.of.globally.harmonized.standards.for.third-generation.
(3G).mobile.services.and.equipment,.to.be.called.International.Mobile.Communications.2000.(IMT-
2000)..They.received.many.proposals.based.on.TDMA.and.CDMA.access.technology..The.European.
Telecommunications.Standards.Institute.(ETSI).and.GSM.equipment.manufacturers.backed.wideband.
code.division.multiple.access.(W-CDMA),.while.US.manufacturers.backed.CDMA2000,.which.had.its.
origins.in.IS-95.and.cdmaOne..Subsequently,.two.groups.of.standards.bodies.formed:.3rd.Generation.
Partnership.Project.(3GPP),.and.3rd.Generation.Partnership.Project.2.(3GPP2)..The.scope.of.work.in.
each.of.these.two.groups.is.very.comprehensive,.encompassing.radio.access,.network.architecture,.ser-
vices,.and.security..However,.given.the.subject.of.this.chapter,.we.confine.our.discussions.to.data.ser-
vices.standardized.by.each.of.the.groups.

22.8.1 Universal Mobile telecommunications System 3GPP

The.set.of.standards.developed.by.3GPP.is.called.Universal.Mobile.Telecommunications.System.(UMTS),.
comprising.three.different.air.interfaces..The.currently.most.widely.implemented.air.interface.is.Wideband.
CDMA.(W-CDMA),.which.uses.two.5.MHz.channels.in.frequency.division.duplex.(FDD).operation..The.
second.UMTS.air.interface.specification.is.a.TD-CDMA.access.scheme.that.uses.5.MHz.channels,.but.
formats.the.signal.in.each.channel.as.consecutive.frames.containing.time.slots..The.time.slots.are.assigned.
at.a.fixed.percentage.for.uplink.and.downlink.communication,.eliminating.the.need.for.separate.upstream.
and.downstream.frequency.channels,.thus.allowing.deployment.in.tighter.frequency.bands.

The.third.air-interface.specification,.termed.as.Time.Division.Synchronous.Code.Division.Multiple.
Access. (TD-SCDMA). uses. TDMA. combined. with. an. adaptive. synchronous. CDMA. component. on.
1.6.MHz.frequency.channels..TD-SCDMA.uses.Time-Division.Duplex.(TDD).transmission,.in.contrast.
with.the.FDD.scheme.used.in.W-CDMA..By.dynamically.adjusting.the.number.of.timeslots.used.for.
downlink. and. uplink,. the. system. can. more. easily. accommodate. asymmetric. traffic. than. can. FDD.
schemes..Since.it.does.not.require.paired.spectrum.for.downlink.and.uplink,.spectrum.allocation.flex-
ibility.is.also.increased..Using.the.same.frequency.channel.for.uplink.and.downlink.also.means.that.the.
channel.condition.is.the.same.on.both.directions,.and.the.base.station.can.deduce.downlink.channel.
information. from. uplink. channel. estimates,. which. is. helpful. in. the. application. of. beamforming.
techniques.

With. respect. to. data. services,. the. first. release. of. the. UMTS. standard. in. 1999. specified. circuit-
switched. data. at. 64.kb/s. and. packet-switched. data. at. 384.kb/s,. but. later. releases. introduced. High-
Speed.Packet.Access.(HSPA),.providing.significantly.higher.data.rates,.followed.in.2008.by.Evolved.
HSPA.(HSPA+).

22.8.1.1 HSPA and HSPA+

HSPA.is.combination.of.two.protocols,.High-Speed.Downlink.Packet.Access.(HSDPA).and.High-Speed.
Uplink.Packet.Access.(HSUPA)..High-Speed.Downlink.Packet.Access.(HSDPA),.specified.in.Release.5,.
introduced.a.high-speed.downlink.shared.channel.(HS-DSCH),.which.is.shared.among.the.users..The.
theoretical.peak.data.rate.is.of.the.order.of.14.Mb/s..HSDPA.provides.average.data.throughput.speeds.of.
550–1100.kb/s.to.the.user..The.delay.within.the.network.(latency).is.also.lower.than.in.earlier.UMTS.
data.services.

HSUPA,. introduced. in. 3GPP. Release. 6,. uses. an. uplink. enhanced. dedicated. channel. (E-DCH). on.
which. it. employs. link. adaptation. methods. similar. to. those. employed. by. HSDPA,. namely:. shorter.
Transmission.Time.Interval.enabling.faster.link.adaptation;.and.hybrid.ARQ.(HARQ).with.incremental.
redundancy. making. retransmissions. more. effective.. HSUPA. provides. uplink. data. speeds. up. to.
5.76.Mb/s..Subsequent.releases.of.the.3GPP.specification.provided.a.series.of.enhancements.to.the.HSPA.
suite.of.packet.data.services.
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22.8.1.2 HSPA+

Evolved.High-Speed.Packet.Access.(HSPA+),.first.defined.in.3GPP.Release.7,.provides.data.rates.up.to.
84.Mb/s.on.the.downlink.and.22.Mb/s.on.the.uplink,.through.the.use.of.the.multiple-antenna.technique.
termed. Multiple-Input. and. Multiple-Output. (MIMO). [27]. and. 64-ary. Quadrature. Amplitude.
Modulation.(MIMO.systems.are.discussed.in.Chapter.16.of.this.handbook.).The.84.Mb/s.and.22.Mb/s.
represent. theoretical. peak. speeds,. while. user. data. rates. will. typically. be. lower.. Chapters. 16. and. 17.
address.MIMO.techniques.in.greater.detail.

Beginning.with.Release.8,.the.3GPP.specifications.provide.for.further.evolution.of.HSPA+.,.by.means.
of.carrier aggregation..UMTS.licenses.are.typical.issued.as.10.MHz.or.15.MHz.paired.spectrum.alloca-
tions.. However,. in. deployments. where. multiple. channels. are. available,. multicarrier. operation. offers.
advantages.of.higher.data.rates.and.improved.queuing.efficiency,.especially.for.packet.data..Two.names.
are.being.used.to.describe.carrier.aggregation.schemes:.dual-cell.and.dual-carrier.operation,.depending.
upon.whether.the.frequency.channels.to.be.aggregated.are.contiguous.or.non-contiguous,.respectively..
Carrier.aggregation.techniques.provide.cellular.carriers.with.an.alternative.to.MIMO.techniques,.which.
entail. significant. redesign. of. hardware. and. antenna. systems.. HSPA+. also. introduces. optional. all-IP.
architecture.for.the.network,.where.base.stations.are.directly.connected.to.IP.based.backhaul.and.then.
to.the.ISP’s.edge.routers..Thus,.the.HSPA.family.of.specifications.represents.a.major.transitional.step.
from.3G.technology.to.fourth-generation.networks,.which.will.be.based.on.an.all-IP.architecture.

3GPP.Release.8,.published.in.early.2009,.introduced.dual-cell.operation.on.the.downlink.using.adja-
cent.channels,.called.Dual-Cell.HSPDA.(DC-HSPDA)..Using.DC-HSPDA.with.64-QAM.modulation.on.
two.adjacent.5.MHz.channels,.downlink.data.rates.up.to.about.42.Mb/s.are.achievable..Release.8.also.
introduced.Long-Term.Evolution.(LTE).into.the.3GPP.standards.evolution..LTE.is.discussed.in.Section.
22.8.3..3GPP.Release.9,.completed. in.early.2010,. introduced.Dual-Cell.HSUPA.(DC-HSUPA),.which.
uses.carrier.aggregation.on.the.uplink..Release.9.allows.the.paired.frequency.channels.to.be.in.two.dif-
ferent.frequency.bands,.and.also.provides.for.the.simultaneous.use.of.MIMO.and.DC-HSPA.operation..
3GPP.Release.10,.and.Release.11,.both.in.progress.at.this.writing,.will.specify.further.enhancements.to.
HSPA,.including.additional.multicarrier.and.MIMO.options.and.advanced.antenna.techniques.

22.8.2 cDMA2000 and eV-Do

As.stated.earlier,.the.second.standardization.body.formed.under.the.IMT-2000.initiative,.3GPP2,.devel-
oped. the. CDMA2000. family. of. cellular. standards,. which. provide. backward. compatibility. with. the.
widely.deployed.2G.CDMA.networks.that.evolved.from.the.original.IS-95.standard..CDMA2000.allows.
smooth.evolution. to.3G.capabilities.within.an.operator’s.existing.2G.spectrum.allocation..As. in. the.
IS-95.cdmaOne.networks,.CDMA2000.utilizes.a.duplex.pair.of.1.25.MHz.channels,.supporting.digital.
voice.and.data.services..Here.we.confine.our.attention.to.CDMA2000.data.services.

22.8.2.1 1 × Rtt and eV-Do

Many.cdmaOne.network.operators.followed.a.two-stage.migration.path.to.CDMA2000..The.first.stage.
was.implementation.of.CDMA2000.Single.Carrier.Radio.Transmission.Technology.(1.×.RTT),.which.
used.a.1.25.MHz.CDMA.channel.to.support.packet-switched.data.service.at.a.speeds.up.to.144.kb/s,.and.
also.doubled.voice.traffic.capacity.relative.to.cdmaOne.networks..The.CDMA2000.1.×.RTT.technology.
was.usually.categorized.as.2.5G,.since.the.achievable.data.rate.was.significantly.lower.than.objectives.set.
by.the.IMT-2000.program.for.3G.networks..However,.1.×.RTT.soon.evolved.into.CDMA2000.Single-
Carrier.EVolution,.Data.Optimized.(EV-DO),.which.was.adopted.by.3GPP2.as.part.of.the.CDMA2000.
family.of.standards.for.3G,.and.ratified.by.the.ITU.under.the.designation.TIA-856..Subsequently,.the.
TIA-856. standard. has. gone. through. several. stages. of. revision.. In. order. to. emphasize. the. data-only.
aspect.of.EV-DO,.mobile.terminals.used.for.data-only.applications.are.referred.to.as.access terminals.
(ATs)..Also,.the.TIA-856.standard.refers.to.base.stations.as.access networks.(ANs).
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While.TIA-856.had.its.origins.in.the.1.×.RTT.technology,.its.channel.structure.is.quite.different..The.
downlink.signal.format.is.composed.of.slots.of.length.2048.chips,.or.1.67.ms.at.the.channel.chip.rate.of.
1.2288.Mc/s..Groups.of.16.slots.are.synchronized.to.system.timing.on.even-second.time.ticks..The.sys-
tem.uses.GPS.to.maintain.precise.time.synchronism..Each.time.slot.is.divided.into.two.half-slots,.each.
of.which.is.time.division.multiplexed.into.Medium.Access.Control.(MAC,.28.chips),.Pilot.(96.chips),.
and.Data.(800.chips).fields..The.Data.fields.support.either.a.Forward.Traffic.channel.or.a.Control.chan-
nel,.distinguishable.at.the.mobile.terminal.by.a.preamble.inserted.into.the.data..Each.Pilot.channel.burst.
is.centered.at.the.midpoint.of.a.half-slot.and.between.a.pair.of.MAC.channel.bursts..The.Pilot.channel.
bursts.provide.a.reference.in.the.AT.for.coherent.demodulation.of.Traffic.and.MAC.channel.signals,.and.
also.enable.SNR.estimation.at.the.AT..All.fields.in.a.2048-chip.Active.slot.are.transmitted.at.the.same.
power.level.

The.primary.characteristic.differentiating.EV-DO.from.1.×.RTT,.seen.in.TIA-856.Release.0,.is.that.
downlink.transmission.is.time-multiplexed,.meaning.that.a.mobile.terminal.has.full.use.of.the.down-
link.traffic.channel.in.a.cell.sector.during.a.given.time.slot..With.this.technique,.the.mobile.terminal.is.
able. to. select. an. appropriate. modulation. for. that. user’s. time. slot,. depending. upon. signal. reception.
conditions,.namely.received.signal.strength,.multipath.and.fading..The.mobile.tries.to.select.a.modula-
tion.that.will.provide.a.sustainable.data.rate.while.maintaining.a.frame.error.rate.in.the.range.of.1–2%..
This.is.described.as.a.data rate control scheme,.rather.than.power.control,.since.the.downlink.signal.is.
always.transmitted.at.full.power..Release.0.provided.downlink.packet.data.speeds.ranging.from.38.kb/s.
up.to.2.4.Mb/s..The.transmission.is.organized.into.blocks.called.physical layer packets,.and.a.packet.
may.utilize.1–16.time.slots,.depending.upon.the.data.rate..When.more.than.one.slot.is.allocated,.con-
secutive.slots.are.separated.by.three.intervening.slots,.which.are.occupied.by.slots.of.other.physical.
layer.packets.transmitted.to.the.same.AT.or.to.other.ATs..For.further.details,.the.reader.is.referred.to.
the.3GPP2.web.site.

The.Forward.Traffic.channel.is.a.packet-based.variable-rate.channel,.in.which.user.data.can.be.trans-
mitted.to.an.AT.at.data.rates.ranging.from.38.4.kb/s.to.2.4576.Mb/s.

In.order.to.receive.data,.an.AT.measures.SNR.on.the.forward. link.pilot.channel.as.often.as.every.
1.66. . ..ms,.that.is,.every.slot.time..Based.upon.the.SNR.measurement,.the.AT.requests.a.data.rate.by.send-
ing.a.Data.Rate.Control.(DRC).message.to.the.AN..Typically,.the.AN.receives.requests.from.a.number.of.
ATs,.and.determines.which.ATs.are.to.be.served.next,.based.on.which.terminals.have.reported.the.best.
SNR.values..The.DRC.message.indicates.not.only.the.data.rate.but.also.the.modulation,.Turbo-coding.
rate,.preamble.length.and.maximum.number.of.time.slots.needed.to.transmit.a.physical.layer.packet.to.
the.AT..Table.22.4.shows.the.modulation.parameters.for.a.selection.of.HDR.data.rates.on.the.forward.
link..The.Traffic.channel.utilizes.1600.chips.in.every.slot,.as.described.earlier;.however.in.the.first.slot.of.
a.physical.layer.packet,.a.number.of.chips.are.allocated.to.a.preamble.of.length.shown.in.Table.22.4.

The.downlink.user.data.stream.is.Turbo-encoded,.then.scrambled.with.a.pseudonoise.(PN).sequence.
unique.to.each.user..The.data.rate.going.to.each.user.is.adjusted.by.repetition.of.the.channel-coded.bits,.

TABLE 22.4 Modulation.Parameters.for.HDR.Rates

Data.Rate.(kb/s) Packet.Length.(bytes) Code.Rate Modulation.Type
TDM.Chips.
per.Packet

Preamble.Chips.
per.Packet

38.4 128 1/4 QPSK 24,576 1024
76.8 128 1/4 QPSK 12,288 512
153.6 128 1/4 QPSK 6144 256
307.2 128 1/4 QPSK 3072 128
614.4 128 1/4 QPSK 1536 64
1228.8 256 1/2 QPSK 1536 64
1843.2 384 1/2 8-PSK 1536 64
2457.6 512 1/2 16-QAM 1536 64
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lower.rates.using.higher.repetition.factors..Code.puncturing.is.also.used.to.adjust.some.of.the.data.rates..
The.coded.data.stream.is.block.interleaved.then.modulated.using.QPSK,.8-PSK.or.16-QAM,.depending.
upon.the.data.rate,.as.indicated.in.Table.22.4..The.resulting.modulated.data.sequence.has.a.chip.rate.of.
1.2288. Mchips/s,. regardless. of. the. data. rate.. The. in-phase. and. quadrature. channels. are. then. time-
demultiplexed. into.16.separate.streams,.each.running.at.76.8.kchips/s,.each.of.which.is.covered.by.a.
16-chip.Walsh.Code.sequence..The.16.Walsh-coded.streams.are.then.summed.and.spread.by.quadrature.
PN.sequences,.bandlimited.and.upconverted..The.resulting.RF.signal.has.the.same.characteristics.as.an.
IS-95.CDMA.signal,.thus.allowing.the.reuse.of.all.analog.and.RF.circuits.developed.for.IS-95.(or.cdma-
One).base.stations.

The. Control. Channel. transmits. broadcast. messages. and. AT-directed. messages. at. a. data. rate. of.
38.4.kb/s.or.76.8.kb/s,.using.the.same.modulation.parameters.as.given.in.Table.22.4.for.Traffic.Channels.
at. those. two. rates.. As. noted. earlier,. Control. Channel. transmissions. are. distinguished. from. Traffic.
Channel.transmissions.by.a.preamble,.which.in.a.Control.Channel.is.covered.by.a.special.bi-orthogonal.
cover.sequence.

In.contrast.with.the.downlink,.which.always.transmits.at.maximum.power,.the.EV-DO.uplink.uses.
power. control—both. open-loop. and. closed-loop.. In. open-loop,. the. uplink. signal. power. is. set. based.
upon.the.power.received.on.the.downlink..In.closed.loop,.the.uplink.power.is.adjusted.up.or.down.800.
times.per.second,.as.indicated.by.the.serving.sector.at.the.base.station..The.uplink.data.traffic.channel.
can.support.five.data.rates.ranging.in.doubling.steps.from.9.6.to.153.6.kb/s,.though.the.higher.data.rates.
are.typically.not.achievable.under.real-world.conditions.

22.8.2.2 tiA-856 Revision A

TIA-856.Revision.A.made.several.additions.to.the.standard.while.maintaining.full.backward.compati-
bility.with.Release.0..The.changes.included.the.addition.of.several.new.downlink.data.rates.increasing.
the.maximum.burst.data.rate.from.2.4.Mb/s.to.3.1.Mb/s..Revision.A.also.added.the.capability.for.more.
than.one.mobile.to.share.the.same.time.slot.

In.addition.to.changes.in.the.downlink.specification,.Revision.A.also.added.uplink.enhancements.to.sup-
port.higher-order.modulation.schemes,.and.thus.higher.data.rates,.up.to.a.maximum.of.1.8.Mb/s,.though.
actual.user.data.rates.are.more.typically.two.to.three.times.lower.than.the.maximum..theoretical.rates.

22.8.2.3 tiA-856 Revision B

Revision. B. of. TIA-856,. which. went. into. commercial. operation. early. in. 2010,. enhances. Revision. A.
.systems.by.providing.higher.data. rates.on.each. frequency.channel.and.also. the.capability. to.bundle.
multiple. channels. for. even. higher. rates.. With. Revision. B,. single-channel. downlink. data. rates. up. to.
4.9.Mb/s.are.specified,.and.bundling.of.three.channels.can.provide.rates.up.to.14.7.Mb/s.

22.8.3 3GPP Long-term evolution

As.discussed.in.Section.22.8.1,.the.set.of.mobile.networking.standards.produced.by.the.3GPP.group.is.
called.Universal.Mobile.Telecommunications.System..In.early.2009,.3GPP.Release.8.was.frozen,.specify-
ing. Long-Term. Evolution. (LTE). as. an. international. standard. for. mobile. communications.. Much. of.
Release.8.focuses.on.migration.to.4G.technology,.including.an.all-IP.flat.networking.architecture..Work.
on.LTE.had.been.ongoing.in.3GPP.since.2004,.and.elements.of.an.all-IP.architecture.were.addressed.in.
earlier.releases,.beginning.with.Release.4..The.LTE.specification.provides.for.peak.downlink.data.rates.of.
at.least.100.Mb/s,.peak.uplink.rates.of.at.least.50.Mb/s..and.low.latency.with.round.trip.delays.less.than.
10.ms..Higher.data.rates.will.be.feasible.with.the.use.of.MIMO.and.beamforming.techniques..LTE.sup-
ports.scalable.channel.bandwidths.ranging.from.1.4–20.MHz..LTE.supports.both.FDD.and.TDD.full-
duplex.modes,.allowing.cellular.operators.flexibility.in.utilizing.their.available.spectrum..LTE.is.designed.
to.co-exist.with.legacy.3G.networks.by.means.of.multimode.mobile.devices,.and.thus.can.be.viewed.as.an.
overly.onto.existing.networks..LTE. is.also.designed. to. support.high.data. rates. for.high-speed.mobile.
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.terminals..LTE.systems,.on.the.market.since.2009,.currently.support.data.services.only..Carriers.are.plan-
ning.to.introduce.voice.services.using.Voice.over.IP.(VOIP).technology.sometime.in.2013.

At. the. physical. layer,. the. LTE. downlink. employs. Orthogonal. Frequency. Division. Multiplexing.
(OFDM),.a.modulation.format.that.provides.great.flexibility.in.adjusting.data.rates.for.multiple.mobile.
users.using.dynamic.channel.allocation.and.channel-dependent.scheduling.[28]..On.the.uplink,.LTE.
uses.Single.Channel.FDMA.(SC-FDMA).transmission,.which.has.lower.peak-to-average.power.fluctua-
tion.than.OFDM.and.thus.lessens.power.consumption.in.the.mobile.terminal.

LTE,.while.it.provides.modes.of.operation.at.data.rates.higher.than.are.achievable.with.widely.used.3G.
services.such.as.HSPA+,.does.not.meet.the.high.data.rate.requirements.set.formally.for.4G.networks—.
100.Mb/s.for.high.mobility.communications.and.1.Gbit/s.for.low.mobility.and.pedestrian.communica-
tions.. Nevertheless,. over. the. last. few. years,. some. service. providers. have. been. identifying. LTE. and.
HSPA+.as.well,.as.4G.technologies..In.the.meantime,.progress.has.been.made.on.other.systems.that.are.
candidates.for.fulfillment.of.4G.requirements,.and.they.are.addressed.in.the.following.section.

22.9 evolution to 4G networks

In.the.fall.of.2009,.technology.proposals.were.submitted.to.the.ITU.as.candidates.for.4G.standardiza-
tion..Essentially.all.the.proposals.fell.into.two.categories,.(1).LTE-Advanced.as.already.standardized.by.
3GPP.and.(2).IEEE.802.16.m.as.standardized.by.the.IEEE.and.commonly.termed.as.WiMAX..Initial.
implementations.of.LTE-Advanced.and.WiMAX.do.not.meet.the.maximum.data.rate.requirements.set.
for.4G;.however,.their.designs.are.ultimately.extendable.to.meet.the.requirements,.and.thus.are.consid-
ered.by.the.wireless.industry.to.be.4G.technologies..Here.we.summarize.the.primary.features.of.these.
two.standards,.which.are.treated.in.greater.detail.in.other.chapters.of.this.handbook.

22.9.1 Lte Advanced

In. September. 2009,. the. 3GPP. Partners. made. a. formal. submission. to. the. ITU. proposing. that. LTE.
Release.10.&.beyond.(LTE-Advanced).be.evaluated.as.a.candidate.for.IMT-Advanced..The.submission.
was. made. jointly. in. the. name. of. 3GPP. organizational. partners. representing. the. North. American,.
European.and.Asian.regions,.and.it.is.now.adopted.as.a.major.enhancement.of.the.LTE.standard..LTE.
Advanced.will.provide.improvements.to.both.LTE.radio.technology.and.network.architecture,.while.
assuring.backward.compatibility.with.LTE..One.of.the.important.aspects.of.LTE.Advanced.will.be.the.
ability.to.take.advantage.of.new.network.topologies,.such.as.heterogeneous.networks.comprising.com-
binations. of. high-power. macrocells. with. lower-power. picocells. and. femtocells.. LTE. Advanced. will.
also. introduce.multicarrier. transmission,.providing.up.to.100.MHz.of.spectrum.in.support.of.very.
high.data.rates..It. is.expected.that.LTE.Advanced.will.provide.peak.downlink.data.rates.as.high.as.
3.3.Gb/s.under.ideal.conditions..It.is.expected.that.3GPP.Release.10,.specifying.LTE.Advanced,.will.be.
issued.in.late.2011..Chapter.24.discusses.LTE.Advanced.in.greater.detail.

22.9.2 WiMAX

The. WiMAX. standard. had. its. origins. in. the. IEEE. standardization. work. on. Wireless. Local. Area.
Networks.(WLANs),.carried.out.by.the.IEEE.802.11.committee,.which.began.its.work.in.the.late.1980s..
After.a.slow.start.in.early.years,.by.the.late.1990s,.the.WLAN.industry.was.in.a.strong.growth.mode,.and.
support. was. growing. for. the. idea. of. a. wireless. standard. for. point-to-multipoint. outdoor. networks,.
termed.as.Wireless.Metropolitan.Area.Networks.(WMANs)..This.interest.led.to.the.forming.of.the.IEEE.
802.16.standardization.committee.in.1999..The.charter.of.this.committee.was.to.define.an.air.interface.
standard. for. fixed. and. mobile. broadband. wireless. systems. using. a. point-to-multipoint. and/or. mesh.
technology..The.mesh.technology.portion.of.the.work.plan.was.later.moved.to.the.IEEE.802.20.commit-
tee.working.on.mobile.broadband.wireless.access.as.a.separate.standard.[5].
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22.9.2.1 evolution of ieee 802.16

The.first.IEEE.802.16.standard.for.point-to-multipoint.WMAN.systems.was.designed.for.operation.in.
the. microwave. range. 10–66.GHz. and. was. approved. in. 2001.This. standard. specified. data. rates. up. to.
134.Mb/s.using.QPSK,.16-QAM.and.64-QAM.modulations.to.cover.ranges.of.to.1–3.miles.under.Line-
of-Sight. (LOS). propagation. conditions.. This. original. 802.16. standard,. also. called. Local. Multipoint.
Distribution.Service.(LMDS),.did.not.prove.to.be.commercially.successful..However,.it.attracted.consid-
erable.attention.from.cellular.network.equipment.manufacturers.

Subsequently,. in.mid-2001,.an. industry.alliance.was. formed.under.the.name.WiMAX.Forum.(for.
Wordwide.Interoperability.for.Microwave.Access).to.improve.the.802.16.standard.and.to.promote.this.
technology.and.certify.conformance.of.equipment.to.the.standard..The.WiMAX.Forum.parallels.the.
Wi-Fi.Alliance.(for.Wireless.Fidelity),.which.serves.in.an.equivalent.role.with.respect.to.WLAN.prod-
ucts.based.on.the.IEEE.802.11.family.of.standards.(see.Section.22.1.1)..This.initiative.led.to.a.revival.of.
interest.in.the.802.16.standard..In.2003,.802.16a.was.ratified.as.an.amended.standard.to.operate.in.the.
2–11.GHz.band.using.OFDM.technology.and.extend.signal.coverage.to.non-line-of-sight.(NLOS).con-
ditions.. Then,. 802.16b. extended. the. standard. to. the. 5–6.GHz. band. and. added. features. to. support.
Quality.of.Service.(QoS)..The.next.amendment,.802.16c,.approved.in.late.2002,.provided.a.more.com-
plete.specification.for.deployment.at.10–66.GHz.

The.next.iteration.of.the.standard,.802.16d,.also.called.802.16–2004,.was.a.revision.aligning.the.stan-
dardization. project. with. ETSI’s. HIPERMAN. (for. High-Performance. Radio. Metropolitan. Area.
Network),.an.outdoor.version.of.the.HIPERLAN.(for.High-Performance.Radio.Local.Area.Network).
standard.and.superseding.the.earlier.amendments.802.16.a,.b.and.c..By.this.time,.WiMAX.technology.
was.attracting.considerable.interest.in.the.cellular.industry,.and.in.2005,.802.16e.was.ratified,.adding.
mobility.to.the.standard.and.making.it.more.like.a.cellular.networking.technology..Important.elements.
of.this.amendment.were.scalable.OFDM.and.a.more.detailed.QoS.functionality..The.IEEE.802.16e.stan-
dard. is. sometimes. referred. to.as. “Mobile.WiMAX,”.while. earlier.generations.of.02.16.are. termed.as.
“Fixed.WiMAX.”

With.the.completion.of.802.16d.and.202.16e,.WiMAX.provided.a.comprehensive.MAN.technology.
well.suited.to.deployment.in.areas.of.low.population.density.and.perhaps.developing.countries.lacking.
sufficient.backbone.network.infrastructure..WiMAX.might.be.described.as.an.intermediate.technology.
between.WLANs.and.cellular.networks..WiMAX.can.provide.fixed.or.mobile. Internet.access.across.
whole.cities.or.even.small.countries..In.many.cases.this.technology.has.provided.alternative.Internet.
access.in.markets.that.typically.access.only.through.an.incumbent.DSL.or.cable.operator..WiMAX.is.
often.described.as.a.“last-mile.option”.for.broadband.network.access..Following.the.release.of.802.16e,.
there.were.several.further.amendments.to.standard.that.added.refinements.to.the.Mobile.WiMAX.stan-
dard..Then,.in.March.2011,.the.IEEE.announced.the.approval.of.IEEE.802.16.m,.providing.performance.
characteristics.that.will.comply.with.the.IMT-Advanced.Recommendations.for.4G.wireless.technology,.
supporting.low-to-high-mobility.applications,.a.wide.range.of.data.rates.in.multiple.user.environments,.
high-quality.multimedia.applications,.and.significant.improvements.in.performance.and.quality.of.ser-
vice..Chapter.25.treats.the.802.16.m.standard.in.greater.detail.

22.10 conclusions

Three.decades.ago,.at.the.introduction.of.cellular.telephone.services.in.the.industrial.societies.of.the.
world,.it.would.have.seemed.foolhardy.to.predict.the.phenomenal.rate.of.growth.that.the.wireless.com-
munications.industry.has.actually.experienced.since.that.time..In.this.chapter,.we.have.traced.the.devel-
opment.of.an.important.segment.of. this. industry,.wireless.data.communications,. from.its.origins. in.
paging.services.and.specialized. low-speed.packet.data.networks. to.modern.wide-area.networks. that.
support.a.steadily.increasing.array.of.untethered.services.that.have.become.part.of.our.everyday.lives..It.
is.notable.that.the.principal.driver.in.the.strong.market.growth.has.been.demand.for.services.that.are.
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enabled.by.underlying.data.services..The.industry.has.observed.a.new.generation.of.technical.capabili-
ties. occurring. about. every. ten. years.. Key. trends. have. been. steadily. increasing. data. rate. capability,.
migration.toward.packet-switched.services,.and.IP-based.architecture,.and.a.steady.movement.toward.
convergence.of.standards.with.each.new.generation..With.4G.technology.now.entering.the.marketplace,.
we.will.see.important.performance.enhancements.gained.through.the.use.of.MIMO.and.other.advanced.
antenna.techniques,.as.well.as.further.development.of.heterogeneous.networking.concepts..At.the.same.
time,.we.expect.to.see.the.demand.for.new.data-enabled.services.continue.to.grow.at.a.vigorous.pace.
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23.1 introduction

Cellular. communications. systems. have. been. developed. and. commercialized. since. the. advent. of. the.
advanced.mobile.phone.system.(AMPS).[1],.whose.initial.commercial.deployments.date.back.to.1981.but.
existed.in.the.lab.for.nearly.two.decades.prior..Since.AMPS.was.intended.to.provide.full.terrestrial.cov-
erage.for.mobile.users,.a.distributed.network.architecture.using.the.cellular.paradigm.was.employed..
This.meant.that.a.large.number.of .base.stations.(fixed.location.transceivers.that.are.networked.with.each.
other),.each.with.its.own.coverage.area.(or.cell),.to.communicate.with.mobile.equipment..The.primary.
service.offered.was.full-duplex.voice.telephony..AMPS.is.a.primarily.analog.transmission.system,.using.
frequency-division.multiple.access.(FDMA).as.its.underlying.networking.solution..These.early.analog.
cellular.communications.systems.are.also.known.as.“first.generation.”

Frequency.multiplexing.as.used.in.AMPS.has.inherent.capacity.limitations,.as.the.available.band-
width.for.a.single.mobile.user.is.based.on.channelization.of.the.total.transmission.spectrum..When.one.
user.occupies.a.channel,.then.no.other.user.can.use.it..Therefore.new.cellular.systems.were.implemented.
that.involved.multiplexing.in.time.in.addition.to.frequency,.as.well.as.digital.transmission..This.led.to.
the.development.of.the.first.digital.cellular.systems.based.on.time-division.multiple.accesses.(TDMA)..
Two.TDMA.systems.came.about:.In.the.early.1980s.(starting.in.1982),.the.Groupe.Special.Mobile.(GSM).
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in.Europe.developed.a.digital.TDMA.standard.to.work.within.200.kHz.channels..Afterward,.the.30.kHz.
channel.TDMA.system.known.as.US.Digital.Cellular.(USDC).or.Digital.AMPS.(D-AMPS).was.devel-
oped. in. the. late. 1980s.. These. TDMA-based. digital. systems. are. also. known. as. “second. generation.”.
Although.the.capacity.improvements.of.second.generation.systems.were.substantial,. inherent.limita-
tions. remained.due. to. the.number.of.users.on.any.single. frequency.being. limited.by. the.number.of.
available.time.slots.

Although.digital.cellular.communications.was.a.great.advancement,. in. the.1980s.many.researchers.
started.to.examine.code.division.multiple.access.(CDMA).as.a.method.to.increase.capacity.given.the.lim-
ited.bandwidth.available.for.transmission..Up.until.this.point,.CDMA.was.a.technology.primarily.used.for.
military.applications..CDMA.is.based.on.spread-spectrum.communications,.which.involves.the.transfor-
mation.of.a.user’s.narrowband.information.signal.to.a.much.wider.bandwidth.for.transmission..By.modu-
lating.the.information.signal.with.a.high-frequency.binary.code,.the.transmitted.signal.can.be.recovered.
even.if.it.is.steeped.in.background.noise..CDMA.is.achieved.by.assigning.each.user.a.unique.code.

Qualcomm.Incorporated.in.San.Diego,.California,.is.generally.recognized.as.having.developed.the.
first.commercialized.CDMA.cellular.system.in.the.early.1990s..This.system.is.often.referred.to.by.its.
standards.designation.by.the.Telecommunications.Industry.Association.(TIA),.which.is.IS-95.

23.1.1 Frequency Reuse versus code Reuse

A.cellular.network.consists.of.many.cells.laid.out.over.a.geographical.area,.with.the.aim.of.minimizing.
coverage.gaps..In.order.to.avoid.interference,.a.first-.or.second-generation.base.station.in.a.given.cell.will.
use.a.different.frequency.(or.frequencies).for.communication.than.the.base.stations.in.neighboring.cells..
The.concept.of.frequency reuse factor.refers.to.the.minimum.number.of.transmission.frequencies.needed.
for.a.cellular.network.to.ensure.that.interference.within.the.same.frequency.(i.e.,.cochannel interference).
is.below.an.acceptable.level..For.illustration.purposes,.cells.are.often.represented.as.hexagonal.in.shape.
to.describe.an.ideal.cellular.network..This.type.of.representation.often.results.in.a.reuse.factor.of.3.(see.
Figure.23.1),.that.is,.the.minimum.number.of.frequencies.needed.to.ensure.that.no.neighboring.base.
stations.have.to.occupy.the.same.frequency.
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f3f3

f2
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Reuse of f1 occurs only outside of inner 7 cells

FIGURE 23.1 Frequency.reuse.for.hexagonal.cell.layout.
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The. hexagonal. representation. for. cells. is. idealized.. Cell. coverage. is. determined. by. several. factors.
including.site.selection,.terrain,.and.radio.propagation.characteristics.based.on.the.area.surrounding.
the.base.station..CDMA.leverages.the.properties.of.spreading.codes.to.provide.a.reuse.factor.of.1,.as.all.
base.stations.transmit.on.the.same.frequency.but.can.be.separated.based.on.cross-correlation.properties.
of.the.spreading.codes.(derived.from.shift-register.generated.sequences.known.as.pseudorandom.codes)..
In. this. way,. cochannel. interference. is. mitigated,. and. frequency. planning. of. the. cellular. network. is.
minimized.

23.1.2 Pseudorandom Sequences

Spreading.sequences.used.in.CDMA.are.known.at.both.the.transmitter.and.receiver,.and.are.used.to.
spread.the.user.information..The.most.widely.used.spreading.sequences.in.CDMA.are.pseudorandom,.
in.that.they.appear.random.in.nature.to.an.outside.observer..They.are.normally.binary.to.reduce.com-
plexity,.and.are.periodic.in.nature.

Pseudorandom.sequences.are.typically.generated.through.the.use.of.digital.logic,.using.shift.registers.
with.feedback..A.shift.register.consists.of.several.memory.stages. linked.consecutively.together.along.
with.feedback. logic..The.shift.register.operates.with.a.master.clock,.and.with.each.clock.cycle.a.new.
output.from.the.shift.register.is.generated..A.generic.N-stage.shift.register.is.shown.in.Figure.23.2.

In.Figure.23.2,.the.coefficients.{di}.are.also.binary.and.simply.act.as.switches:.if.the.coefficient.is.“1,”.
then.the.input.is.passed.through..The.content.of.memory.stage.i.is.represented.by.xi..If.the.output.of.the.
shift.register.sequence.at.clock.sample.index.n.is.denoted.as.cn,.then.this.value.can.be.represented.as.the.
modulo-2.sum.of.a.combination.of.the.future.output.values.and.the.coefficients.{di}.as

.
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This.representation.leads.to.shift.register.usually.being.described.in.terms.of.a.polynomial.function.
of.a.delay.variable.X..Thus,.the.generator.polynomial.that.describes.the.shift.register.sequence.may.also.
be.represented.as
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where.Xi.represents.a.delay.of.i.clock.pulses..This.polynomial.is.also.known.as.the.characteristic polyno-
mial.of.the.shift.register.sequence..Pseudorandom.sequences.are.also.sometimes.known.as.pseudonoise.
(PN).sequences.

An. important.property.of.PN.sequences. is. that.a. time-shifted.version.of.any.PN.sequence.can.be.
generated.by.forming.a.modulo-2.addition.of.the.PN.sequence.with.a.delayed.version.of.itself,.that.is,.the.
“delay-and-add”.property..The.delay-and-add.property.of.PN.sequences.implies.that.temporal.shifting.
of.the.PN.sequence.can.be.formed.with.simple.logic.operations.involving.a.shift.register..This.leads.to.
the.concept.of.a.PN.mask..A.mask.is.a.binary.value.with.the.same.number.of.bits.as.there.are.delay.ele-
ments.in.the.shift.register.used.to.generate.the.PN.sequence..The.mask.is.AND’ed.bitwise.with.the.con-
tents.of.each.corresponding.delay.element,.and.a.modulo-2.addition.is.performed.on.the.results.of.these.
AND.operations..The.resulting.sequence.is.a.delayed.version.of.the.original.PN.sequence.

23.1.2.1 orthogonal Sequences

Optimal.PN.sequences.are.limited.in.number.for.any.given.sequence.length..In.order.to.accommodate.
several.different.users.simultaneously.in.a.CDMA.system,.assigning.each.user.a.unique.PN.spreading.
code.is.not.possible..Therefore,.in.order.to.increase.the.bandwidth.efficiency.in.CDMA.systems,.different.
users.are.modulated.using.their.own.unique.codes.derived.from.orthogonal.functions.combined.with.
PN.spreading.sequences.

A.set.of.functions.{fn}.all.of.length.N.is.mutually.orthogonal.if.the.following.relationship.holds:
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In.Equation.23.3,.δr.is.known.as.the.dirac-delta.operator..This.operator.is.1.when.r.=.0,.or.zero.otherwise..
If.the.summation.in.Equation.23.3.is.simply.δk-l.rather.than.Nδk-l,.then.the.functions.are.orthonormal.

Walsh functions. are.generally. the.preferred.basis. for.orthogonal.modulation..Walsh. functions.are.
derived.from.the.rows.of.Walsh.matrices.(also.known.as.Walsh–Hadamard.matrices)..These.matrices.
are.square.matrices.whose.dimensions.are.2r.by.2r,.where.r.is.a.nonnegative.integer..Assume.that.the.N.
by.N.Walsh.matrix.is.denoted.as.HN..Then.the.first.two.Walsh.matrices.in.the.series.{H1,.H2,.H4,.. . .}.are
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In.fact,.each.consecutive.Walsh.matrix.in.the.series.can.be.generated.recursively.from.the.previous.
Walsh.matrix.in.the.series,.that.is,
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23.1.3 Spreading

Now.that.the.concepts.of.PN.sequences.and.orthogonal.functions.have.been.introduced,.these.areas.may.
be.used.to.develop.the.idea.of.spreading.a.signal..Recall.that.in.any.direct-sequence.spread.spectrum.
system,.the.objective.is.to.transform.narrowband.information.to.a.wideband.signal.for.transmission..
This.is.achieved.by.modulating.the.narrowband.signal.with.a.waveform.with.a.higher.bandwidth..For.a.
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spreading.sequence.in.a.CDMA.system,.its.bandwidth.is.a.function.of.the.duration.of.one.of.its.spread-
ing.sequence.samples..This.duration.is.known.as.a.chip.

Recall.that.PN.sequence.samples.are.generated.according.to.a.clock.signal.supplied.to.the.associated.
shift. register..This.clock. frequency. is. essentially. the.chip rate. (also. “chipping. rate”).of. the. spreading.
sequence..If.the.chipping.rate.is.designated.as.C.and.the.information.bit.rate.is.R,.then.C.must.be.greater.
than.R.for.bandwidth.expansion.to.occur.

The.basic.spreading.operation.is.depicted.in.Figure.23.3.
The.multiplication.operation.in.Figure.23.3.can.also.be.accomplished.through.the.use.of.an.exclusive-

NOR.gate.if.the.input.signals.are.binary.

23.1.3.1 Quadrature Spreading

CDMA.systems.usually.utilize.two.spreading.sequences.to.modulate.user.information..User.informa-
tion.in.this.case.is.usually.split.into.two.information.streams,.one.corresponding.to.an.“in-phase”.or.“I”.
component.and.one.corresponding.to.a.“quadrature”.or.“Q”.component..If.the.two.spreading.sequences.
are.denoted.as.PNI.and.PNQ,.then.the.basic.quadrature spreading.operation.is.as.depicted.in.Figure.23.4.

Another.form.of.quadrature.spreading.is.hybrid.quadrature.spreading,.which.involves.representation.
of.the.two.PN.sequences.and.I.and.Q.input.signals.as.complex.quantities.and.accomplishes.spreading.by.
modulating.the.input.signal.with.the.complex.PN.sequence..This.operation.is.shown.in.Figure.23.5.

23.2 the iS-95 cellular cDMA System [2]

CDMA,.like.its.FDMA.and.TDMA.counterparts,.suffers.from.cochannel.interference.even.with.the.use.
of.spreading.codes..This.is.due.to.the.fact.that.several.users.may.be.simultaneously.communicating.with.
the.base.station..Each.individual.user.can.be.seen.as.interference.to.every.other.user,.making.it.difficult.
for.mobile.receivers.to.correctly.demodulate.a.desired.user’s.signal..The.problem.manifests.itself.in.the.
near–far.effect,.wherein.users.far.away.from.the.base.station.could.have.their.signals.drowned.out.from.
users.near.the.base.station.if.those.users.are.transmitting.at.unacceptably.high.power.levels.

PN sequence (C chips/s, C >> R)

Information bits (R bits/s) Spread sequence (C bits/s)

FIGURE 23.3 Spreading.operation.

I-user
information

Q-user
information

PNI

PNQ

FIGURE 23.4 Quadrature.spreading.
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Power control.was.introduced.primarily.by.the.IS-95.standard.as.a.means.of.combating.the.near–far.
effect..In.a.power-controlled.CDMA.system,.the.base.station.uses.power.control.whereby.it.commands.
handsets.to.increase.or.decrease.their.individual.radiated.power.levels.depending.on.the.detected.levels.
of.the.individual.users’.signals.at.the.base.station..This.is.accomplished.by.a.series.of.up/down.single-bit.
commands.to.drive.the.mobile.radiated.power.to.a.desired.level.

In.addition,.as.a.mobile.moves.from.one.cell.to.another,.a.handover.between.cells.must.take.place..In.
TDMA.and.FDMA.systems,.this.is.usually.a.hard.handover,.meaning.that.the.connection.between.the.
mobile.and.base.station.in.the.serving.cell.must.be.discontinued.before.initiating.communication.with.
the.base.station.in.the.cell.to.which.the.mobile.is.transitioning.(sometimes.referred.to.as.make before 
break)..Hard.handovers.sometimes.result.in.communications.gaps.and.even.dropped.calls..IS-95.how-
ever.was.the.first.commercialized.system.to.introduce.soft.handover,.which.involves.a.mobile.station.
simultaneously. communicating. with. multiple. base. stations. as. long. as. each. individual. base. station’s.
signal.was.received.at.an.acceptable.level.

The.IS-95.system.is.designed.to.work.in.a.1.25.MHz.bandwidth..The.IS-95.system.achieved.channeliza-
tion.in.the.forward.link.(base.station.to.mobile).and.reverse.link.(mobile.to.base.station).using.different.
means..Channelization.in.the.forward.link.was.accomplished.through.the.use.of.orthogonal.Walsh.codes,.
while.channelization.in.the.reverse.link.was.achieved.using.temporal.offsets.of.the.spreading.sequence.

Different.base.stations.are.identified.on.the.downlink.based.on.unique.time.offsets.utilized.in.the.
spreading.process..Therefore,.all.base.stations.must.be.tightly.coupled.to.a.common.time.reference..In.
practice,.this.is.accomplished.through.the.use.of.the.global positioning system.(GPS).satellite.broadcast.
system.

There.are.two.types.of.PN.spreading.sequences.used.in.IS-95:.the.long.code.and.the.short.codes..Both.
the.PN.sequences.are.clocked.at.1.2288.MHz,.which.is.the.chipping.rate..Two.short.code.PN.sequences.
are.used.since.IS-95.employs.quadrature.spreading..These.two.codes.are.the.in-phase.sequence.PI(x).=.x15 +.
x13.+.x9.+.x8.+.x7.+.x5.+.1.and.the.quadrature.sequence.PQ(x).=.x15.+.x12.+.x11.+.x10.+.x6.+.x5.+.x4.+.x3.+.1..
These.two.sequences.are.generated.by. length-15.shift.register.sequences;.although.they.are.nominally.
215.−.1.=.32767.chips,.a.binary.“0”.is.inserted.in.each.sequence.after.a.string.of.14.consecutive.0’s.appears.
in.either.sequence.to.make.the.final.length.of.the.spreading.sequence.an.even.32768.chips.

The.long.code.is.given.by.the.polynomial.p(x).=.x42.+.x35.+.x33.+.x31.+.x27.+.x26.+.x25.+.x22.+.x21.+.x19.+.
x18.+.x17.+.x16.+.x10.+.x7.+.x6.+.x5.+.x3.+.x2.+.x1.+.1.. It. is. of. length. 242.−.1. chips. as. it. is. generated. by. a.
42-length. shift. register.. It. is. primarily. used. for. privacy,. as. each. user. of. the. mobile. network. may. be.
assigned.a.unique.temporal.offset.for.the.long.code.with.reference.to.system.time..The.offset.is.accom-
plished.with.the.use.of.a.42-bit.long.code.mask.
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FIGURE 23.5 Hybrid.quadrature.spreading.
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23.2.1 iS-95 Forward Link

Channelization.by.means.of.code.multiplexing.is.a.fundamental.feature.of.IS-95.systems..In.particular,.
channelization.is.accomplished.using.length-64.Walsh.codes,.which.are.assigned.to.different.channels..
The.types.of.channels.used.can.be.grouped.into.common.channels.and.dedicated.channels..Common.
channels.are.broadcast. to.all. the.users. in. the.cell. served.by.the.base.station..Dedicated.channels.are.
meant.to.be.heard.by.only.one.user.

23.2.1.1 common channels

The.three.types.of.common.channels.used.in.IS-95.are.the.Pilot,.Sync,.and.Paging.channels..Each.has.a.
unique.Walsh.code.associated.with.it,.and.serves.a.particular.purpose.in.the.IS-95.forward.link.

23.2.1.1.1  Pilot Channel

The.mobile.uses.the.pilot.channel.for.the.following.purposes:

. 1.. Multipath.channel.amplitude.estimation.for.coherent.detection.

. 2.. Timing.recovery.for.synchronization.to.network.time.reference.(GPS-based).

. 3.. Frequency.offset.correction.for.the.mobile.receiver.

. 4.. Pilot.strength.measurements.for.soft.and.hard.handoff.decisions.

There.are.also.several.other.possible.uses.for.the.pilot.at.the.mobile.receiver,.such.as.interference.cor-
rection.and.interfrequency.handoff.measurements..The.pilot.channel.must.be.a.known.sequence.to.be.
useful.at.the.mobile.station..In.this.case,.the.pilot.channel.is.simply.all-binary.0’s.

The.pilot.channel.undergoes.orthogonal.modulation.with.Walsh.code.0,.which.is.the.first.row.of.the.
Walsh-64.matrix.and.is.the.all.binary-0’s.code..The.amount.of.power.dedicated.to.the.pilot.channel.is.
directly.related.to.the.base.station.coverage.area,.as.all.mobiles.must.successfully.decode.the.pilot.chan-
nel.to.communicate.with.the.base.station.

23.2.1.1.2  Sync Channel (FSYN)

The.sync.channel.is.primarily.used.by.the.mobile.to.acquire.a.timing.reference..The.mobile.station,.when.
it.acquires.the.pilot.channel,.knows.the.PN.timing.of.that.particular.base.station..However,.the.mobile.
does.not.know.how.the.timing.of.this.base.station.relates.to.other.base.stations.in.the.network..The.Sync.
Channel.Message.appears.on.the.sync.channel.to.let.the.mobile.know.timing.parameters.such.as.the.PN.
timing.offset.of.the.base.station.relative.to.system.time..The.bit.rate.of.this.message.is.1.2.kbps..The.Sync.
Channel.also.has.its.own.unique.Walsh.code.

23.2.1.1.3  Paging Channel (FPCH)

Up.to.7.paging.channels,.each.with.their.own.unique.Walsh.code,.may.be.used.by.the.IS-95.base.station..
This.channel.provides.system.parameters,.voice.pages,.short.message.services,.and.any.other.broadcast.
messaging.to.users.in.the.cell..The.paging.channel.can.take.two.bit.rates,.4800.or.9600.bps..The.rate.is.
given.in.the.Sync.Channel.Message.

23.2.1.2 Dedicated channels

Dedicated. channels. deliver. user. traffic. and. user-specific. signaling.. There. are. two. types. of. dedicated.
channels.that.are.used.in.IS-95:.the.forward.fundamental.channel.and.the.forward.supplemental.code.
channel..The.forward.fundamental.channel.was.simply.called.the.forward.traffic.channel.in.IS-95-A,.as.
it.was. the.only.channel.capable.of.delivering.dedicated. traffic.. In.IS-95-B,. the. forward.supplemental.
code.channel.was.introduced.as.a.means.of.improving.data.rates.to.individual.users..Voice.always.goes.
over.a.fundamental.channel.and.can.never.go.over.a.supplemental.code.channel..However,.data.may.
travel.over.both.types.of.channels.
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The.fundamental.channel.is.variable.rate..This.is.to.take.advantage.of.periods.of.time.where.the.voice.
activity.is.low.and.therefore.the.voice.codec.(i.e.,.coder/decoder).rate.may.be.reduced..In.IS-95.systems,.
voice.codecs.generally.take.four.rates,.sometimes.denoted.as.full.rate,.half-rate,.quarter-rate,.and.eight-
rate..The.first.IS-95.systems.used.source.rates.of.9.6,.4.8,.2.4,.and.1.2.kbps;.this.set.of.data.rates.is.known.
as.Rate Set 1..These.data. rates. were. necessary. for. the.first.8.kbps. IS-95. vocoder. (i.e.,.voice. encoder),.
known.as.QCELP8..Rate Set 2.(14.4,.7.2,.3.6,.1.8.kbps).was.introduced.to.accommodate.a.13.kbps.vocoder.
known. as. QCELP13.. The. supplemental. code. channel. is. not. variable-rate,. yet. can. take. either. 9.6. or.
14.4.kbps. forms.. This. channel. is. primarily. used. for. providing. higher. data. rates. to. individual. users.
through.the.use.of.code channel aggregation.

23.2.2 iS-95 Reverse Link

The.IS-95.reverse.link.channels.may.also.be.grouped.into.common.and.dedicated.channels..The.com-
mon.channels.in.the.IS-95.reverse.link.are.meant.primarily.for.tasks.such.as.call.origination,.registra-
tion.and.authentication,.page.responses,.and.delivery.of.short.messages..Channelization.of.users.in.the.
reverse.link.is.accomplished.by.the.use.of.long.code.masks..Since.the.mobile.must.acquire.a.time.refer-
ence.from.the.network,.each.mobile.can.utilize.a.unique.long.code.mask..Therefore.the.mobile.transmits.
with.a.unique.long.code.mask.known.only.to.the.base.station.

23.2.2.1 common channels: Reverse Access channel

The.reverse.access.channel.(R-ACH).is.the.reverse.link.common.channel.in.IS-95..The.R-ACH.messag-
ing.is.at.4.8.kbps..It.is.convolutionally.encoded,.repeated,.and.interleaved.over.576.symbols..Note.that.
the.next.step.is.64-ary orthogonal modulation..This.step.entails.grouping.each.set.of.six.consecutive.bits.
output.from.the.interleaver.into.a.row.address.to.a.memory.that.contains.the.64.by.64.Walsh.matrix..
Once.a.row.is.selected,.all.64.bits.that.make.up.the.row.entry.are.output.at.a.rate.of.307.2.kHz..Since.the.
mobile.is.not.transmitting.a.pilot.signal.on.the.reverse.link.(unlike.the.forward.link),.coherent.detection.
is.not.possible..As.a.result,.the.base.station.receiver.may.correlate.the.received.signal.with.all.of.the.64.
possible.Walsh.codes.and.determine.a.peak.correlation.to.determine.which.row.was.sent..After.orthogo-
nal.modulation,.the.sequence.is.spread.to.1.2288.MHz.by.the.long.code;.the.long.code.generator.state.
should.be.synchronized.with.the.base.station.long.code.generator.based.on.the.information.the.mobile.
has.received.from.the.sync.channel.

The.signal.may.now.be.quadrature.spread;.however,.note.that.there.is.a.1/2-chip.delay.in.the.Q-branch.
of.the.quadrature.spreader..This.results.in.offset-QPSK.modulation..Offset-QPSK.modulation.reduces.
the.peak-to-average ratio.(PAR).in.the.signal.the.mobile.must.transmit.

23.2.3 cDMA2000 [3–6]

cdma2000.came.about.as.a.response.to.the.ITU’s.IMT-2000.effort.for.developing.global.third-generation.
wireless.services..cdma2000.is.backward.compatible,.which.ensures.that.second-generation.products.
could.be.easily.evolved.to.meet.third-generation.requirements.

23.2.3.1 Spreading and Modulation Solutions

A. complex. spreading. as. shown. in. Figure. 23.6,. helps. to. reduce. the. peak-to-average. power. and. thus.
improves.power.efficiency.

23.2.3.2 coherent Detection in the Reverse Link

Coherent.detection.can.improve.the.performance.of.the.reverse.link.up.to.3.dB.compared.to.noncoher-
ent.reception.used.by.the.second-generation.CDMA.system..To.facilitate.coherent.detection.a.pilot.sig-
nal. is. required..The.actual.performance. improvement. depends. on. the.proportion. of. the.pilot. signal.
power.to.the.data.signal.power.and.the.fading.environment.
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23.2.3.3 Fast Power control in Forward Link

To.improve.the.forward.link.performance.fast.power.control.is.used..The.impact.of.the.fast.power.con-
trol.in.the.forward.link.is.twofold..First,.it.improves.the.performance.in.a.fading.multipath.channel..
Second,. it. increases. the. multiuser. interference. variance. within. the. cell. since. orthogonality. between.
users.is.not.perfect.due.to.multipath.channel..The.net.effect,.however,.is.improved.performance.at.low.
speeds.

23.2.3.4 Soft Handoff

Soft.handoff.was.to.remain.essentially.the.same.in.operation.as.in.IS-95..This.was.possible.due.to.the.fact.
that.cdma2000.is.backward.compatible,.and.therefore.existing.cells.did.not.need.to.be.redeployed..As.a.
result,.handoff.mechanisms.did.not.need.to.change.either.

23.2.3.5 transmit Diversity

The.forward.link.performance.can.be.improved.in.many.cases.by.using.transmit.diversity..For.direct.
spread. CDMA. schemes,. this. can. be. performed. by. splitting. the. data. stream. and. spreading. the. two.
streams. using. orthogonal. sequences.or. switching. the. entire.data. stream. between. two. antennas.. For.
multicarrier.CDMA,.the.different.carriers.can.be.mapped.into.different.antennas.

23.3 cDMA2000 Physical Layer

The. cdma2000. physical. layer. retains. backward. compatibility. not. only. to. leverage. IS-95. equipment.
development.but.to.also.provide.a.smooth.upgrade.path.for.cellular.operators..The.cdma2000.physical.
layer.classifies.different.modes.of.operation.into.radio configurations. (RCs).for.both.the.forward.and.
reverse.links..For.instance,.RCs.1.and.2.(RC1.and.RC2).are.the.Rate.Set.1.and.Rate.Set.2.modes.of.opera-
tion.respectively.in.IS-95..However,.RCs.greater.than.two.define.new.modes.of.operation.in.cdma2000.

In.addition,.the.cdma2000.RCs.encompass.two.modes.of.operation:.1X.and.3X..1X.refers.to.the.mode.
that.is.bandwidth-compatible.with.IS-95,.that.is,.its.bandwidth.is.1.25.MHz..3X.refers.to.the.multicarrier.
option,.which.involves.the.use.of.3.1X.carriers.to.increase.the.data.rate.to.the.mobile.user.on.the.forward.
link..The.data.rates.on.the.reverse.link.in.the.multicarrier.version.increase.data.rates.via.direct-.spreading.
up.to.three.times.the.1X.chip.rate.of.1.2288.MHz..More.recently,.modes.that.involve.3X.forward.link.and.
1X.reverse.link.have.been.adopted.to.allow.for.asymmetric.high-speed.data.services..As.the.1X.option.
has.turned.out.to.be.the.almost.exclusive.choice.for.deployment,.this.will.be.the.focus.for.the.ensuing.
subsections.
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23.3.1 Forward Link

In.the.cdma2000,.several.new.code.channels.are.introduced.to.improve.data.services..To.ensure.back-
ward.compatibility,. the.cdma2000. forward. link. includes.pilot,.paging,.and.sync.channels.which.are.
identical.in.operation.to.their.IS-95.counterparts..The.dedicated.channels.for.RC3.and.higher.have.a.
different.structure.

The.basic. spreading. structure.now. involves.hybrid.quadrature. spreading.with. the. same.baseband.
filter.as.in.IS-95..This.is.depicted.in.Figure.23.7.

The.spreading.function.takes.as.inputs.the.appropriate.Walsh.function,.and.in-phase.and.quadrature.
inputs.YI.and.YQ.respectively..These.inputs.are.derived.from.a.demultiplexing.operation.(see.Figure.23.8)..
With.reference.to.Figure.23.8,.when.the.input.is.X,.then.the.output.is.split.into.the.two.streams.YI.and.YQ.
by.mapping.each.bit.in.the.input.stream.to.one.of.the.two.output.streams.alternately.(starting.from.YI,.i.e..
a.“top-to-bottom”.approach)..This.is.a.pure.QPSK.system,.as.two.bits.of.information.are.transmitted.for.
each.(I,Q).pair.of.inputs..However,.two.inputs.XI.and.XQ.may.be.mapped.directly.to.YI.and.YQ.as.well..This.
feature.is.useful.for.backward-compatible.channels,.as.will.be.seen.in.the.next.section.

Σ

Σ

Σ

sin(2π fct)

cos(2π fct)

Baseband
filter

Complex multiplier

I

Baseband
filter

QQin

PNI

PNQ

YQ

YI
Iin

Walsh
function s(t)

+

+

+

+

–

FIGURE 23.7 cdma2000.spreading.

X DEMUX

YI XI

YQ

YI

YQXQ

FIGURE 23.8 Demultiplexing.operation.for.1X.



439Third-Generation Cellular Communications

23.3.1.1 new cdma2000 1X common channels

Several.new.common.channels.were.introduced.for.cdma2000..The.forward.common.control.channel.
(FCCCH).and.forward.broadcast.control.channel.(FBCCH).may.be.used.for.carrying.common.signal-
ing.much.like.the.paging.channel..These.channels.may.be.used.specifically.for.cdma2000.mobiles,.thus.
relieving.some.of.the.overhead.on.the.paging.channel.

The.forward.quick.paging.channel.(FQPCH).is.an.on–off.keyed.(OOK).indicator.to.the.mobile.to.
wake.up.for.a.message.on.the.paging.channel..This.is.useful.for.conserving.battery.life.in.the.mobile.
when.it.is.idling.

In.addition,. for.new.access.modes.on. the. reverse. link,.a. forward.common.power.control.channel.
(FCPCH).exists.in.which.users’.power.control.bits.may.be.slotted.in.time.

23.3.1.2 new cdma2000 1X Dedicated channels

cdma2000.1X.introduces.the.forward.dedicated.common.control.channel.(FDCCH).and.forward.sup-
plemental.channel.(FSCH)..The.FDCCH.may.be.used.primarily.for.signaling.and.can.be.used.for.other.
high.priority.(nonvoice).traffic.such.as.retransmissions.for.data.protocols..The.FSCH.is.strictly.for.data.
traffic,.and.can.take.much.higher.rates.than.an.IS-95.compatible.forward.supplemental.code.channel..
The.forward.fundamental.channel.(FFCH).is.still.primarily.for.voice,.although.the.lowest.data.rates.for.
Rate.Set.1-compatible.data.rates.changed.slightly.from.1.2.and.2.4.to.1.5.and.2.7.kbps.respectively.

RC3.and.RC4. in.general.are.Rate.Set.1-compatible,.while.RC5. is.Rate.Set.2-compatible..Note. two.
notable.exceptions.regarding.framing;.now.the.dedicated.channels.can.carry.5.ms.frames.for.short.mes-
sages,.and.the.FFCH.and.FSCH.can.have.longer.framing.(40.and.80.ms).in.addition.to.20.ms.

23.3.1.3 transmit Diversity

A.new.feature.in.cdma2000.that.was.not.present.in.IS-95.was.the.capability.to.transmit.over.two.anten-
nas.in.the.forward.link,.also.known.as.transmit diversity..All.channels.except.for.pilot.channels,.forward.
paging.channel.(FPCH).and.forward.sync.channel.(FSYN).may.be.transmitted.in.this.fashion.

23.3.2 Reverse Link

The.reverse.link.in.cdma2000.was.designed.to.introduce.two.important.concepts.that.were.not.available.
in.IS-95,.namely.coherent.reverse.link.detection.and.fast.forward.link.power.control..As.a.result,.a.new.
physical. layer.was.necessary. for.cdma2000..The.basic. spreading.structure. is.depicted. in.Figure.23.9..
Note.certain.aspects.of.this.spreading.method.which.differ.from.the.IS-95.reverse.link:

•. Inclusion.of.a.pilot.channel.for.coherent.demodulation.
•. Use.of.Walsh.code.multiplexing.for.transmission.of.multiple.data.channels.
•. Long.code.spreading.is.slightly.different.so.as.to.reduce.peak-to-average.ratio.
•. Use.of.hybrid.quadrature.spreading.rather.than.offset-QPSK.spreading.

Several.new.code.channels.exist.and.will.be.discussed.in.the.ensuing.subsections..Each.code.channel.
will.result.in.a.modulation.symbol.indexed.by.A,.B,.or.C..These.indices.are.with.respect.to.the.complex.
spreading.inputs.in.Figure.23.9.

The.main.backward-compatible.feature.that.exists.in.the.cdma2000.reverse.link.for.common.chan-
nels.is.the.R-ACH.

23.3.2.1 new cdma2000 1X common channels

The.reverse.common.control.channel.(RCCCH).and.reverse.enhanced.access.channel.(REACH).were.
introduced. to. provide. more. reliable. access. by. means. of. slotting. different. users. before. they. transmit.
bursts.on.the.reverse.link.and.to.provide.a.coherence.form.of.reception.for.the.base.station.access.probe.
receiver..In.addition,.some.burst.data.service.that.was.not.possible.over.the.IS-95.access.channel.could.
be.accommodated.using.these.features.
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23.3.2.2 new cdma2000 1X Dedicated channels

Several.new.dedicated.control.channels.exist.for.the.cdma2000.reverse.link..Among.them.are.the.reverse.
pilot. channel. (RPICH),. the. reverse. fundamental.channel. (RFCH),. the. reverse. supplemental. channel.
(RSCH),. and. the. reverse. dedicated. common. control. channel. (RDCCH).. Except. for. the. RPICH,. the.
types.of.data.associated.with.each.channel.are.identical.to.their.forward.link.counterparts..The.RPICH.
has.power.control.commands.for.fast.forward.power.control.multiplexed.into.the.constant.stream.of.all.
0’s.at.an.800.Hz.rate..Just.as.with.the.forward.link.dedicated.channels,.the.other.three.reverse.link.dedi-
cated.channels.are.associated.with.RCs..In.general.RC3.corresponds.to.Rate.Set.1-compatible.data.rates,.
while.RC4.corresponds.to.Rate.Set.2-compatible.data.rates.

23.4 1X-eV-Do [7,8]

The.1X-EV-DO.standard.proposed.leveraged.cdma2000.1X.to.provide.an.enhancement.of.data.services.
over.a.dedicated.1.25.MHz.carrier.on.the.forward.link..The.name.“1X-EV-DO”.is.in.fact.a.shortened.
version.of.1X.Evolution.for.Data.Only..The.first.version.(“Release.0”).of.the.reverse.link.retains.much.of.
the.elements.of.the.cdma2000.reverse.link,.with.additional.features.to.provide.enhancements.for.data.
services.on.the.forward.link.as.well.

One.of.the.main.features.in.1X-EV.systems.is.the.use.of.link adaptation..This.is.a.feature.whereby.
individual.users.are.assigned.different.physical. layer.attributes.depending.on.the.wireless.conditions.
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each.user.experiences..For.instance,.a.user.near.the.base.station.may.be.assigned.a.higher.data.rate.than.
a.user.further.away.from.the.base.station..The.data.rates.on.the.forward.link.are.adjusted.by.a.mecha-
nism.known.as.adaptive modulation and coding.(AMC)..AMC.involves.the.use.of.different.bandwidth-
efficient. modulation. methods. (e.g.,. QPSK,. QAM). along. with. changing. the. forward. error. correcting.
(FEC).code.rate..Based.on.the.user’s.forward.link.channel.quality,.there.exists.a.modulation.and.coding.
scheme.(MCS).that.maximizes.throughput.to.the.user..This.principle.can.also.be.applied.to.the.reverse.
link,.which.is.one.of.the.main.features.of.the.Release.A.version.of.1X-EV-DO.

In.1X-EV-DO,.the.user.sends.active.feedback.to.the.base.station.to.select.the.best.MCS.based.on.wire-
less.channel.conditions..The.user.can.select.lower.data.throughput.MCS’s.when.channel.conditions.are.
poor. and. higher-throughput. MCS’s. when. channel. quality. conditions. improve.. Since. data. services.
(unlike.voice).are.bursty,.1X-EV-DO.time-multiplexes.users.over.a.shared.forward.link.channel..This.
utilizes.radio.resources.effectively,.as.the.forward.link.channels.are.not.wasted.on.users.who.are.not.
receiving.data.at.the.moment..Therefore.additional.signaling.is.needed.to.schedule.users.on.the.forward.
link..In.addition,.it.is.very.difficult.to.co-ordinate.base.stations.on.the.forward.link.for.a.true.soft.hand-
off.scenario..This.is.because.different.base.stations.may.have.different.users,.and.the.times.over.which.
they.schedule.an.individual.user.may.differ..As.a.result,. in.1X-EV-DO.systems.mobile.user.can.only.
receive.data.from.one.base.station.at.a.time.

The.reverse.link.has.to.include.new.control.information.to.provide.data.requests.for.the.forward.link,.
signal.to.the.base.station.a.new.rate.to.be.used.on.the.reverse.link,.and.provide.indications.to.the.net-
work.which.base.station.is.the.best.base.station.to.serve.the.user.(since.only.one.base.station.can.deliver.
traffic.to.the.user).

In. addition,. a. fast. automatic. repeat. reQuest. (ARQ). method. is. implemented. in. 1X-EV-DO.. ARQ.
involves.the.redelivery.of.a.frame.of.information.when.the.previous.attempt.at.transmission.has.failed..
The.transmitter.knows.that.the.attempt.has.failed.based.upon.the.failure.to.receive.an.ACK.(acknowl-
edgment).indication.from.the.receiver.

23.4.1 Forward Link

The.forward.link.is.one.shared.pipe.over.which.all.users.may.receive.information..Forward.link.channels.
are.all. time-multiplexed,.meaning.that.forward. link.power.control. is.not.applicable—the.entire.base.
station.transmitter.power. is.allocated.to.the.channel.being.transmitted.at.any.particular.moment. in.
time..The.forward.link.spreading.and.channelization.are.depicted.in.Figure.23.10.

Note.the.presence.of.different.channels.all.being.time.multiplexed.over.the.same.modulation.sequence..
The.time.multiplexing. is.based.on.units.of. time.called. slots,.where.a. slot. is.1.67.ms. (slots.occur.at.a.
600.Hz.rate)..The.time.multiplexing.sequence.is.given.in.Figure.23.11.

The.1X-EV-DO.forward.link.still.takes.advantage.of.the.short.codes.of.IS-95/cdma2000.and.uses.PN.
offsets.to.distinguish.between.different.base.stations..In.addition,.the.baseband.filtering.is.identical.to.
IS-95/cdma2000.

23.4.1.1 Pilot channel

The.pilot.channel.serves.the.same.function.as.the.IS-95/cdma2000.pilot.channel,.except.it.is.time.mul-
tiplexed.and.occurs.twice.per.slot..The.total.number.of.chips.the.pilot.channel. is.spread.over. is.182,.
based.on.96.chips.per.half-slot.

23.4.1.2 MAc channel

The.MAC.channel.in.1X-EV-DO.provides.for.scheduling.different.users.onto.the.forward.link.and.also.
providing. information. to. the.different.users.about.reverse. link.capabilities.of. the.system..Length-64.
Walsh.codes.are.used.to.transmit.different.types.of.information.to.different.users.

In.addition.to.global.control.information,.the.MAC.channel.also.indicated.reverse.activity.(RA).to.all.
users.and.reverse.power.control.(RPC).commands.to.individual.users..RPC.information.must.constantly.
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be.transmitted.to.users.who.are.actively.transmitting.data..RA.bit.(RAB).is.more.of.a.broadcast.indica-
tion.to.users.that.their.data.rates.should.be.reduced.(due.to.unacceptably.high.load.levels.on.the.reverse.
link).or.may.be.increased.

23.4.1.3 traffic channel Preamble

The.preamble.is.important.in.that.it.indicates.to.the.mobile.what.sort.of.MCS.it.will.be.receiving.for.the.
ensuing.traffic.bits..The.preamble.uses.biorthogonal.modulation..A.biorthogonal.signal.set.with.M.sig-
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nals.can.be.constructed.from.an.orthogonal.signal.set.of.M/2.signals.by.simply.concatenating.the.nega-
tion.of.those.M/2.signals..In.the.case.of.the.1X-EV-DO.preamble,.M.=.32,.that.is,.the.Walsh.codes.of.
length.32.are.used.for.biorthogonal.modulation..Each.of.the.32-chip.codes.may.be.assigned.to.an.indi-
vidual.user.or.to.a.control.channel.for.broadcast.use.

Based.on.a.predefined.repetition.sequence.for.the.Walsh.code.assigned.to.an.individual.user,.that.user.
may.discern.the.traffic.channel.data.rate.assignment.

23.4.1.4 traffic channel

The.MCS’s.along.with.their.associated.number.of.slots.and.total.time-multiplexed.chips.for.is.given.in.
Table.23.1.

23.4.2 Reverse Link

The.1X-EV-DO.reverse.link,.in.addition.to.providing.sufficient.feedback.for.control.of.the.forward.link.
(particularly.link.adaptation),.also.provides.different.reverse.traffic.data.rates.

The.1X-EV-DO.reverse.link.has.one.common.channel,.the.access.channel..The.dedicated.channel.is.
the.reverse.traffic.channel,.which.collectively.includes.the.pilot,.reverse.rate.indication.(RRI),.data.rate.
control.(DRC),.acknowledgment.(ACK),.and.data.channels.

TABLE 23.1 MCS.and.Slot.Assignments

Data.Rate.(kbps)

Number.of.Values.per.Physical.Layer.Packet

Slots Bits Code.Rate Modulation.Type
Total.Chips.(Preamble,.

Pilot,.MAC,.Data)

38.4 16 1024 1/5 QPSK 1024,.3072,.4096,.24,576
76.8 8 1024 1/5 QPSK 512,.1536,.2048,.12,288
153.6 4 1024 1/5 QPSK 256,.768,.1024,.6144
307.2 2 1024 1/5 QPSK 128,.384,.512,.3072
614.4 1 1024 1/3 QPSK 64,.192,.256,.1536
307.2 4 2048 1/3 QPSK 128,.768,.1024,.6272
614.4 2 2048 1/3 QPSK 64,.384,.512,.3136
1228.8 1 2048 1/3 QPSK 64,.192,.256,.1536
921.6 2 3072 1/3 8-PSK 64,.384,.512,.3136
1843.2 1 3072 1/3 8-PSK 64,.192,.256,.1536
1228.8 2 4096 1/3 16-QAM 64,.384,.512,.3136
2457.6 1 4096 1/3 16-QAM 64,.192,.256,.1536

Data
400

chips

MAC
64

chips

MAC
64

chips

Pilot
96

chips

MAC
64

chips

MAC
64

chips

Pilot
96

chips

Data
400

chips

Data
400

chips

Active slot

Idle slot

Data
400

chips

MAC
64

chips

MAC
64

chips

1/2 slot
1024 chips

1/2 slot
1024 chips

Pilot
96

chips

MAC
64

chips

MAC
64

chips

Pilot
96

chips

FIGURE 23.11 1X-EV-DO.forward.link.time.multiplexing.structure.



444 Mobile Communications Handbook

23.4.3 1X-eV-Do Revisions A and B

The.next.version.of. the.1X-EV-DO.standard,.Revision.A,. introduced.enhancements. that.allowed. for.
(23.1).the.increase.of.the.maximum.forward.link.instantaneous.data.rate.to.3.1.Mbps,.(23.2).the.increase.
of.reverse.link.maximum.data.rates.through.the.use.of.AMC.(up.to.1.8.Mbps),.and.(23.3).multiplexing.
efficiencies.on. the. forward. link. through. the.use.of.multiuser.packets..The.ensuing.standard.version,.
Revision.B,.achieved.increases.in.throughput.by.allowing.for.the.grouping.of.DO.carriers.(groups.of.2.
or.3),.therein.increasing.the.maximum.data.rates.provided.to.any.single.user.

23.5 Wideband cDMA

23.5.1 Standardization History

In. January. 1998,. the. European. Telecommunications. Standards. Institute. (ETSI). selected. wideband.
CDMA.(WCDMA).as. its.Universal.Mobile.Telephony.System.(UMTS).radio. technology..During. that.
same.year,.ETSI.and.ARIB.(the.Japanese.counterpart.of.ETSI).agreed.to.make.a.common.UMTS.standard.
under.the.Third.Generation.Partnership.Project.(3GPP)..The.3GPP.has.as.part.of.its.mission.to.provide.a.
complete.set.of.specifications.defining.the.3G-network.functionality,.procedures,.and.service.aspects.

The.first.release.of.the.WCDMA.standard,.Release.99.(3GPP.R99),.focuses.on.the.backward.compat-
ibility. and. inter-operability. with. GSM. networks.. The. second. release,. 3GPP. R00,. includes. two. parts.
(3GPP.Release.4.and.Release.5)..Release.4.contains.minor.modification.to.Release.99,.and.the.changes.in.
the.UMTS.core.network.circuit-switched.data.flows.and.control.mechanisms..Release.5.contains.items.
such.as.high-speed.downlink.packet.access.(HSDPA),.radio.resource.management.(RRM),.uplink.syn-
chronous.transmission,.and.IP.based.transport.

The.3GPP.has.defined.two.variants.of.WCDMA:.frequency-division.duplex.(FDD).and.time-division.
duplex.(TDD)..FDD.uses.two.different.radio.frequencies.separately.for.uplink.and.downlink.transmis-
sions.[9]..A.pair.of.60.MHz.frequency.bands.is.allocated.for.uplink.and.downlink.spectrum.(paired.bands)..
For.TDD.mode,.uplink.and.downlink.transmissions.use.the.same.radio.frequency.with.synchronized.time.
intervals..Two.frequency.bands.of.20.and.15.MHz.are.allocated.for.TDD.operation.(unpaired.bands).

23.5.2 WcDMA Parameters and Features

Compared.to.IS-95/cdma2000’s.1.25.MHz.carrier.bandwidth.(1.2288.Mcps.spreading.rate),.WCDMA.
uses. a. 5.MHz. bandwidth. per. carrier. (3.84.Mcps. spreading).. Note. that. the. TDD. mode. also. allows.
1.28.Mcps.spreading.as.an.option..WCDMA.uses.a.10.ms.radio.frame,.and.is.subdivided.into.15.time.
slots.(0.667.ms.per.slot)..For.3.84.Mcps.rate,.there.are.38,400.chips.per.frame.and.2560.chips.per.slot.

23.6 WcDMA channelization [10–14]

23.6.1 Radio interface Architecture

Like.cdma2000,.WCDMA.is.defined.with.respect.to.protocol.layering..For.the.over-the-air.(radio).inter-
face.between.the.base.station.(denoted.as.Node.B).and.the.mobile.station.(denoted.as.user.equipment,.or.
UE),.a.three-layer.protocol.is.implemented..These.layers.are.the.network.layer.(Layer.3,.or.L3),.the.data.
link.layer.(Layer.2,.or.L2),.and.the.physical.layer.(Layer.1,.or.L1).

Layer.3.provides.the.signaling.necessary.for.radio.resource.management.(RRM).and.radio.resource.
control.(RRC),.mobility.management.(MM),.connection.management.(CM),.and.logical. link.control.
(LLC)..It.is.divided.into.the.control.plane.(C-plane).and.the.user.plane.(U-plane)..The.control.plane.car-
riers.the.signaling.bearers..The.user.plane.offers.frame.protocol.(FP).for.user.data.transfer.through.the.
interface.and.the.underlying.transport.protocols..Layer.2.provides.services.and.functionality.such.as.
medium.access.control.(MAC),.radio.link.control.(RLC),.packet.data.convergence.protocol.(PDCP),.and.
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broadcast/multicast.control.(BMC)..(Note.that.PDCP.and.BMC.only.exist.in.the.U-plane..Layer.1.trans-
ports.information.to.and.from.the.MAC.and.higher.layers.

23.6.1.1 Logical, transport, and Physical channels

WCDMA.system.uses.also.a.three-layer.channel.structure.to.carry.control.information.and.user.data.
between.Layer.2.and.Layer.1..These.three.types.of.channels.are.logical.channels,.transport.channels,.and.
physical.channels..In.the.following.subsections,.the.functionality.and.relationship.between.these.differ-
ent.channels.will.be.described..The.logical.channels.provide.data.transfer.service.from.the.MAC.layer,.
and.they.are.categorized.into.two.groups:.control.channels.and.traffic.channels.(see.Figure.23.12).

23.6.1.1.1  Control Channels (CCh’s)

•. Broadcast control channel (BCCH):. A. downlink. channel. for. broadcasting. system. control.
information.

•. Paging control channel (PCCH):.A.downlink.channel.used.for.transferring.paging.information.
•. Common control channel (CCCH):. Bidirectional. channel. for. transmitting. control. information.

between.the.network.and.UE’s.
•. Dedicated control channel (DCCH):.A.point-to-point.bidirectional.channel.that.transmits.dedi-

cated.control.information.between.a.single.UE.and.the.network.

23.6.1.1.2  Traffic Channels (TrCh’s)

•. Dedicated traffic channel (DTCH):.A.point-to-point.channel.that.dedicated.to.one.UE.service.for.
user.information.transfer.

•. Common traffic channel (CTCH): A.point-to-multipoint.downlink.channel.to.transmit.dedicated.
user.information.for.all.or.a.group.of.specified.UE’s.
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23.6.1.2 transport channels

Transport.channels.(TrCh’s).are.responsible.for.mapping.L2.information.to.L1..All.transport.channels.
are. unidirectional.. Transport. channels. are. classified. dedicated. or. common.. The. dedicated. transport.
channel.is.known.as.the.dedicated.channel.(DCH)..It.is.transmitted.over.the.entire.cell.and.carries.all.the.
information.intended.for.the.given.user.from.the.higher.layers,.which.includes.data.and.signaling..DCH’s.
are.assigned.to.individual.users..In.contrast,.common.transport.channels.are.shared.among.users.within.
the.coverage.area.of.a.single.base.station..There.are.several.types.of.common.transport.channels:

•. Broadcast channel (BCH):.A.downlink.channel.that.carries.system.and.cell.specific.information,.
and.is.transmitted.over.the.entire.cell.

•. Forward access channel (FACH):.A.downlink.channel.carries.control. information. to.UE’s..The.
FACH.can.be.transmitted.over.the.entire.cell.or.part.of.a.cell.

•. Paging channel (PCH):.A.downlink.transport.channel.that.is.always.transmitted.over.the.entire.
cell..The.PCH.carries.the.information.relevant.to.the.paging.procedure.

•. Random access channel (RACH):.An.uplink.channel. that.carries.control. information. from.the.
terminal,.such.as.RRC.connection.setup.request..The.RACH.is.not.collision-free,.and.is.received.
from.the.entire.cell.

•. Common packet channel (CPCH):.An.uplink.packet-based.transport.channel..CPCH.is.associated.
with.a.dedicated.channel.on.the.downlink.that.provides.power.control.and.CPCH.control.com-
mands.for.the.uplink.CPCH.

•. Downlink shared channel (DSCH):.A.downlink.channel.shared.by.several.UE’s..The.DSCH.carries.
dedicated.user.data.and/or.control.information,.and.is.associated.with.one.or.several.downlink.
DCH’s.

23.6.1.3 Physical channels

Physical. channels.are. specified.by. the.carrier. frequency,. codes. (channelization.code.and.scrambling.
code),.and.phase.(0.or.π/2.for.uplink)..As.with.transport.channels,.both.uplink.and.downlink.physical.
channels.can.be.classified.as.dedicated.and.common.channels.

23.6.1.3.1  Uplink Physical Channels

23.6.1.3.1.1  Dedicated  Uplink  Physical  Channels  There. are. two. types. of. dedicated. uplink. physical.
channels:

•. Dedicated physical data channel (DPDCH):.This.channel.carries.the.user.data.and.higher. layer.
signaling.from.the.DCH.transport.channel,.and.its.bit.rate.can.be.changed.frame-to-frame.(i.e.,.
every.10.ms)..The.spreading.factor.for.the.DPDCH.ranges.from.4.to.256.

•. Dedicated Physical Control Channel (DPCCH):.The.DPCCH.channel.contains.control.informa-
tion. such. as. the. pilot. bits,. feedback. information. (FBI),. transmit. power. control. (TPC),. and. an.
optional.transport.format.combination.indicator.(TFCI)..In.order.to.maintain.accurate.channel.
estimation,.for.higher.data.rates.the.DPCCH.transmit.power.level.needs.to.be.relatively.higher.
than.that.of.the.lower.bit.rates..The.spreading.factor.for.the.DPCCH.is.always.256.(15.ksps.chan-
nel.symbol.rate)..The.constant.bit.rate.is.to.ensure.reliable.detection.

The.DPDCH.and.DPCCH.are.I/Q.multiplexed.within.each.radio.frame.with.complex.scrambling.

23.6.1.3.1.2  Common Uplink Physical Channels

•. Physical random access channel (PRACH):.The.PRACH.carries.the.RACH.information.from.the.
transport.channel..The.UE.can.start.transmission.at.certain.predefined.time.offsets.(access.slots)..
The.spreading.factor.for.the.data.segment.ranges.from.256.(15.ksps).to.32.(120.ksps)..The.spread-
ing.factor.for.the.control.segment.is.always.256.
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•. Physical common packet channel (PCPCH):. The. PCPCH. carries. the. transport. channel. CPCH.
information..The.UE.starts.transmitting.at.a.defined.slot.timing.that.is.identical.to.the.RACH..The.
PCPCH.access.transmission.includes.one.or.several.access.preambles.over.4096.chips,.one.colli-
sion.detection.preamble,.one.DPCCH.power.control.preamble,.and.an.ensuing.message.

23.6.1.3.2  Downlink Physical Channels

23.6.1.3.2.1  Dedicated  Downlink  Physical  Channels  The. Layer. 2. DCH. information. is. carried. by. the.
downlink.dedicated.physical.channels.(downlink.DPCH’s)..Similar.to.the.uplink.dedicated.channel,.the.
downlink.DPCH.consists.of.two.types.of.channels—DPDCH.and.DPCCH..Downlink.DPCH’s.are.time.
multiplexed.with.Layer.1.related.control.information.(such.as.pilot.bits,.UL.TPC,.and.optional.TFCI)..
The.DPCH.spreading.factor.can.be.512.(7.5.ksps),.256.(15.ksps),.down.to.4.(960.ksps)..The.downlink.
DPCH.bit.rate.can.change.frame.by.frame,.and.lower.data.rate.transmission.can.be.handled.by.discon-
tinuous.transmission.(DTX).

23.6.1.3.2.2  Common Downlink Physical Channels
•. Common.pilot.channel.(CPICH)

The.CPICH.is.a.continuously.transmitted.pilot.channel.for.downlink.channel.estimation.and.for.UE.
intra-frequency.measurement.of.neighboring.cells.for.the.soft.handovers..Similar.to.the.pilot.channels.
in.cdma2000.and.1X-EV-DO,.the.CPICH.typically.requires.a.significant.percentage.of.the.total.base.
station.transmitted.power..The.CPICH.uses.a.predefined.bit/symbol.sequence,.transmitted.at.15.ksps.
(30.kbps).with.a.spreading.factor.256..This.physical.channel.can.be.further.divided.into.two.types:

•. Primary common pilot channel (P-CPICH):.The.P-CPICH.always.uses.the.same.channelization.
code.and.is.scrambled.by.the.primary.scrambling.code..There.is.only.one.P-CPICH.per.cell

•. Secondary common pilot channel (S-CPICH):.The.S-CPICH.can.use.an.arbitrary.channelization.
code.with.a.spreading.factor.equal.to.256,.and.is.scrambled.by.either.the.primary.or.a.secondary.
scrambling.code..When.the.S-CPICH.is.scrambled.by.secondary.scrambling.code,.it.can.be.used.
for.beam.steering.in.adaptive.antenna.applications.so.as.to.increase.system.capacity.

•. Primary.common.control.physical.channel.(P-CCPCH).

The.P-CCPCH.carries.the.BCH.transport.channel.system.and.cell.information,.and.is.broadcast.over.
the.whole.cell..It.uses.a.fixed.channelization.code..For.each.2560-chip.slot,.the.first.256.chips.are.not.
transmitted.in.P-CCPCH..This.interval.is.reserved.for.the.primary.synchronization.channel.(SCH).or.
secondary.SCH.transmission.

•. Secondary.common.control.physical.channel.(S-CCPCH).

The.S-CCPCH.carries.the.FACH.and.PCH.from.the.transport.channel,.and.these.channels.can.be.
mapped.to.the.same.S-CCPCH.or.to.separate.S-CCPCH’s..The.spreading.factor.can.be.256.down.to.4.(15.
to.960.ksps)..The.S-CCPCH.is.transmitted.only.if.there.is.data.available..It.also.supports.variable.rates.
when.the.TFCI.bits.are.included.

•. Synchronization.channel.(SCH)

The.synchronization.channel.is.used.for.cell.search.and.slot/frame.synchronization..Since.the.UE’s.
need.the.SCH.information.to.locate.the.cell.and.synchronize.before.the.decoding.process,.the.SCH.does.
not.go.through.the.spreading.and.scrambling.process.

The. synchronization. channel. consists. of. two. subchannels—the. primary. SCH. and. the. secondary.
SCH.

•. Primary SCH:.It.is.a.256-chip.length.code.and.is.transmitted.at.the.beginning.of.every.slot.For.the.
UE.to.be.able.to.lock.on.to.the.strongest.SCH.among.different.base.stations.to.obtain.slot.synchro-
nization,.the.same.primary.SCH.code.is.used.for.every.cell.in.the.system.
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•. Secondary SCH:.The.secondary.SCH.repeatedly.transmits.a.length-15.sequence.of.codes.with.256.
chips.per.code..Similar.to.the.primary.SCH,.each.256-chip.code.is.transmitted.at.the.beginning.
of.every.slot..The.sequence.of.the.Secondary.SCH.allows.downlink.frame.synchronization,.and.
indicates.which.of.the.code.groups.the.cell.downlink.scrambling.code.belongs.

•. Acquisition indictor channel (AICH):.The.AICH.carries.the.Layer.1.acknowledgment.information.
corresponding.to.the.PRACH.preambles..It.is.broadcast.over.the.entire.cell..When.the.UE.receives.
the.AI.acknowledgment,.it.will.start.transmitting.the.PRACH..The.AICH.uses.a.fixed.rate.(256.
spreading.factor).and.consists.of.a.repeated.sequence.of.15.consecutive.access.slots.(AS)..There.are.
5120.chips.per.AS,.therefore,.the.duration.of.an.AICH.is.20.ms.

•. Paging indictor channel (PICH):. The. paging. indicator. channel. (PICH). is. a. downlink. common.
channel,.which.carries. the.paging. indicator. for. the.UE’s..The.paging.channel.uses.a.fixed-rate.
spreading.factor.(SF.=.256)..Therefore.one.10.ms.PICH.radio.frame.consists.of.300.bits..The.first.
288.bits.contains.of.paging.indication.information,.and.the.last.12.bits.are.not.transmitted.

•. Physical downlink shared channel (PDSCH):.As.mentioned.in.the.common.transport.channel.sec-
tion,.the.downlink.shared.channel.(DSCH).is.shared.by.a.group.of.downlink.users.to.effectively.
utilize.channelization.codes.for.packet.data.services..The.radio.frame-based.PDSCH.carries.the.
DSCH.in.a.physical.channel,.and.one.PDSCH.is.allocated.to.a.single.UE..Within.the.same.radio.
frame,.several.PDSCH’s.can.be.allocated.for.a.single.UE.for.multicode.transmission..Or,.different.
PDSCH’s.can.be.used.for.different.UE’s.for.channel.sharing.using.code.multiplexing..The.PDSCH.
is.always.associated.with.the.DPCH..The.TFCI.in.DPCCH.provides.the.PDSCH.information.to.
the.UE.(such.as.the.transport.format.parameters.and.the.PDSCH.channelization.code).

23.7 High-Speed Downlink Packet Access

The.3GPP.as.part.of.its.Release.5.version.of.the.UMTS.standard.[15–17],.was.seeking.to.enhance.the.
features.of.the.physical.downlink.shared.channel.(PDSCH.or.simply.DSCH).so.that.high-speed.data.
services.could.be.made.available.to.the.user.without.providing.circuit-switched.connections..The.high-
speed.DSCH.(HS-DSCH).takes.advantage.of.adaptive.modulation.and.coding.to.enhance.data.rates.to.
data.users.in.a.time-multiplexed.manner..The.basic.modulation.and.coding.is.depicted.in.Figure.23.13..
Much.like.1X-EV-DO,.the.number.of.codes.allocated.to.the.HS-DSCH.varies.and.is.a.function.of.the.
offered.load..In.other.words,.if.a.large.number.of.voice.users.are.present,.then.the.number.of.codes.avail-
able.for.the.HS-DSCH.will.most.likely.become.less.

An.N-channel.stop-and-wait.fast.ARQ.method.is.also.one.of.the.key.features..In.other.words,.the.
mobile.and.base.station.retain.the.state.of.each.ARQ.“channel,”.each.channel.being.its.own.separate.
ARQ.instance..When.a.retransmission.needs.to.occur,.that.retransmission’s.timing.will.correspond.to.a.
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time.slot.assigned.to.the.ARQ.channel.of.the.original.transmission..However,.while.the.mobile.awaits.
the.retransmission.for.an.ARQ.channel,.it.can.still.receive.data.on.the.additional.N-1.ARQ.channels.

23.8 High-Speed Uplink Packet Access

High-speed.uplink.packet.access.(HSUPA).was.introduced.in.the.Release.6.version.of.UMTS.[18,19]..In.
seeking.to.provide.a.similar.level.of.adaptability.to.HSDPA,.the.enhanced.dedicated.channel.(E-DCH).
was.introduced.as.a.new.uplink.transport.channel..Based.on.a.request–grant.mechanism,.whereby.the.
mobile.can.request.an.uplink.data.rate.and.the.base.station.can.grant.it,.AMC.could.now.be.applied.for.
upstream.traffic.[20]..The.variable.data.rates.are.not.achieved.through.higher-order.modulation.meth-
ods.such.as.QPSK.or.16-QAM,.but.through.the.combined.us.of.multicode.transmission.along.with.vari-
able. spreading. factor.. In. fact,. the. spreading. factor. can. be. reduced. to. as. little. as. two. to. achieve. the.
maximum.data.rate.of.5.76.MBps..N-channel.hybrid.ARQ.is.possible,.and.the.configuration.is.depen-
dent.on.the.transmission.time.interval.selected.(2.or.10.ms)..Note.that.the.combined.offering.of.HSDPA.
and.HSUPA.is.sometimes.simply.referred.to.as.high-speed.packet.access.(HSPA).

23.9 transition to Fourth Generation

Many. operators. around. the. world. have. selected. the. “Fourth. Generation”. version. of. UMTS. system.
design,.long-term.evolution.(LTE).[21],.as.the.future.upgrade.path.for.HSPA..This.involves.a.brand.new.
physical.layer.based.on.orthogonal.frequency.division.multiplexing.(OFDM),.sometimes.also.known.as.
multicarrier.communication..However,.leveraging.the.existing.WCDMA.design.to.approach.the.high.
data.rates.achieved.by.LTE.has.lead.to.new.features.in.the.Release.7.and.Release.8.versions.of.UMTS..
Such.enhancements.include.the.use.of.higher-order.modulation.(up.to.64-QAM),.incorporating.the.use.
of.downlink.multiantenna.transmission.(using.multi-input.multi-output,.that.is,.MIMO.transmission.
methods),. and. even. allowing. for. the. use. of. multiple. HSDPA. carriers. (bundling. them. for. combined.
transmission.to.individual.users)..This.has.provided.some.operators.with.an.alternative.to.LTE.that.still.
leverages.their.initial.UMTS.investment.

It.should.also.be.noted.that.UMTS.and.cdma2000.services.still.have.an.important.place.in.cellular.
communications. alongside. LTE. due. to. their. ability. to. offer. reliable. voice. communications.. This. has.
proven.to.be.beneficial.as.LTE.systems.continue.to.develop.and.roll.out.voice-over-LTE.(VoLTE).com-
munications.services.[22],.as.the.availability.of.UMTS.and.cdma2000.systems.allows.for.the.possibility.
of.circuit-switched fallback.(CSFB).for.providing.voice.telephony.to.LTE.users..Using.CFSB,.voice.users.
on.LTE.are.directed.back.to.available.second-.or.third-generation.cellular.systems.such.as.cdma2000.or.
UMTS..As.a.result,.even.as.many.operators.pursue. fourth.generation.cellular. solutions,. the.existing.
third-generation.solutions.will.have.a.place.alongside.them.
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24.1 introduction

The.growing.demand.for.mobile.Internet.and.wireless.multimedia.applications.such.as.Internet.brows-
ing,.interactive.gaming,.mobile.TV,.video.and.audio.streaming.has.motivated.development.of.broad-
band. wireless. access. technologies. in. recent. years.. The. 3rd-Generation. Partnership. Project. (3GPP).
initiated.the.work.on.the.Long-Term.Evolution.(LTE).as.part.of.3GPP.Release.8. in. late.2004.[1]..The.
Evolved.UMTS.Terrestrial.Radio.Access.Network.(E-UTRAN).substantially.improved.user.throughput,.
cell.capacity,.and.reduced.user-plane.and.control-plane.latencies,.bringing.significantly.improved.user.
experience.with.full.mobility..With.the.emergence.of.Internet.protocol.as.the.protocol.of.choice.for.car-
rying.all.types.of.traffic,.the.3GPP.LTE.provides.support.for.IP-based.traffic.with.end-to-end.Quality.of.
Service.(QoS)..Voice.traffic.will.be.supported.mainly.as.voice.over.IP,.enabling.better.integration.with.
other.multimedia.services..Initial.deployments.of.3GPP.LTE.began.in.late.2010.and.commercial.avail-
ability.on.a.larger.scale.is.expected.in.a.few.years..3GPP.LTE.has.been.further.enhanced.in.3GPP.Release.
10.to.satisfy.the.functional.and.service.requirements.of.ITU-R/IMT-Advanced.[2–5].

Unlike.its.predecessors,.which.were.developed.within.the.framework.of.Release.99.UMTS.architecture,.
3GPP.specified.the.Evolved.Packet.Core.(EPC).architecture.to.support.the.E-UTRAN.through.reduction.
in.the.number.of.network.elements.and.simplification.of.functionality.but.most.importantly.allowing.for.
connections.and.handover.to.other.fixed.and.wireless.access.technologies,.providing.the.network.opera-
tors. the. ability. to. deliver. seamless. mobility.. The. main. objectives. of. 3GPP. LTE. were. to. minimize. the.
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.system.and.User.Equipment.(UE).complexities,.to.allow.flexible.deployments.in.the.existing.or.new.fre-
quency.bands,.and.to.enable.coexistence.with.other.3GPP.and.non-3GPP.radio.access.technologies.

The. downlink. transmission. scheme. is. based. on. conventional. Orthogonal. Frequency. Division.
Multiple.Access.(OFDMA).to.provide.robustness.against.frequency.selectivity.of.the.communication.
channel. and. multipath. effects. while. allowing. for. low-complexity. receiver. implementations. at. wider.
bandwidths..The.uplink.transmission.scheme.is.based.on.DFT-spread.OFDM..The.use.of.DFT-spread.
OFDM.transmission.for.the.uplink.was.motivated.by.the.lower.Peak-to-Average.Power.Ratio.(PAPR).of.
the.transmitted.signal.compared.to.conventional.OFDMA..This.allows.for.more.efficient.usage.of.the.
power.amplifier.at.the.terminal,.which.translates.into.an.increased.coverage.and/or.reduced.terminal.
power.consumption.

The.3GPP.LTE/LTE-Advanced.supports.both.FDD.and.TDD.duplex.schemes.as.well.as.transmission.
bandwidths.in.the.range.of.1.4–100.MHz..The.carrier.aggregation;.that.is,.the.simultaneous.transmis-
sion.of.multiple.component.carries.to.the.same.terminal,.is.used.to.support.contiguous/noncontiguous.
bandwidths.larger.than.20.MHz..Component.carriers.do.not.have.to.be.contiguous.in.frequency.and.
can.even.be.located.in.different.frequency.bands.in.order.to.utilize.fragmented.spectrum.allocations.
by.means.of.spectrum.aggregation..Channel-dependent.scheduling.in.time.and.frequency.domains.is.
supported.for.both.downlink.and.uplink.with.the.base.station.scheduler.being.responsible.for.dynamic.
selection.of.transmission.format..Semi-persistent.scheduling.is.supported.to.allow.semi-static.resource.
allocation.to.a.given.UE.for.a.longer.time.period.in.order.to.reduce.the.control.signaling.overhead.

Multi-antenna.transmission.scheme.is.an.integral.part.of.3GPP.LTE/LTE-Advanced.standards..The.
multi-antenna.precoding.with.dynamic.rank.adaptation.supports.both.spatial.multiplexing.(single-user.
MIMO).and.beam-forming..Spatial.multiplexing.with.up.to.eight.layers.in.the.downlink.and.four.layers.
in.uplink.is.supported..The.multiuser.MIMO.scheme,.where.multiple.users.are.assigned.to.the.same.
time-frequency.resources.is.also.supported..The.3GPP.LTE/LTE-Advanced.further.includes.transmit.
diversity.based.on.Space.Frequency.Block.Coding. (SFBC).or.a.combination.of.SFBC.and.Frequency.
Switched.Transmit.Diversity.(FSTD).

Enhanced.Inter-cell.Interference.Coordination.(eICIC),.where.neighbor.cells.exchange.information.
aiding.the.scheduling.in.order.to.reduce.intercell.interference,.is.also.supported..The.eICIC.scheme.can.
be.used.for.homogenous.deployments.with.nonoverlapping.cells.of.similar.transmission.power,.as.well.
as.for.heterogeneous.deployments.where.a.higher-power.cell.overlays.one.or.several.lower-power.nodes.
(e.g.,.femto-cells)..The.relay.functionality.is.supported.where.the.relay.node.appears.as.a.conventional.
base.station.(e-Node.B.or.eNB).to.terminals.but.is.wirelessly.connected.to.the.remaining.part.of.the.
radio-access.network.using.the.3GPP.LTE/LTE-Advanced.radio-interface.

This.chapter.describes.the.prominent.functional.features.of.3GPP.LTE/LTE-Advanced.technologies.
including.protocols,.control.signaling,.transmission.formats,.and.physical.layer.and.MAC.processing.

24.2 overall network Architecture

As.shown.in.Figure.24.1,.the.evolved.UMTS.terrestrial.radio.access.network.consists.of.eNBs.or.equiva-
lently.E-UTRA.base.stations,.providing.the.E-UTRA.user-plane.and.control-plane.protocol.termina-
tions.toward.the.user.equipment.(mobile.station)..As.part.of.the.evolution.from.and.enhancement.of.the.
legacy.UMTS.systems,.the.Radio.Network.Controller.(RNC).functions.have.been.included.in.the.eNB.
to.reduce.the.architectural.complexity.and.further.reduce.the.latency.across.the.network..As.illustrated.
in.Figure.24.1,.the.eNBs.are.interconnected.with.each.other.through.X2.interface.[6]..The.X2.interface.
allows.eNBs.to.communicate.directly.with.each.other.and.coordinate.their.activities..The.X2.interface.
is. split. into. separate. control. and. user. planes.. The. X2. control. plane. carries. X2. Application. Protocol.
(X2AP).messages.between.eNBs.and.uses.Stream.Control.Transmission.Protocol.(SCTP).for.reliable.
delivery. of. messages.. The. X2AP. is. used. to. manage. inter-eNB. mobility. and. handovers,. UE. context.
.transfers,.intercell.interference.management.and.various.error.handling.functions..The.X2.user.plane.
uses.GPRS.Tunneling.Protocol.(GTP-U).to.tunnel.user.traffic.between.eNBs.
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The. eNBs. are. also. connected. via. S1. interface. to. the. EPC. or. more. specifically. to. the. Mobility.
Management.Entity.(MME).through.the.S1-MME.reference.point.and.to.the.Serving.Gateway.(S-GW).
via. the. S1-U. interface.. The. S1. interface. supports. a. multi-point. connection. among. MMEs/Serving.
Gateways.and.eNBs..The.S1-MME.carries.S1.Application.Protocol.(S1AP).messages,.using.SCTP.over.IP.
to.provide.guaranteed.data.delivery..Each.SCTP.association.between.an.eNB.and.an.MME.can.support.
multiple.UEs..The.S1-MME.is.responsible.for.EPC.bearer.setup.and.release.procedures,.handover.signal-
ing,.paging,.and.NAS.signaling.transport..The.S1-U.consists.of.GTP-U.protocol.running.on.top.of.User.
Datagram.Protocol.(UDP),.which.provides.best-effort.data.delivery..One.GTP.tunnel.is.established.for.
each.radio.bearer.in.order.to.carry.user.traffic.between.the.eNB.and.the.selected.S-GW.

The.E-UTRAN.overall.architecture.is.described.in.References.6.and.7..Some.general.principles.taken.into.
consideration.in.the.design.of.E-UTRAN.architecture.as.well.as.the.E-UTRAN.interfaces.are.as.follows.[6]:

•. Signaling.and.data.transport.networks.are.logically.separated.
•. E-UTRAN.and.EPC.functions.are.separated.from.transport.functions..The.addressing.schemes.

used.in.E-UTRAN.and.EPC.are.not.associated.with.the.addressing.schemes.of.transport.func-
tions..Some.E-UTRAN.or.EPC.functions.reside.in.the.same.equipment.

•. The.mobility.for.RRC.connection.is.controlled.by.the.E-UTRAN.
•. The.interfaces.are.based.on.the.logical.model.of.the.entity.which.is.controlled.through.this.interface.
•. One.physical.network.element.can.implement.multiple.logical.nodes.

The.eNB.typically.performs.the.following.functions.[6]:

•. Radio. Resource. Management. (RRM). including. radio. bearer. control,. radio. admission. control,.
connection.management,.dynamic.allocation.of.resources.to.UEs.in.both.uplink.and.downlink.
(i.e.,.scheduling).

•. Header.compression.and.encryption.of.user.payloads.
•. Selection.of.an.MME.at.UE.attachment.when.no.routing.to.an.MME.can.be.determined.from.the.

information.provided.by.the.UE.
•. Routing.of.U-Plane.data.toward.S-GW.
•. Scheduling.and.transmission.of.paging.messages.(originated.from.the.MME).
•. Scheduling.and.transmission.of.broadcast.information.(originated.from.the.MME).
•. Measurement.and.reporting.for.support.of.mobility.and.scheduling.
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FIGURE 24.1 E-UTRAN. architecture.. (Adapted. from. 3GPP. TS. 36.300,. Evolved. Universal. Terrestrial. Radio.
Access. (E-UTRA). and. Evolved. Universal. Terrestrial. Radio. Access. Network. (E-UTRAN);. Overall. Description;.
Stage.2,.December.2010.)
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The.MME.is.the.key.control-node.for.the.3GPP.LTE.access-network..It.is.responsible.for.idle.mode.
UE.tracking.and.paging.procedure.including.retransmissions..The.MME.functions.include.Non-Access.
Stratum.(NAS).signaling.and.NAS.signaling.security,.Inter-core-network.signaling.for.mobility.between.
3GPP.access.networks,.Idle.mode.UE.accessibility.(including.control.and.execution.of.paging.retrans-
mission),.Tracking.area.list.management.(for.UE.in.idle.and.active.mode),.Packet.Data.Network.(PDN).
gateway.and.S-GW.selection,.MME.selection.for.handovers.with.MME.change,.Roaming,.Authenti-
cation of.the.users,.and.Bearer.management.functions.including.dedicated.bearer.establishment.[6,7]..
The.NAS.signaling.terminates.at.the.MME.and.it.is.also.responsible.for.generation.and.allocation.of.
temporary.identities.to.the.UEs..It.verifies.the.authorization.of.the.UE.to.camp.on.the.service.provider’s.
Public.Land.Mobile.Network.(PLMN).and.enforces.UE.roaming.restrictions.

The.S-GW.routes.and.forward.user.data.packets,.while.also.acting.as.the.mobility.anchor.for.the.user-
plane.during.inter-eNB.handovers.and.as.the.anchor.for.mobility.between.3GPP.LTE.and.other.3GPP.
technologies..The.S-GW.functions.include.local.mobility.anchor.point.for.inter-eNB.handover,.Mobility.
anchoring.for.inter-3GPP.mobility,.E-UTRAN.idle.mode.downlink.packet.buffering.and.initiation.of.
network.triggered.service.request.procedure,.Lawful.interception,.Packet.routing.and.forwarding,.and.
Transport-level.packet.marking.in.the.uplink.and.the.downlink.[6,7].

The.Packet.Data.Network.Gateway.(P-GW).provides.connectivity.of.the.UE.to.external.packet.data.
networks.by.being.the.point.of.exit.and.entry.of.traffic.for.the.UE..A.UE.may.have.simultaneous.con-
nectivity.with.more.than.one.P-GW.for.accessing.multiple.packet.data.networks..The.P-GW.functions.
include.Per-user.packet.filtering,.Lawful. interception,.UE. IP.address.allocation,. and.Transport. level.
packet.marking.in.the.downlink.[6,7].

24.3 3GPP Lte Protocol Structure

In.this.section,.we.describe.the.functions.of.different.protocol.layers.and.their.location.in.the.3GPP.LTE/
LTE-Advanced.protocol.structure..Figure.24.2.shows.the.functional.split.between.the.eNB.and.EPC..In.
the.control-plane,.the.NAS.functional.block.is.used.for.network.attachment,.authentication,.setting.up.
bearers,.and.mobility.management..All.NAS.messages.are.ciphered.and.integrity.protected.by.the.MME.
and.UE..The.Radio.Resource.Control.(RRC).sub-layer.in.the.eNB.makes.handover.decisions.based.on.
neighbor.cell.measurements.reported.by.the.UE,.performs.paging.of.the.users.over.the.air-interface,.
broadcasts.system.information,.controls.UE.measurement.and.reporting.functions.such.as.the.periodic-
ity.of.Channel.Quality.Indicator.(CQI).reports.and.further.allocates.cell-level.temporary.identifiers.to.
active.users..It.also.executes.transfer.of.UE.context.from.the.serving.eNB.to.the.target.eNB.during.han-
dover,.and.performs.integrity.protection.of.RRC.messages..The.RRC.sublayer.is.responsible.for.setting.
up.and.maintenance.of.radio.bearers..Note.that.RRC.sublayer.in.3GPP.protocol.hierarchy.is.considered.
as.Layer.3.[6,8].

In. the.user.plane,. the.Packet.Data.Convergence.Protocol. (PDCP).sublayer. is. responsible. for.com-
pressing. or. decompressing. the. headers. of. user-plane. IP. packets. using. Robust. Header. Compression.
(RoHC).to.enable.efficient.use.of.air.interface.resources.[6,9]..This.layer.also.performs.ciphering.of.both.
user-plane.and.control-plane.traffic..Because.the.NAS.messages.are.carried.in.RRC,.they.are.effectively.
double.ciphered.and.integrity.protected,.once.at.the.MME.and.again.at.the.eNB.

The.Radio.Link.Control.(RLC).sublayer.is.used.to.format.and.transport.traffic.between.the.UE.and.
the.eNB.[6,18]..The.RLC.sublayer.provides.three.different.reliability.modes.for.data.transport;.that.is,.
Acknowledged. Mode. (AM),.Unacknowledged.Mode. (UM),. and.Transparent.Mode. (TM)..The.unac-
knowledged.mode.is.suitable.for.transport.of.real-time.services.since.such.services.are.delay.sensitive.
and.cannot.tolerate.delay.due.to.retransmissions..The.acknowledged.mode.is.appropriate.for.nonreal-
time.services.such.as.file.transfers..The.transparent.mode.is.used.when.the.size.of.packet.data.units.are.
known.in.advance.such.as.for.broadcasting.system.configuration.information..The.RLC.sublayer.also.
provides.sequential.delivery.of.service.data.units.to.the.upper.layers.and.eliminates.duplicate.packets.
from.being.delivered.to.the.upper.layers..It.may.also.segment.the.service.data.units..Furthermore,.there.
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are.two.levels.of.retransmissions.for.providing.reliability,.the.Hybrid.Automatic.Repeat.reQuest.(HARQ).
at.the.MAC.sublayer.and.ARQ.at.the.RLC.sublayer..The.ARQ.is.required.to.handle.residual.errors.that.
are.not.corrected.by.HARQ..An.N-process.stop-and-wait.HARQ.protocol.is.employed.that.has.asyn-
chronous. retransmissions. in. the. downlink. and. synchronous. retransmissions. in. the. uplink.. Sync-
hronous  HARQ. means. that. the. retransmissions. of. HARQ. sub-packets. occur. at. predefined. periodic.
intervals..Hence,.no.explicit.signaling.is.required.to.indicate.to.the.receiver.the.retransmission.schedule..
Asynchronous.HARQ.offers.the.flexibility.of.scheduling.retransmissions.based.on.air.interface.condi-
tions.(i.e.,.scheduling.gain).

24.4 overview of the 3GPP Lte Physical Layer

The.main.functional.elements.of.the.physical.layer.processing.are.described.in.the.following.sections.
[10–13].

24.4.1 Multiple Access Schemes

3GPP.LTE/LTE-Advanced.uses.asymmetric.multiple.access.schemes.in.the.downlink.and.uplink..The.
multiple. access. scheme. for. the. 3GPP. LTE/LTE-Advanced. physical. layer. is. based. on. Orthogonal.

S1 control-plane

S1AP

IP

Data link layer

Physical layer

Data link layer

Physical layer

eNB

Inter cell RRM

S1-MME

X2

GTP-U

UDP

IP

Data link layer

Physical layer

GTP-U

UDP

IP

Data link layer

Physical layer

X2 control-planeX2 user-planeS1 user-plane

X2AP

To neighbor eNBs

SCTP

IP

S1-U

EPC

P-GW

EPS bearer control

Nas security

Idle state mobility
handling

S-GW

Mobility
anchoring

UE IP address
allocation

Packet filtering

RB control

Connection mobility control

Radio admission control

eNB measurement
configuration and provision

Dynamic resource
allocation (Scheduler)

RRCRRC

NAS

UE

Uu

PDCPPDCP

RLCRLC

MACMAC

PHYPHY

MME

SCTP

FIGURE 24.2 Protocol.layers.and.function.split.in.UE,.eNB,.MME,.S-GW,.and.P-GW..(Adapted.from.3GPP.TS.
36.300,. Evolved. Universal. Terrestrial. Radio. Access. (E-UTRA). and. Evolved. Universal. Terrestrial. Radio. Access.
Network.(E-UTRAN);.Overall.Description;.Stage.2,.December.2010.)



456 Mobile Communications Handbook

Frequency.Division.Multiple.Access.(OFDMA).with.a.Cyclic.Prefix.(CP).in.the.downlink.and.Single.
Carrier.Frequency.Division.Multiple.Access.(SC-FDMA).with.CP.in.the.uplink.

The.OFDMA.scheme.is.particularly.suited.for. frequency-selective.channels.and.high.data.rates.. It.
transforms.a.wideband.frequency.selective.channel.into.a.set.of.parallel.flat.fading.narrowband.chan-
nels.. This. ideally,. allows. the. receiver. to. perform. a. less. complex. equalization. process. in. frequency.
domain;.that.is,.single-tap.frequency-domain.equalization.

24.4.1.1 Downlink Multiple Access

The.downlink.transmission.scheme.is.based.on.conventional.OFDMA.using.a.cyclic.prefix..The.10.ms.
radio.frame.is.divided.into.10.equally.sized.subframes..Each.subframe.is.further.divided.into.two.slots.
of.0.5.ms.length..The.basic.transmission.parameters.in.the.downlink.are.specified.in.Table.24.1.

The.CP.length.is.chosen.to.be.longer.than.the.maximum.delay.spread.in.the.radio.channel..For.3GPP.
LTE/LTE-Advanced,.the.normal.CP.length.has.been.set.to.4.69.μs,.enabling.the.system.to.tolerate.delay.
variations.due.to.propagation.over.cells.up.to.1.4.km..Note.that.the.insertion.of.longer.CP.increases.the.
physical-layer.overhead,.thus.reducing.the.overall.throughput.

To.provide.enhanced.multicast.and.broadcast.services,.3GPP.LTE/LTE-Advanced.has.the.capability.to.
transmit.multicast.and.broadcast.over.a.Single-Frequency.Network.(MBSFN),.where.a. time-synchro-
nized.common.waveform. is. transmitted. from.multiple.eNBs,.allowing.macro-diversity. .combining.of.
multicell.transmissions.at.the.UE..The.cyclic.prefix.is.utilized.to.mitigate.the.difference.in.the.propaga-
tion.delays,.which.makes.the.MBSFN.transmission.appear.to.the.UE.as.a.transmission.from.a.single.large.
cell..Transmission.on.a.dedicated.carrier.for.MBSFN.with.the.possibility.to.use.a.longer.CP.with.a.subcar-
rier.bandwidth.of.7.5.kHz.is.supported.as.well.as.transmission.of.MBSFN.on.a.carrier.with.both.MBMS.
and.unicast.transmissions.using.time.division.multiplexing.[6].

24.4.1.2 Uplink Multiple Access

The.basic.transmission.scheme.in.the.uplink.is.single-carrier.transmission.(SC-FDMA).with.cyclic.pre-
fix.to.achieve.uplink.interuser.orthogonality.and.to.enable.efficient.frequency-domain.equalization.at.
the.receiver.side..The.frequency-domain.generation.of.the.SC-FDMA.signal,.also.known.as.DFT-spread.
OFDM,.is.similar.to.OFDMA.and.is.illustrated.in.Figure.24.3..This.allows.for.a.relatively.high.degree.of.
commonality.with.the.downlink.OFDMA.baseband.processing.using.the.same.parameters;.for.exam-
ple,.clock.frequency,.subcarrier.spacing,.FFT/IFFT.size,.and.so.on..The.use.of.SC-FDMA.in.the.uplink.
is.mainly.due.to.relatively.inferior.PAPR.properties.of.OFDMA.that.results.in.worse.uplink.coverage.

TABLE 24.1 3GPP.LTE/LTE-Advanced.OFDMA.Parameters

Parameter Value

Channel.bandwidth.(MHz) 1.4 3 5 10 15 20
Number.of.resource.blocks 6 15 25 50 75 100
Number.of.occupied.subcarriers 72 180 300 600 900 1200
IDFT/FFT.size 128 256 512 1024 1536 2048
Subcarrier.spacing.Δf (kHz) 15.(7.5)
Sampling.rate.(MHz) 1.92 3.84 7.68 15.36 23.04 30.72
Samples/slot 960 1920 3840 7680 11,520 15,360
CP.size
. Normal.CP(Δf.=.15.kHz) 5.21.μs (first.symbol.of.the.slot).4.69.μs.(other.symbols.of.the.slot).7.symbols/slot
. Extended.CP.(Δf.=.15.kHz) 16.67.μs (6.symbols/slot)
. Extended.CP.(Δf.=.7.5.kHz) 33.33.μs.(3.symbols/slot)

Source:. Adapted. from. 3GPP. TS. 36.101,. Evolved. Universal. Terrestrial. Radio. Access. (E-UTRA);. User. Equipment. (UE).
Radio.Transmission.and.Reception,.January.2011;.E..Dahlman.et.al.,.3G Evolution: HSPA and LTE for Mobile Broadband,.2nd.
Edition,.Academic.Press,.October.2008.
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compared.to.SC-FDMA..The.PAPR.characteristics.are.important.for.cost-effective.design.of.UE.power.
amplifiers.

The.subcarrier.mapping.in.Figure.24.3.determines.which.part.of.the.spectrum.is.used.for.transmis-
sion.by.inserting.a.suitable.number.of.zeros.at.the.upper.and/or.lower.end..Between.each.DFT.output.
sample.L-1.zeros.are. inserted..A.mapping.with.L.=.1.corresponds.to. localized.transmissions;. that. is,.
transmissions.where.the.DFT.outputs.are.mapped.to.consecutive.subcarriers..There.are.two.subcarrier.
mapping.schemes.(localized.and.distributed).that.could.be.used.in.the.uplink..However,.3GPP.LTE.only.
specified.localized.subcarrier.mapping.in.the.uplink.

24.4.2 operating Frequencies and Bandwidths

The.E-UTRA.is.designed.to.operate.in.the.frequency.bands.defined.in.Table.24.2..The.requirements.were.
defined.for.1.4,.3,.5,.10,.15,.and.20.MHz.bandwidth.with.a.specific.configuration.in.terms.of.number.of.
resource.blocks.(see.Table.24.2)..Using.carrier.aggregation,.a.number.of.contiguous.and/or.noncontigu-
ous.frequency.bands.can.be.aggregated.to.create.a.virtually.larger.bandwidth.

Figure.24.4. illustrates. the.relationship.between.the.total.channel.bandwidth.and.the.transmission.
bandwidth;. that. is,. the. number. of. resource. blocks.. The. 3GPP. LTE/LTE-Advanced. channel. raster. is.
100.kHz,.which.means.the.center.frequency.must.be.a.multiple.of.100.kHz.[14]..To.support.transmission.
in.paired.and.unpaired.spectrum,.two.duplexing.schemes.are.supported:.Frequency.Division.Duplex.
(FDD),.allowing.both.full.and.half-duplex.terminal.operation,.as.well.as.Time.Division.Duplex.(TDD)..
Table.24.2.shows.the.band.classes.where.the.3GPP.LTE.systems.can.be.deployed.

24.4.3 Frame Structure

Downlink.and.uplink.transmissions.are.organized.in.form.of.radio.frames.with.10.ms.duration..3GPP.
LTE/LTE-Advanced.supports.two.radio.frame.structures,.Type.1,.applicable.to.FDD.duplex.scheme.and.
Type.2,.applicable.to.TDD.duplex.scheme..In.frame.structure.Type.1,.as.illustrated.in.Figure.24.5,.each.
10.ms.radio.frame.is.divided.into.10.equally.sized.subframes..Each.subframe.consists.of.two.equally.
sized.slots..For.FDD,.10.subframes.are.available.for.downlink.transmission.and.10.subframes.are.avail-
able.for.uplink.transmissions.in.each.radio.frame..Uplink.and.downlink.transmissions.are.separated.in.
the.frequency.domain..The.transmission.time.interval.(TTI).of.the.downlink/uplink.is.1.ms.[10,6].

Frame.structure.Type.2.is.illustrated.in.Figure.24.6..Each.10.ms.radio.frame.consists.of.two.5.ms.half-
frames..Each.half-frame.consists.of.eight.slots.of.0.5.ms.length.and.three.special.fields:.Downlink.Pilot.
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Active resource blocks

DC subcarrier
Emission mask

Resource block

Transmission bandwidth configuration

FIGURE 24.3 Transmitter/receiver.structure.of.SC-FDMA..(Adapted.from.3GPP.TS.36.101,.Evolved.Universal.
Terrestrial.Radio.Access.(E-UTRA);.User.Equipment.(UE).Radio.Transmission.and.Reception,.January.2011.)
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Time.Slot.(DwPTS),.Guard.Period.(GP),.and.Uplink.Pilot.Time.Slot.(UpPTS)..The.length.of.DwPTS.and.
UpPTS.is.configurable.subject.to.the.total.length.of.DwPTS,.GP,.and.UpPTS.being.equal.to.1.ms.(see.[10].
for.more.details)..Both.5.ms.and.10.ms.switching-point.periodicity.are.supported..The.first.subframe.in.
all.configurations.and.the.sixth.subframe.in.configuration.with.5.ms.switching-point.periodicity.con-
sist.of.DwPTS,.GP,.and.UpPTS..The.sixth.subframe.in.configuration.with.10.ms.switching-point.peri-
odicity.consists.of.DwPTS.only..All.other.subframes.consist.of.two.equally.sized.slots.

For.TDD.systems,.the.GP.is.reserved.for.downlink.to.uplink.transition..Other.subframes/fields.are.
assigned. for. either. downlink. or. uplink. transmission. as. shown. in. Table. 24.3.. Uplink. and. downlink.
transmissions.are.separated.in.the.time.domain.

TABLE 24.2 3GPP.LTE/LTE-Advanced.Band.Classes

Band.Class

Uplink.Operating.Band.eNB.Receive/
UE.Transmit.(MHz)

Downlink.Operating.Band.eNB.
Transmit./UE.Receive.(MHz)

Duplex.
ModeFUL_low–FUL_high FDL_low–FDL_high

1 1920 – 1980 2110 – 2170 FDD
2 1850 – 1910 1930 – 1990 FDD
3 1710 – 1785 1805 – 1880 FDD
4 1710 – 1755 2110 – 2155 FDD
5 824 – 849 869 – 894 FDD
6 830 – 840 865 – 875 FDD
7 2500 – 2570 2620 – 2690 FDD
8 880 – 915 925 – 960 FDD
9 1749.9 – 1784.9 1844.9 – 1879.9 FDD
10 1710 – 1770 2110 – 2170 FDD
11 1427.9 – 1447.9 1475.9 – 1495.9 FDD
12 698 – 716 728 – 746 FDD
13 777 – 787 746 – 756 FDD
14 788 – 798 758 – 768 FDD
15 Reserved Reserved –
16 Reserved Reserved –
17 704 – 716 734 – 746 FDD
18 815 – 830 860 – 875 FDD
19 830 – 845 875 – 890 FDD
20 832 – 862 791 – 821 FDD
21 1447.9 – 1462.9 1495.9 – 1510.9 FDD
22 3410 – 3500 3510 – 3600 FDD
. . .
33 1900 – 1920 1900 – 1920 TDD
34 2010 – 2025 2010 – 2025 TDD
35 1850 – 1910 1850 – 1910 TDD
36 1930 – 1990 1930 – 1990 TDD
37 1910 – 1930 1910 – 1930 TDD
38 2570 – 2620 2570 – 2620 TDD
39 1880 – 1920 1880 – 1920 TDD
40 2300 – 2400 2300 – 2400 TDD
41 3400 – 3600 3400 – 3600 TDD

Source:. Adapted. from. 3GPP. TS. 36.101,. Evolved. Universal. Terrestrial. Radio. Access. (E-UTRA);. User. Equipment. (UE).
Radio.Transmission.and.Reception,.January.2011.
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24.4.4 Physical Resource Blocks

The.smallest.time–frequency.resource.unit.used.for.downlink/uplink.transmission.is.called.a.resource.
element,.defined.as.one.subcarrier.over.one.symbol.[10]..For.both.TDD.and.FDD.duplex.schemes.as.well.
as.in.both.downlink.and.uplink,.a.group.of.12.subcarriers.contiguous.in.frequency.over.one.slot.in.time.
form.a.Resource.Block.(RB).as.shown.in.Figure.24.7.(corresponding.to.one.slot.in.the.time.domain.and.
180.kHz.in.the.frequency.domain)..Transmissions.are.allocated.in.units.of.RB..One.downlink/uplink.slot.
using.the.normal.CP.length.contains.7.symbols..There.are.6,.15,.25,.50,.75,.and.100.RBs.corresponding.to.
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TABLE 24.3 Uplink/Downlink.Configurations.in.Frame.Structure.Type.2.where.“S”.denotes.
the.Special.Subframe

Configuration
Switching.Point.
Periodicity.(ms)

Subframe.Number

0 1 2 3 4 5 6 7 8 9

0 5 DL S UL UL UL DL S UL UL UL
1 5 DL S UL UL DL DL S UL UL DL
2 5 DL S UL DL DL DL S UL DL DL
3 10 DL S UL UL UL DL DL DL DL DL
4 10 DL S UL UL DL DL DL DL DL DL
5 10 DL S UL DL DL DL DL DL DL DL
6 10 DL S UL UL UL DL S UL UL DL

Source:. Adapted.from.3GPP.TS.36.211,.Evolved.Universal.Terrestrial.Radio.Access.(E-UTRA);.Physical.
Channels.and.Modulation,.December.2010.
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1.4,.3,.5,.10,.15,.20.MHz.channel.bandwidths,.respectively.[10]..Note.that.the.physical.resource.block.size.
is.the.same.for.all.bandwidths.

24.4.5 Modulation and coding

The.baseband.modulation.schemes.supported.in.the.downlink.and.uplink.of.3GPP.LTE/LTE-Advanced.
are. QPSK,. 16QAM. and. 64QAM.. The. channel. coding. scheme. for. transport. blocks. in. 3GPP. LTE. is.
Turbo.Coding.similar. to.UTRA,.with. the.minimum.coding.rate.of.R.=.1/3,. two.8-state.constituent.
encoders.and.a.contention-free.Quadratic.Permutation.Polynomial.(QPP).turbo.internal. interleaver.
[11]..Trellis.termination.is.performed.by.taking.the.tail.bits.from.the.shift.register.feedback.after.all.
information.bits.are.encoded..The.tail.bits.are.padded.after.the.encoding.of.information.bits..Before.the.
turbo.coding,.transport.blocks.are.segmented.into.octet-aligned.segments.with.a.maximum.informa-
tion.block.size.of.6144.bits..Error.detection. is. supported.by. the.use.of.24.bit.CRC..The.coding.and.
modulation.schemes.for.various.physical.channels.in.the.downlink.and.uplink.of.3GPP.LTE.are.shown.
in.Table.24.4.[15,16].

24.4.6 Physical channel Processing

Figure.24.7.illustrates.different.stages.of.3GPP.LTE.physical.channel.processing.in.the.downlink.and.
uplink..In.the.downlink,.the.coded.bits.in.each.of.the.codewords.are.scrambled.for.transmission.on.a.
physical.channel..The.scrambled.bits.are.modulated.to.generate.complex-valued.modulation.symbols.
that.are.later.mapped.to.one.or.several.transmission.layers..The.complex-valued.modulation.symbols.on.
each.layer.are.precoded.for.transmission.and.are.further.mapped.to.resource.elements.for.each.antenna.
port..The.complex-valued.time-domain.OFDMA.signal.for.each.antenna.port.is.then.generated.follow-
ing.these.stages.[10].

In.the.uplink,.the.baseband.signal.is.processed.by.scrambling.the.input.coded.bits.and.then.by.modu-
lation.of.scrambled.bits.to.generate.complex-valued.symbols..The.complex-valued.modulation.symbols.
are. transform-precoded. (DFT-based. precoding). and. are. later. mapped. to. resource. elements.. The.
.complex-valued.time-domain.SC-FDMA.signal.for.each.antenna.port.is.then.generated.

24.4.7 Reference Signals

In.3GPP.LTE.Release.8/9,.four.types.of.downlink.reference.signals.are.defined,.cell-specific.reference.
signals,.associated.with.non-MBSFN.transmission,.MBSFN.reference.signals,.associated.with.MBSFN.
transmission,.positioning.reference.signals,.and.demodulation.or.UE-specific.reference.signals..There.
is.one.cell-specific.reference.signal.transmitted.per.downlink.antenna.port.[10]..Note.that.antenna.port.
is.a.logical.entity.and.shall.not.be.confused.with.the.physical.transmit.antennas,.although.there.is.a.
mapping.between.the.two.entities.during.operation.in.various.transmission.modes.(see.Figure.24.8)..
The. cell-specific. downlink. reference. signals. consist. of. predetermined. reference. symbols. that. are.
inserted.in.the.time-frequency.grid.over.each.subframe.and.are.used.for.downlink.channel.estimation.
[10,6].and.physical. layer.identifier.(cell. identifier).detection..The.exact.sequence.is.derived.from.cell.
identifiers..The.number.of.downlink.antenna.ports.with.cell-specific.reference.signals.equals.1,.2,.or.4..
The.reference.signal.sequence.is.derived.from.a.pseudo-random.sequence.and.results.in.a.QPSK.type.
constellation..Cell-specific.frequency.shifts.are.applied.when.mapping.the.reference.signal.sequence.to.
the.sub-carriers..The.two-dimensional.reference.signal.sequence.is.generated.as.the.symbol-by-symbol.
product.of.a.two-dimensional.orthogonal.sequence.and.a.two-dimensional.pseudo-random.sequence..
There. are. 3. different. two-dimensional. orthogonal. sequences. and. 168. different. two-dimensional.
pseudo-random.sequences..Each.cell.identity.corresponds.to.a.unique.combination.of.one.orthogonal.
sequence.and.one.pseudo-random.sequence,.thus.allowing.for.504.unique.cell.identities.(i.e.,.168.cell.
identity.groups.with.3.cell.identities.in.each.group).
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The.downlink.MBSFN.reference.signals.consist.of.known.reference.symbols.inserted.every.other.sub-
carrier.in.the.3rd,.7th,.and.11th.OFDM.symbols.of.subframe.in.case.of.15.kHz.subcarrier.spacing.and.
extended.cyclic.prefix..The.MBSFN.reference.signals.are.transmitted.on.antenna.port.4.

The.UE-specific.reference.signals.are.supported.for.single-antenna-port.transmission.of.PDSCH.and.
transmitted.on.antenna.port.5,.7,.or.8..The.UE-specific.reference.signals.are.also.supported.for.spatial.

TABLE 24.4 Physical.Channels.and.Signals.and.Their.Corresponding.Modulation.Schemes.for.the.3GPP.LTE.
Downlink.and.Uplink

Link Channel.Type Channel Transmission.Format Purpose

Downlink Physical.Channels Physical.Broadcast.
Channel.(PBCH)

QPSK Transmission.of.system.
information.(master.
information.block)

Physical.Downlink.
Control.Channel.
(PDCCH)

QPSK Transmission.of.downlink.
scheduling.assignments.and.
uplink.scheduling.grants

Physical.Downlink.
Shared.Channel.
(PDSCH)

QPSK,.16QAM,.
64QAM

Transmission.of.downlink.
user.data,.RRC.signaling,.
paging,.and.broadcast

Physical.Multicast.
Channel.(PMCH)

QPSK,.16QAM,.
64QAM

Transmission.of.multicast.
services

Physical.Control.
Format.Indicator.
Channel.(PCFICH)

QPSK Indication.of.the.size.of.the.
control.region.in.number.of.
OFDM.symbols

Physical.HARQ.
Indicator.Channel.
(PHICH)

BPSK.modulated.on.
I and.Q.with.the.
spreading.factor.2.or.
4.orthogonal.codes

Transmission.of.ACK/NACK.
associated.with.uplink.
transmission

Physical.Signals Reference.Signals.(RS) Complex.I + jQ.
pseudo-random.
sequence.of.length.
31.Gold.sequence.
derived.from.cell.ID

Channel.estimation

Primary.
Synchronization.signal

One.of.3.Zadoff-Chu.
sequences

Acquisition.of.slot.timing

Secondary.
Synchronization.Signal

Two.31-bit.BPSK.
M-sequence

Frame.timing.synchronization

Uplink Physical.Channels Physical.Uplink.Shared.
Channel.(PUSCH)

QPSK,.16QAM,.
64QAM

Transmission.of.user.data.and.
control.in.the.uplink

Physical.Uplink.Control.
Channel.(PUCCH)

BPSK,.QPSK Transmission.of.ACK/NACK.
associated.with.downlink.
data,.scheduling.request,.and.
feedback.of.downlink.
channel.quality.and.
precoding.matrix.index

Physical.Random.
Access.Channel.
(PRACH)

uth.root.Zadoff-Chu.
sequence

Random.access.transmission

Physical.Signals Demodulation.
Reference.Signal.
(DRS).(narrowband)

Zadoff-Chu Coherent.modulation.of.
uplink.data

Sounding.Reference.
Signal.(SRS).
(wideband)

Based.on.Zadoff-Chu Uplink.channel.estimation

Source:. Adapted.from.3GPP.TS.36.211,.Evolved.Universal.Terrestrial.Radio.Access.(E-UTRA);.Physical.Channels.and.
Modulation,.December.2010.
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multiplexing. on. antenna. ports. 7. and. 8.. These. reference. signals.are. utilized. for. PDSCH. coherent.
.demodulation,.if.the.PDSCH.transmission.is.associated.with.the.corresponding.antenna.port..They.are.
transmitted.only.on.the.resource.blocks.to.which.the.corresponding.PDSCH.is.mapped..The.UE-specific.
reference.signals.are.not.transmitted.in.resource.elements.where.one.of.the.physical.channels.or.physical.
signals.other.than.UE-specific.reference.signal.are.transmitted.using.resource.elements.with.the.same.
index.pair.regardless.of.their.antenna.port.

Positioning.reference.signals.are.only.transmitted.in.downlink.subframes.configured.for.positioning.
reference.signal.transmission..If.both.normal.and.MBSFN.subframes.are.configured.as.positioning.sub-
frames.within.a.cell,.the.OFDM.symbols.in.an.MBSFN.subframe.configured.for.positioning.reference.
signal.transmission.use.the.same.cyclic.prefix.as.used.for.the.first.subframe..Otherwise,.if.only.MBSFN.
subframes. are. configured. as. positioning. subframes. within. a. cell,. the. OFDM. symbols. configured. for.
positioning.reference.signals.in.these.subframes.use.the.extended.cyclic.prefix..The.positioning.reference.
signals.are.transmitted.on.antenna.port.6.and.are.not.mapped.to.resource.elements.allocated.to.physical.
broadcast,.primary.and.secondary.synchronization.channels,.regardless.of.their.antenna.port.

l = 0

R0

R0 R0

R0

R0 R0

R0 R2

R2

R2

R2

R0

R1 R1

R1

R1 R1

R1 R1

R1

R3

R3

R3

R3

Even-numbered slots Odd-numbered slots Even-numbered slots Odd-numbered slots

Antenna port 2Antenna port 0

Even-numbered slots Odd-numbered slots Even-numbered slots Odd-numbered slots

Antenna port 3Antenna port 1

l = 6

… … … …

… … … …

… … … …

… … … …

l = 6 l = 6 l = 6l = 0

l = 0 l = 6 l = 6 l = 6 l = 6l = 0 l = 0 l = 0

l = 0 l = 0

FIGURE 24.8 Downlink.cell-specific.reference.signals.for.antenna.ports.0,.1,.2,.and.3..(Adapted.from.3GPP.TS.
36.211,.Evolved.Universal.Terrestrial.Radio.Access.(E-UTRA);.Physical.Channels.and.Modulation,.December.2010.)
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In.3GPP.Release.10,.a.new.set.of.reference.signals.called.Channel.State.Information-Reference.Signals.
(CSI-RS).were.added.which.are.used.to.support.reporting.of.channel-state.information.from.the.user.
terminals.to.the.network..The.CSI.reference.signals.are.sparse.in.the.time.and.frequency.and.transmit-
ted.at.a.configurable.periodicity..Figure.24.9.shows.the.cell-specific.reference.signals.corresponding.to.
antenna.ports.0.through.3.in.the.downlink..The.physical.resources.at.the.locations.of.the.reference.sig-
nals.of.another.antenna.port.are.not.used.for.data.transmission.on.the.other.antenna.ports.

The.uplink.reference.signals,.used.for.channel.estimation.for.coherent.demodulation,.are.transmitted.
in.the.4th.SC-FDMA.symbol.in.each.slot.assuming.normal.CP..3GPP.LTE.uses.UE-specific.reference.
signals.in.the.uplink..The.uplink.reference.signal.sequence.length.equals.the.size.(number.of.subcarriers).
of.the.assigned.resource..The.uplink.reference.signals.are.based.on.Zadoff–Chu.sequences.that.are.either.
truncated.or.cyclically.extended.to.the.desired.length..There.are.two.types.of.uplink.reference.signals.(1).
the.demodulation.reference.signal.is.used.for.channel.estimation.in.the.eNB.receiver.in.order.to.demod-
ulate.control.and.data.channels..It.is.located.on.the.4th.symbol.in.each.slot.(for.normal.cyclic.prefix).and.
spans.the.same.bandwidth.as.the.allocated.uplink.data,.and.(2).the.sounding.reference.signal.provides.
uplink.channel.quality.information.as.a.basis.for.scheduling.decisions.in.the.base.station.(see.Figure.
24.10)..The.UE.sends.a.sounding.reference.signal.in.different.parts.of.the.bandwidths.where.no.uplink.
data.transmission.is.available..The.sounding.reference.signal. is.transmitted.in.the. last.symbol.of.the.

Input bit stream (user data)

Input bit stream (user data)

Scrambling Modulation

Modulation

Layer
mapping

DFT precoding

Precoding

Resource
element
mapping

Resource
element mapping

Resource
element mapping

OFDM signal
generation

Antenna portsLayers

Downlink PHY processing

Uplink PHY processing

OFDM signal
generation

SC-FDMA
signal

generation
Modulation

Scrambling

Scrambling

FIGURE 24.9 Overview. of. downlink/uplink. physical. channel. processing.. (Adapted. from. 3GPP. TS. 36.211,.
Evolved.Universal.Terrestrial.Radio.Access.(E-UTRA);.Physical.Channels.and.Modulation,.December.2010.)
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subframe..The.configuration.of.the.sounding.signal;.for.example,.bandwidth,.duration,.and.periodicity.
are.configured.by.higher.layers.

24.4.8 Physical control channels

The.Physical.Downlink.Control.Channel.(PDCCH).is.primarily.used.to.carry.scheduling.information.to.
individual.UEs;.that.is,.resource.assignments.for.uplink.and.downlink.data.and.control.information..As.
shown.in.Figure.24.11,.the.PDCCH.is.located.in.the.first.few.OFDM.symbols.of.a.subframe..For.frame.
structure.Type.2,.PDCCH.can.also.be.mapped.to.the.first.two.OFDM.symbols.of.the.DwPTS.field..An.
additional.Physical.Control.Format.Indicator.Channel.(PCFICH),.located.on.specific.resource.elements.
in.the.first.OFDM.symbol.of.the.subframe,.is.used.to.indicate.the.number.of.OFDM.symbols.occupied.by.
the.PDCCH.(1,.2,.3,.or.4.OFDM.symbols.may.be.consumed.where.4-OFDM-symbol.PDCCH.is.only.used.
when.operating.in.the.minimum.supported.system.bandwidth)..Depending.on.the.number.of.users.in.a.
cell.and.the.signaling.formats.conveyed.on.PDCCH,.the.size.of.PDCCH.may.vary..The.information.carried.
in.PDCCH.is.referred.to.as.Downlink.Control.Information.(DCI),.where.depending.on.the.purpose.of.the.
control.message,.different.DCI.formats.are.defined.[15,16]..This.information.enables.the.UE.to.identify.the.
location.and.size.of.the.resources.in.that.subframe,.as.well.as.provide.the.UE.with.information.on.the.
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FIGURE 24.11 Structure.of.physical.downlink.control.channel.for.frame.structure.Type.1..(Note.that.the.density.
of.the.cell-specific.reference.signals.is.to.not.to.scale.in.this.figure.)
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modulation.and.coding.scheme,.and.HARQ.operation..As.mentioned.earlier,.the.information.fields.in.
the.downlink.scheduling.grant.are.used.to.convey.the..information.needed.to.demodulate.the.downlink.
shared.channel..They.include.resource.allocation.information.such.as.resource.block.size.and.duration.of.
assignment,. transmission. format. such. as. multiantenna. mode,. modulation. scheme,. payload. size,. and.
HARQ.operational.parameters. such.as.process.number,. redundancy.version,.and.new.data. indicator..
Similar.information.is.also.included.in.the.uplink.scheduling.grants.

Control.channels.are.formed.by.aggregation.of.Control.Channel.Elements.(CCE),.each.control.chan-
nel.element.consists.of.a.set.of.resource.elements..Different.code.rates.for.the.control.channels.are.real-
ized.by.aggregating.different.numbers.of.control.channel.elements..QPSK.modulation.is.used.for.all.
control.channels..There.is.an.implicit.relationship.between.the.uplink.resources.used.for.dynamically.
scheduled.data.transmission,.or.the.downlink.control.channel.used.for.assignment,.and.the.downlink.
ACK/NACK.resource.used.for.feedback.

The.Physical.Uplink.Control.Channel.(PUCCH).is.mapped.to.a.control.channel.resource.in.the.uplink.
as.shown.in.Figure.24.12..A.control.channel.resource.is.defined.by.a.code.and.two.resource.blocks,.con-
secutive.in.time,.with.hopping.at.the.slot.boundary..Depending.on.presence.or.absence.of.uplink.timing.
synchronization,. the.uplink.physical.control.signaling.can.differ.. In. the.case.of. time.synchronization.
being.present,.the.out-of-band.control.signaling.consists.of.CQI,.ACK/NACK,.and.Scheduling.Request.
(SR)..Note.that.a.UE.only.uses.PUCCH.when.it.does.not.have.any.data.to.transmit.on.PUSCH..If.a.UE.has.
data.to.transmit.on.PUSCH,.it.would.multiplex.the.control.information.with.data.on.PUSCH.

By.use.of.uplink.frequency.hopping.on.PUSCH,.frequency.diversity.effects.can.be.exploited.and.inter-
ference.can.be.averaged..The.UE.derives.the.uplink.resource.allocation.as.well.as.frequency.hopping.
information.from.the.uplink.scheduling.grant..The.downlink.control.information.format.0.is.used.on.
PDCCH.to.convey.the.uplink.scheduling.grant..3GPP.LTE.supports.both.intrasubframe.and.intersub-
frame.frequency.hopping..The.hopping.pattern.is.configured.per.cell.by.higher.layers..In.intrasubframe.
hopping,.the.UE.hops.to.another.frequency.allocation.from.one.slot.to.another.within.one.subframe..In.
intersubframe.hopping,.the.frequency.resource.allocation.changes.from.one.subframe.to.another.

The.CQI.reports.are.provided.to.the.scheduler.by.the.UE,.measuring.the.current.channel.conditions..
If.MIMO.transmission.is.used,.the.CQI.includes.necessary.MIMO-related.feedback.

The.HARQ.feedback.in.response.to.downlink.data.transmission.consists.of.a.single.ACK/NACK.bit.
per.HARQ.process..The.PUCCH.resources.for.SR.and.CQI.reporting.are.assigned.and.can.be.revoked.
through.RRC.signaling..An.SR.is.not.necessarily.assigned.to.UEs.acquiring.synchronization.through.
the.RACH.(i.e.,.synchronized.UEs.may.or.may.not.have.a.dedicated.SR.channel)..The.PUCCH.resources.
for.SR.and.CQI.are.lost.when.the.UE.is.no.longer.synchronized.

In. 3GPP. LTE,. uplink. control. signaling. includes. ACK/NACK,. CQI,. scheduling. request. indicator,.
and  MIMO. feedback.. When. users. have. simultaneous. uplink. data. and. control. transmission,. control.
signaling.is.multiplexed.with.data.prior.to.the.DFT.to.preserve.the.single-carrier.property. in.uplink.

Physical uplink control channel Demodulation reference signal for PUCCH

1 ms subframe (2 slots)

FIGURE 24.12 Structure.of.physical.uplink.control.channel.for.frame.structure.type.1.and.PUCCH.format.1,.1a,.
and.1b.



468 Mobile Communications Handbook

transmission.. In. the. absence. of. uplink. data. transmission,. this. control. signaling. is. transmitted. in. a.
reserved. frequency. region. on. the. band. edge. as. shown. in. Figure. 24.12.. Note. that. additional. control.
regions.may.be.defined.as.needed..Allocation.of.control.channels.with.their.small.occupied.bandwidth.
to. band. edge. resource. blocks. reduces. out-of-band. emissions. caused. by. data. resource. allocations. on.
innerband.resource.blocks.and.maximizes.the.frequency.diversity.for.control.channel.allocations.while.
preserving.the.single-carrier.property.of.the.uplink.waveform.

24.4.9 Physical Random Access channel

The.physical.layer.random.access.preamble,.illustrated.in.Figure.24.13.consists.of.a.cyclic.prefix.of.length.
TCP.and.a.sequence.part.of.length.TSEQ..There.are.five.random.access.preamble.formats.specified.by.the.
standard.[10].where.the.parameter.values.depend.on.the.frame.structure.and.the.random.access.con-
figuration..The.preamble.format.is.configured.through.higher-layer.signaling..Each.random.access.pre-
amble.occupies.a.bandwidth.corresponding.to.6.consecutive.resource.blocks.for.both.frame.structures..
The.transmission.of.a.random.access.preamble,.if.triggered.by.the.MAC.sublayer,.is.restricted.to.certain.
time. and. frequency. resources.. These. resources. are. enumerated. in. increasing. order. of. the. subframe.
number.within.the.radio.frame.and.the.physical.resource.blocks.in.the.frequency.domain.such.that.index.
zero.corresponds.to.the.lowest.numbered.physical.resource.block.and.subframe.within.the.radio.frame.

The.random.access.preambles.are.generated.from.Zadoff–Chu.sequences.with.zero.correlation.zone..
The.network.configures.the.set.of.preamble.sequences.the.UE.is.allowed.to.use..There.are.64.preambles.
available.in.each.cell..The.set.of.64.preamble.sequences.in.a.cell.is.found.by.including.first,.in.the.order.
of.increasing.cyclic.shift,.all.the.available.cyclic.shifts.of.a.root.Zadoff–Chu.sequence.with.the.logical.
index. RACH_ROOT_SEQUENCE,. where. RACH_ROOT_SEQUENCE. is. broadcasted. as. part. of. the.
System.Information.[10,15,16].

The.random.access.procedure.in.3GPP.LTE.consists.of.4.steps..In.step.1,.the.preamble.is.sent.by.UE..
The. time/frequency. resource. where. the. preamble. is. sent. is. associated. with. a. Random. Access. Radio.
Network.Temporary.Identifier.(RA-RNTI)..In.step.2,.a.random.access.response.is.generated.by.eNB.and.
is.sent.on.the.downlink.shared.channel..It.is.addressed.to.the.UE.using.the.temporary.identifier.and.
contains.a.timing.advance.value,.an.uplink.grant,.and.a.temporary.identifier..Note.that.eNB.may.gener-
ate.multiple. random.access. responses. for.different.UEs.which.can.be.concatenated. inside.one.MAC.
protocol.data.unit..The.preamble.identifier.is.contained.in.the.MAC.subheader.of.each.random.access.
response.so.that.the.UE.can.detect.whether.a.random.access.response.for.the.used.preamble.exists..In.
Step.3,.UE.will.send.an.RRC.CONNECTION.REQUEST.message.on.the.uplink.common.control.chan-
nel,.based.on.the.uplink.grant.received.in.the.previous.step..In.Step.4,.the.eNB.sends.back.a.MAC.PDU.
containing.the.uplink.CCCH.service.data.unit.that.was.received.in.Step.3..The.message.is.sent.on.down-
link.shared.channel.and.addressed.to.the.UE.via.the.temporary.identifier..When.the.received.message.
matches.the.one.sent.in.Step.3,.the.contention.resolution.is.considered.successful.[13,15,16];.otherwise,.
the.procedure.is.restarted.at.Step.1.

Paging.is.used.for.setting.up.network-initiated.connection..A.power-saving.efficient.paging.proce-
dure.should.allow.the.UE.to.sleep.without.having.to.process.any.information.and.only.to.briefly.wake.
up.at.predefined.intervals.to.monitor.paging.information.(as.part.of.control.signaling.in.the.beginning.
of.each.subframe).from.the.network.[6,9].

TCP TSEQ
Guard
time

Preamble sequenceCP

FIGURE 24.13 Random.access.preamble.format.
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24.4.10 cell Selection

Cell.search.is.a.procedure.performed.by.a.UE.to.acquire.timing.and.frequency.synchronization.with.a.
cell.and.to.detect.the.cell.ID.of.that.cell..3GPP.LTE.uses.a.hierarchical.cell.search.scheme.similar.to.
WCDMA..As.shown.in.Figure.24.14,.the.E-UTRA.cell.search.is.based.on.successful.acquisition.of.the.
following.downlink.signals:.(1).the.primary.and.secondary.synchronization.signals.that.are.transmitted.
twice.per.radio.frame,.and.(2).the.downlink.reference.signals.as.well.as.based.on.the.broadcast.channel.
that.carries.system.information.such.as.system.bandwidth,.number.of.transmit.antennas,.and.system.
frame.number..The.504.available.physical.layer.cell.identities.are.grouped.into.168.physical.layer.cell.
identity.groups,.each.group.containing.3.unique.identities..The.secondary.synchronization.signal.car-
ries.the.physical.layer.cell.identity.group,.and.the.primary.synchronization.signal.carries.the.physical.
layer.identity.0,.1,.or.2.[6].

As.shown.in.Figure.24.11,.the.primary.synchronization.signal.is.transmitted.on.the.6th.symbol.of.
slots.0.and.10.of.each.Type.1.radio.frame;.it.occupies.62.subcarriers,.centered.on.the.DC.subcarrier..The.
primary.synchronization.signal.is.generated.from.a.frequency-domain.Zadoff–Chu.sequence..The.sec-
ondary.synchronization.signal.is.transmitted.on.the.5th.symbol.of.slots.0.and.10.of.each.radio.frame..It.
occupies.62.subcarriers.centered.on.the.DC.sub-carrier..The.second.synchronization.signal.is.an.inter-
leaved.concatenation.of. two. length-31.M-sequences..The.concatenated. sequence. is. scrambled. with.a.
scrambling.sequence.given.by.the.primary.synchronization.signal.[15,16].

As.shown.in.Figure.24.11,.PBCH.is.transmitted.on.OFDM.symbols.0–3.of.slot.1.and.occupies.72.sub-
carriers. centered. on. the. DC. subcarrier.. The. coded. BCH. transport. block. is. mapped. to. 4. subframes.
within.a.40.ms.interval..The.40.ms.timing.is.blindly.detected;.that.is,.there.is.no.explicit.signaling.to.
indicate.40.ms.timing.[6,15,16]..These.channels.are.contained.within.the.central.1.08.MHz.(correspond-
ing.to.6.resource.blocks.or.72.subcarriers).frequency.band.so.that.the.system.operation.can.be.indepen-
dent.of.the.channel.bandwidth.

24.4.11 Link Adaptation

Uplink.link.adaptation.is.used.in.order.to.improve.data.throughput.in.a.fading.channel..This.technique.
varies.the.downlink.modulation.and.coding.scheme.based.on.the.channel.conditions.of.each.user..Different.
types.of.link.adaptation.are.performed.according.to.the.channel.conditions,.the.UE.capability.(such.as.the.
maximum.transmission.power,.maximum.transmission.bandwidth,.etc.),.and.the.required.QoS.(such.as.
the.data.rate,.latency,.and.packet.error.rate,.etc.)..These.link.adaptation.methods.are.as.follows:.(1).adaptive.
transmission.bandwidth,.(2).transmission.power.control,.and.(3).adaptive.modulation.and.coding.[6].

24.4.12 Multi-Antenna Schemes in 3GPP Lte/Lte-Advanced

For.the.3GPP.LTE.Release.8/9.downlink,.the.2.×.2.MIMO.configuration.is.assumed.to.be.the.baseline;.
that. is,. two. transmit. antennas. at. the. base. station. and. two. receive. antennas. at. the. terminal. side.
[10,6,15,16]..Configurations.with.4. transmit/receive.antennas.are.also.supported. in. the.specification..
Different.downlink.MIMO.modes.are.supported.in.3GPP.LTE,.which.can.be.adapted.based.on.channel.
condition,. traffic. requirements,. and. the. UE. capability.. Those. include. Transmit. diversity,. Open-loop.
spatial.multiplexing.(no.UE.feedback),.Closed-loop.spatial.multiplexing.(with.UE.feedback),.Multiuser.
MIMO.(more.than.one.UE.is.assigned.to.the.same.resource.block),.and.Closed-loop.rank-1.precoding.

In.3GPP.LTE.spatial.multiplexing,.up.to.two.codewords.can.be.mapped.to.different.layers..Each.code-
word.represents.an.output.from.the.channel.coder..The.number.of.layers.available.for.transmission.is.
equal.to.the.rank.of.the.channel.matrix..Precoding.in.transmitter.side.is.used.to.support.spatial.multi-
plexing..This.is.achieved.by.multiplying.the.signal.with.a.precoding.matrix.prior.to.transmission..The.
optimum.precoding.matrix.is.selected.from.a.predefined.codebook.which.is.known.to.both.eNB.and.
UE..The.optimum.precoding.matrix.is.the.one.which.maximizes.the.capacity.
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The.UE.estimates.the.channel.and.selects.the.optimum.precoding.matrix..This.feedback.is.provided.
to. the. eNB.. Depending. on. the.available. bandwidth,. this. information. is.made. available. per. resource.
block.or.group.of. resource.blocks,. since. the.optimum.precoding.matrix.may.vary.between.resource.
blocks..The.network.may.configure.a.subset.of.the.codebook.that.the.UE.is.able.to.select.from..In.the.case.
of.UEs.with.high.velocity,.the.quality.of.the.feedback.may.deteriorate..Thus,.an.open-loop.spatial.mul-
tiplexing. mode. is. also. supported. which. is. based. on. predefined. settings. for. spatial. multiplexing. and.
precoding..In.the.case.of.4.antenna.ports,.different.precoders.are.cyclically.assigned.to.the.resource.ele-
ments..The.eNB.will.select.the.optimum.MIMO.mode.and.precoding.configuration..The.information.is.
conveyed.to.the.UE.as.part.of.the.downlink.control.information.on.PDCCH.

In.order.for.MIMO.schemes.to.work.properly,.each.UE.has.to.report.information.about.the.channel.
to.the.base.station..Several.measurement.and.reporting.schemes.are.available.which.are.selected.accord-
ing.to.MIMO.mode.and.network.preference..The.reporting.may.include.wideband.or.narrowband.CQI.
which. is. an. indication.of. the.downlink. radio.channel.quality.as. experienced.by. this.UE,.Precoding.
Matrix.Index.(PMI).which.is.an.indication.of.the.optimum.precoding.matrix.to.be.used.in.the.base.sta-
tion.for.a.given.radio.condition,.and.Rank.Indication.(RI).which.is.the.number.of.useful.transmission.
layers.when.spatial.multiplexing.is.used.[10,15,16].

In.the.case.of.transmit.diversity.mode,.only.one.codeword.can.be.transmitted..Each.antenna.transmits.
the.same.information.stream,.but.with.different.coding..3GPP.LTE.employs.SFBC.as.transmit.diversity.
scheme..A.special.precoding.matrix.is.applied.at.the.transmitter.side.in.the.precoding.stage.in.Figure.24.9.

Cyclic.Delay.Diversity.(CDD).is.an.additional.type.of.diversity.which.can.be.used.in.conjunction.with.
spatial.multiplexing.in.3GPP.LTE..An.antenna-specific.delay.is.applied.to.the.signals.transmitted.from.
each.antenna.port..This.effectively.introduces.artificial.multipath.to.the.signal.as.seen.by.the.receiver..As.
a.special.method.of.delay.diversity,.cyclic.delay.diversity.applies.a.cyclic.shift.to.the.signals.transmitted.
from.each.antenna.port.[10].

For.the.3GPP.LTE.Release.8/9.uplink,.MU-MIMO.can.be.used..Multiple.user.terminals.may.transmit.
simultaneously.on.the.same.resource.block..The.scheme.requires.only.one.transmit.antenna.at.UE.side..
The.UEs. sharing. the. same.resource.block.have. to.apply.mutually.orthogonal.pilot.patterns..To. take.
advantage.of.two.or.more.transmit.antennas,.transmit.antenna.selection.can.be.used..In.this.case,.the.
UE.has.two.transmit.antennas.but.only.one.transmission.chain..A.switch.will.then.choose.the.antenna.
that.provides.the.best.channel.to.the.eNB.[15,16].

3GPP.LTE-Advanced.extends.the.MIMO.capabilities.of.3GPP.LTE.Release.8/9.by.supporting.up.to.8.
downlink.transmit-antennas.and.up.to.4.uplink.transmit-antennas..In.addition.to.legacy.MIMO.trans-
mission.schemes,.transmit.diversity.is.possible.in.both.downlink.and.uplink.directions..In.the.down-
link,.using.single-user.spatial.multiplexing.scenario.of.3GPP.LTE-Advanced,.up.to.two.transport.blocks.
can.be.transmitted.to.a.scheduled.UE.in.one.subframe.per.downlink.component.carrier..Each.transport.
block.is.assigned.its.own.modulation.and.coding.scheme..For.HARQ.ACK/NACK.feedback.on.uplink,.
one.bit.is.used.for.each.transport.block.[10]..In.addition.to.the.spatial.multiplexing.scheme,.the.3GPP.
LTE-Advanced.downlink.reference.signal.structure.has.been.modified.to.allow.an.increased.number.of.
antennas.and.PDSCH.demodulation.as.well.as.channel-state.information.estimation.for.the.purpose.of.
CQI/PMI/RI.reporting.when.needed.

The.reference.signals.for.PDSCH.demodulation.are.UE.specific;.that.is,.the.PDSCH.and.the.demodu-
lation.reference.signals.intended.for.a.specific.UE.are.subject.to.the.same.precoding.operation..Therefore,.
these.reference.signals.are.mutually.orthogonal.between.the.layers.at.the.eNB.

The.design.principle. for. the.reference.signals. targeting.PDSCH.modulation. is.an.extension.of. the.
concept.of.Release.8.UE-specific.reference.signals. to.multiple. layers..Reference.signals. targeting.CSI.
estimation.are.cell.specific,.are.sparse.in.the.frequency.and.time.domain.and.are.punctured.into.the.data.
region.of.normal.subframes.

With.3GPP.LTE-Advanced,.a.scheduled.UE.may.transmit.up.to.two.transport.blocks..Each.transport.
block.has.its.own.modulation.and.coding.scheme..Depending.on.the.number.of.transmission.layers,.the.
modulation.symbols.associated.with.each.of.the.transport.blocks.are.mapped.to.one.or.two.layers..The.
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transmission. rank. can. be. dynamically. adapted.. Different. codebooks. are. defined. depending. on. the.
number.of.layers.that.are.used..Furthermore,.different.precoding.is.used.depending.on.whether.2.or.4.
transmit.antennas.are.available..Also.the.number.of.bits.used.for.the.codebook.index.is.different.depend-
ing.on.the.2.and.4.transmit.antenna.case,.respectively.

For.uplink.spatial.multiplexing.with.two.transmit-antennas,.a.3-bit.precoding.method.is.defined..In.
contrast.to.the.Release.8.downlink.scheme,.where.several.matrices.for.full-rank.transmission.are.avail-
able,.only.the.identity.precoding.matrix.is.supported.in.3GPP.LTE-Advanced.uplink.direction..3GPP.
LTE-Advanced.further.supports.transmit.diversity.in.the.uplink..However,.for.those.UEs.with.multiple.
transmit.antennas,. an.uplink. single-antenna-port.mode. is.defined.. In. this.mode,. the.Release.10.UE.
behavior.is.the.same.as.the.one.with.a.single.antenna.from.eNB’s.point.of.view.and.it.is.always.used.
before.the.eNB.is.aware.of.the.UE.antenna.configuration..In.the.transmit.diversity.scheme,.the.same.
modulation.symbol.from.the.uplink.channel.is.transmitted.from.two.antenna.ports,.on.two.separate.
orthogonal.resources.

24.5 overview of the 3GPP Lte/Lte-Advanced Layer-2

The.Layer-2.functions.in.3GPP.LTE/LTE-Advanced.are.classified.into.MAC,.RLC,.and.PDCP.sublayers.
[6,17,18,9,8].. Figures. 24.15. and. 24.16. illustrate. the. structure. of. Layer-2. in. 3GPP. LTE/LTE-Advanced.
downlink.and.uplink..The.Service.Access.Point.(SAP).for.peer-to-peer.communication.is.marked.with.
circles.at.the.interface.between.the.sublayers..The.SAP.between.the.physical.layer.and.the.MAC.sublayer.
provides.the.transport.channels..The.SAP.between.the.MAC.sublayer.and.the.RLC.sublayer.provides.the.
logical.channels..The.multiplexing.of.several.logical.channels.(i.e.,.radio.bearers).on.the.same.transport.
channel.(i.e.,.transport.block).is.performed.by.the.MAC.sublayer.[6].

In.the.case.of.carrier.aggregation,.the.multicarrier.nature.of.the.physical.layer.is.only.exposed.to.the.
MAC.sublayer.for.which.one.HARQ.entity.is.required.per.serving.cell..In.both.uplink.and.downlink,.
there.is.one.independent.HARQ.entity.per.serving.cell.and.one.transport.block.is.generated.per.TTI.per.
serving. cell. in. the. absence. of. spatial. multiplexing.. Each. transport. block. and. the. associated. HARQ.
retransmissions.are.mapped.to.a.single.serving.cell.
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The.services.and.functions.provided.by.the.MAC.sublayer.can.be.summarized.as.follows:

•. Mapping.between.logical.channels.and.transport.channels;
•. Multiplexing/de-multiplexing.of.RLC.protocol.data.units.corresponding.to.one.or.different.radio.

bearers.into/from.transport.blocks.delivered.to/from.the.physical.layer.on.transport.channels;
•. Traffic.volume.measurement.reporting;
•. Error.correction.through.HARQ;
•. Priority.handling.between.logical.channels.of.one.UE;
•. Priority.handling.between.UEs.through.dynamic.scheduling;
•. Transport.format.selection;

24.5.1 Logical and transport channels

The.logical.and. transport.channels. in.3GPP.LTE/LTE-Advanced.are. illustrated. in.Figures.24.17.and.
24.18,.respectively..Each.logical.channel.type.is.defined.by.what.type.of.information.is.transferred..The.
logical. channels. are. generally. classified. into. two. groups:. (1). Control. Channels. (for. the. transfer. of.
.control-plane. information). and. (2). Traffic. Channels. (for. the. transfer. of. user-plane. information). as.
shown.in.Figure.24.17.[6].
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474 Mobile Communications Handbook

The.control.channels.are.exclusively.used.for.transfer.of.control-plane.information..The.control.chan-
nels.supported.by.MAC.can.be.classified.as.follows.(see.Figure.24.17):

•. Broadcast. Control. Channel. (BCCH):. A. downlink. channel. for. broadcasting. system. control.
information.

•. Paging. Control. Channel. (PCCH):. A. downlink. channel. that. transfers. paging. information. and.
system.information.change.notifications..This.channel.is.used.for.paging.when.the.network.does.
not.know.the.location.of.the.UE.

•. Common.Control.Channel.(CCCH):.Channel.for.transmitting.control.information.between.UEs.
and.eNBs..This.channel.is.used.for.UEs.having.no.RRC.connection.with.the.network.

•. Multicast.Control.Channel.(MCCH):.A.point-to-multipoint.downlink.channel.used.for.transmit-
ting.MBMS.control. information.from.the.network.to.the.UE,.for.one.or.several.MTCHs..This.
channel.is.only.used.by.UEs.that.receive.MBMS.

•. Dedicated.Control.Channel.(DCCH):.A.point-to-point.bidirectional.channel.that.transmits.dedi-
cated.control. information.between.a.UE.and.the.network..It. is.used.by.UEs.that.have.an.RRC.
connection.

The.traffic.channels.are.exclusively.used.for.the.transfer.of.user-plane.information..The.traffic.chan-
nels.supported.by.MAC.can.be.classified.as.follows.(as.shown.in.Figure.24.18):

•. Dedicated.Traffic.Channel.(DTCH):.A.point-to-point.bidirectional.channel.dedicated.to.a.single.
UE.for.the.transfer.of.user.information.

•. Multicast. Traffic. Channel. (MTCH):. A. point-to-multipoint. downlink. channel. for. transmitting.
traffic.data.from.the.network.to.the.UE..This.channel.is.only.used.by.UEs.that.receive.MBMS.

The.physical. layer.provides. information. transfer. services. to. MAC. and. higher. layers..The.physical.
layer.transport.services.are.described.by.how.and.with.what.characteristics.data.are.transferred.over.the.
radio.interface..This.should.be.clearly.separated.from.the.classification.of.what.is.transported,.which.
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relates.to.the.concept.of.logical.channels.at.MAC.sublayer..As.shown.in.Figure.24.18,.downlink.trans-
port.channels.can.be.classified.as.follows:

•. Broadcast. Channel. (BCH). that. is. characterized. by. fixed,. predefined. transport. format. and. is.
required.to.be.broadcasted.in.the.entire.coverage.area.of.the.cell.

•. Downlink.Shared.Channel. (DL-SCH). that. is.characterized.by.support. for.HARQ,.support. for.
dynamic.link.adaptation.by.varying.the.modulation,.coding.and.transmit.power,.possibility.for.
broadcast.in.the.entire.cell,.possibility.to.use.beamforming,.support.for.both.dynamic.and.semi-
static.resource.allocation,.support.for.UE.discontinuous.reception.to.enable.power.saving,.and.
support.for.MBMS.transmission.

•. Paging.Channel.(PCH).that.is.characterized.by.support.for.UE.discontinuous.reception.in.order.
to.enable.power.saving,.requirement.for.broadcast.in.the.entire.coverage.area.of.the.cell,.mapped.
to.physical.resources.which.can.be.used.dynamically.also.for.traffic.or.other.control.channels.

•. Multicast.Channel.(MCH).which.is.characterized.by.requirement.to.be.broadcast.in.the.entire.
coverage.area.of.the.cell,.support.for.macro-diversity.combining.of.MBMS.transmission.on.mul-
tiple.cells,.support.for.semi-static.resource.allocation.

The.uplink.transport.channels.are.classified.as.follows.(see.Figure.24.18):

•. Uplink. Shared. Channel. (UL-SCH). which. is. characterized. by. possibility. to. use. beamforming,.
support.for.dynamic.link.adaptation.by.varying.the.transmit.power.and.modulation.and.coding.
schemes,.support.for.HARQ,.support.for.both.dynamic.and.semi-static.resource.allocation.

•. Random.Access.Channel.(RACH).that.is.characterized.by.limited.control.information.and.colli-
sion.risk.

The.mapping.of.the.logical.channels.to.the.transport.channels.in.the.downlink.and.uplink.is.shown.
in.Figure.24.19.

As.shown.in.Figures.24.15.and.24.16,.the.main.services.and.functions.provided.by.the.RLC.sublayer.
include.Transfer.of.upper.layer.PDUs.supporting.AM.or.UM,.TM.data.transfer,.Error.correction.through.
ARQ.(since.CRC.check.is.provided.by.the.physical.layer,.no.CRC.is.needed.at.RLC.level),.Segmentation.
according.to.the.size.of.the.transport.block,.Re-segmentation.of.PDUs.that.need.to.be.retransmitted,.
Concatenation.of.SDUs.for.the.same.radio.bearer,.In-sequence.delivery.of.upper.layer.PDUs.except.dur-
ing.handover,.Duplicate.detection,.and.Protocol.error.detection.and.recovery.

24.5.1.1 ARQ and HARQ in 3GPP Lte/Lte-Advanced

The.E-UTRA.provides.ARQ.and.HARQ.functionalities..The.ARQ.functionality.provides.error.correc-
tion.by.retransmissions.in.acknowledged.mode.at.Layer-2..The.HARQ.functionality.ensures.delivery.
between.peer.entities.at.Layer-1..The.HARQ.within.the.MAC.sublayer.is.characterized.by.an.N-process.
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36.300,. Evolved. Universal. Terrestrial. Radio. Access. (E-UTRA). and. Evolved. Universal. Terrestrial. Radio. Access.
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stop-and-wait.protocol.and.retransmission.of. transport.blocks.upon. failure.of.earlier. transmissions..
The.ACK/NACK.transmission.in.the.FDD.mode.refers.to.the.downlink.packet.that.was.received.4.sub-
frames.earlier..In.TDD.mode,.the.uplink.ACK/NACK.timing.depends.on.the.uplink/downlink.configu-
ration..For.TDD,.the.use.of.a.single.ACK/NACK.response.for.multiple.PDSCH.transmissions.is.possible..
A.total.of.8.HARQ.processes.are.supported.[6,15,16].

An. asynchronous. adaptive. HARQ. is. used. in. the. downlink.. The. uplink. ACK/NACK. signaling. in.
response.to.downlink.retransmissions.is.sent.on.PUCCH.or.PUSCH..The.PDCCH.signals.the.HARQ.
process. number. and. whether. it. is. a. fresh. transmission. or. retransmission.. The. retransmissions. are.
always scheduled.through.PDCCH.

A.synchronous.HARQ.scheme.is.supported.in.the.uplink..The.maximum.number.of.retransmissions.
can.be.configured.per.UE.basis.as.opposed.to.per.radio.bearer..The.downlink.ACK/NACK.signaling.in.
response.to.uplink.retransmissions.is.sent.on.PHICH.

The.ARQ.functionality.within.the.RLC.sub-layer.is.responsible.for.retransmission.of.RLC.PDUs.or.
RLC.PDU.segments..The.ARQ.retransmissions.are.based.on.RLC.status.reports.and.optionally.based.on.
HARQ/ARQ.interactions..The.polling.for.RLC.status.report. is.used.when.needed.by.RLC.and.status.
reports.can.be.triggered.by.upper.layers.[6].

24.5.1.2 Packet Data convergence Sublayer

Services.and.functions.provided.by.the.PDCP.sublayer.for.the.user.plane.include.header.compression.
and.decompression,.transfer.of.user.data.between.NAS.and.RLC.sublayer,.sequential.delivery.of.upper-
layer.PDUs.at.handover.for.RLC.AM,.duplicate.detection.of.lower.layer.SDUs.at.handover.for.RLC.AM,.
retransmission.of.PDCP.SDUs.at.handover.for.RLC.AM,.and.ciphering.

Services.and.functions.provided.by.the.PDCP.for.the.control-plane.include.ciphering.and.integrity.
protection.and.transfer.of.control-plane.data.where.PDCP.receives.PDCP.SDUs.from.RRC.and.forward.
it.to.the.RLC.sublayer.and.vice.versa.

24.6 Radio Resource control Functions

The.main.services.and.functions.of.the.RRC.sublayer.include.[6]

•. Broadcast.of.system.information
•. Paging
•. Establishment,.maintenance,.and.release.of.a.RRC.connection.between.the.UE.and.E-UTRAN.

including.allocation.of.temporary.identifiers.between.UE.and.E-UTRAN.and.configuration.of.
signaling.radio.bearer(s).for.RRC.connection

•. Security.functions.including.key.management
•. Establishment,.configuration,.maintenance,.and.release.of.point-to-point.radio.bearers
•. Mobility.functions.including.UE.measurement.reporting.and.control.of.the.reporting.for.intercell.

and.inter-RAT.mobility,.handover,.UE.cell.selection.and.reselection.and.control.of.cell.selection.
and.reselection,.context.transfer.at.handover.

•. Establishment,.configuration,.maintenance,.and.release.of.radio.bearers.for.MBMS.services
•. QoS.management.functions
•. UE.measurement.reporting.and.control.of.the.reporting

The.RRC.consists.of.the.following.states:

•. RRC_IDLE.is.a.state.where.a.UE-specific.Discontinuous.Reception.(DRX).may.be.configured.by.
upper.layers..In.the.idle.mode,.the.UE.is.saving.power.and.does.not.inform.the.network.of.each.
cell.change..The.network.knows.the.location.of.the.UE.to.the.granularity.of.a.few.cells,.called.the.
Tracking. Area. (TA).. The. UE. monitors. a. paging. channel. to. detect. incoming. traffic,. performs.
neighboring.cell.measurements.and.cell.selection/reselection,.and.acquires.system.information.
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•. RRC_CONNECTED.is.a.state.where.transfer.of.unicast.data.to/from.UE.is.performed.and.the.UE.
may.be.configured.with.a.UE.specific.DRX.or.Discontinuous.Transmission.(DTX)..The.UE.moni-
tors.control.channels.associated.with.the.shared.data.channel.to.determine.if.data.is.scheduled.for.
it,.sends.channel.quality.and.feedback.information,.performs.neighboring.cell.measurements.and.
measurement.reporting,.and.acquires.system.information.

The.main.difference.between.MAC.and.RRC.control. lies. in.the.signaling.reliability..The.signaling.
corresponding. to.state. transitions.and.radio.bearer.configurations.should.be.performed.by. the.RRC.
sublayer.due.to.signaling.reliability..The.different.characteristics.of.MAC.and.RRC.control.are.summa-
rized.in.Table.24.5.

24.7  Mobility Management and Handover in 
3GPP Lte/Lte-Advanced

In. order. to. support. mobility,. a. 3GPP. LTE-compliant. UE. may. conduct. the. following. measurements.
(physical.layer.measurements.include.Reference.Signal.Received.Power.and.E-UTRA.carrier.Received.
Signal.Strength.Indicator.[6]):

•. Intrafrequency.E-UTRAN.measurements
•. Interfrequency.E-UTRAN.measurements
•. Inter-RAT.measurements

Measurement.commands.are.used.by.E-UTRAN.to.instruct.the.UE.to.start.measurements,.modify.
measurements. or. stop. measurements.. The. reporting. criteria. that. are. used. include. event-triggered.
reporting,.periodic.reporting,.and.event-triggered.periodic.reporting.

In.RRC_CONNECTED.state,.network-controlled.UE-assisted.handovers.are.performed.and.various.
DRX.cycles.are.supported..In.RRC_IDLE.state,.cell.reselections.are.performed.and.DRX.is.supported.

The.Intra-E-UTRAN-Access.mobility.support.for.UEs.in.Evolved.Packet.System.(EPS).Connection.
Management. (ECM-CONNECTED). manages. all. necessary. steps. for. relocation. or. handover. proce-
dures,.such.as.processes.that.precede.the.final.handover.decision.on.the.serving.network,.preparation.of.
resources.on.the.target.network,.commanding.the.UE.to.the.new.radio.resources,.and.finally.releasing.
resources.on.the.serving.network.side..It.contains.mechanisms.to.transfer.context.data.between.eNBs.
and.to.update.node.relations.on.control.plane.and.user.plane..The.UE.makes.measurements.of.attributes.
of.the.serving.and.neighbor.cells.to.enable.the.process.[6]..Depending.on.whether.the.UE.needs.trans-
mission/reception. gaps. to. perform. the. relevant. measurements,. measurements. are. classified. as. gap.
assisted.or.nongap.assisted..A.nongap-assisted.measurement.is.a.measurement.on.a.cell.that.does.not.
require.transmission/reception.gaps.to.allow.the.measurement.to.be.performed..A.gap-assisted.mea-
surement.is.a.measurement.on.a.cell.that.does.require.transmission/reception.gaps.to.allow.the.mea-
surement.to.be.performed..Gap.patterns.are.configured.and.activated.by.the.RRC.functional.block.[6].

TABLE 24.5 Summary.of.the.Differences.between.MAC.and.RRC.Control

MAC.Control RRC.Control

Control.Entity MAC RRC

Signaling.type PDCCH MAC.Control.PDU RRC.message
Signaling.reliability ~10−2.(no.retransmission) ~10−3.(after.HARQ) ~10−6.(after.ARQ)
Control.latency Very.short Short Longer
Extensibility None Limited High
Security No.integrity.protection.no.

ciphering
No.integrity.protection.

no.ciphering
Integrity.protected.ciphering

Source:. Adapted. from. 3GPP. TS. 36.300,. Evolved. Universal. Terrestrial. Radio. Access. (E-UTRA). and. Evolved. Universal.
Terrestrial.Radio.Access.Network.(E-UTRAN);.Overall.Description;.Stage.2,.December.2010.
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The.handover.procedure.is.performed.without.EPC.involvement;.that.is,.preparation.messages.are.
directly.exchanged.between.the.eNBs..The.release.of.the.resources.at.the.serving.eNB.(or.source.eNB).
during.the.handover.completion.phase.is.triggered.by.the.eNB..Figure.24.20.illustrates.the.handover.
procedure. between. eNBs. within. the. same. MME/S-GW.. After. the. downlink. path. is. switched. at. the.
S-GW,.downlink.packets.on.the.forwarding.path.and.on.the.new.direct.path.may.arrive.interchanged.
at the.target.eNB.(see.Figure.24.20)..The.target.eNB.should.first.deliver.all.forwarded.packets.to.the.UE.
before.delivering.any.of.the.packets.received.on.the.new.direct.path..Upon.handover,.the.serving.eNB.
forward.in.an.orderly.manner.all.downlink.PDCP.SDUs.that.have.not.been.acknowledged.by.the.UE.
to  the. target.eNB..The.serving.eNB.discards.any.remaining.downlink.RLC.PDUs..Correspondingly,.
the source.eNB.does.not.forward.the.downlink.RLC.context.to.the.target.eNB.

The.measurements. to.be.performed.by.a.UE. for. intra/interfrequency.mobility.can.be.controlled.by.
E-UTRAN,.using.broadcast.or.dedicated.control.signaling..In.RRC_IDLE.state,.a.UE.follows.the.measure-
ment.parameters.defined.for.cell.reselection..In.RRC_CONNECTED.state,.a.UE.follows.the..measurement.
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FIGURE 24.20 Intra-MME/S-GW. handover. procedures.. (Adapted. from. 3GPP. TS. 36.300,. Evolved. Universal.
Terrestrial.Radio.Access.(E-UTRA).and.Evolved.Universal.Terrestrial.Radio.Access.Network.(E-UTRAN);.Overall.
Description;.Stage.2,.December.2010.)
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configurations.specified.by.RRC.managed.by.the.E-UTRAN..The.neighbor.cell.measurements.performed.
by.the.UE.are.intrafrequency.measurements.when.the.current.and.target.cell.operate.on.the.same.carrier.
frequency..The.neighbor.cell.measurements.performed.by.the.UE.are.interfrequency.measurements.when.
the.neighbor.cell.operates.on.a.different.carrier.frequency.compared.to.the.current.cell.

24.8 Multicarrier operation

When.carrier.aggregation. is.configured,. the.UE.only.has.one.RRC.connection.with.the.network..At.
RRC.connection.establishment/reestablishment/handover,.one.serving.cell.provides.the.NAS.mobility.
information,.and.at.RRC.connection.re-establishment/handover,.one.serving.cell.provides.the.security.
input..This.cell.is.referred.to.as.the.Primary.Cell.(PCell)..In.the.downlink,.the.carrier.corresponding.to.
the.PCell.is.the.downlink.primary.component.carrier,.while.in.the.uplink.it.is.the.uplink.primary.com-
ponent. carrier.. Depending. on. UE. capabilities,. Secondary. Cells. (SCells). can. be. configured. to. form,.
together.with.the.PCell,.a.set.of.serving.cells..In.the.downlink,.the.carrier.corresponding.to.a.SCell.is.a.
downlink.secondary.component.carrier,.while.in.the.uplink.it.is.an.uplink.secondary.component.car-
rier..The.configured.set.of.serving.cells.for.a.UE.always.consist.of.one.PCell.and.one.or.more.SCells..For.
each.SCell.the.usage.of.uplink.resources.by.the.UE.in.addition.to.the.downlink.ones.is.configurable..
From.the.UE.point.of.view,.each.uplink.resource.only.belongs.to.one.serving.cell..The.number.of.serving.
cells. that.can.be.configured.depends.on.the.aggregation.capability.of. the.UE..The.PCell.can.only.be.
changed.with.handover.procedure.(i.e.,.with.security.key.change.and.RACH.procedure)..The.PCell.is.
used.for.transmission.of.PUCCH.and.unlike.SCells,.PCell.cannot.be.deactivated..The.reestablishment.is.
triggered.only.when.PCell.experiences.a.radio.link.failure.and.not.when.SCells.experience.radio.link.
failure..The.NAS. information. is.obtained. from.PCell..The.reconfiguration,.addition,.and.removal.of.
SCells.can.be.performed.by.RRC.signaling..In.intra-LTE.handover,.RRC.can.also.add,.remove,.or.recon-
figure.SCells.for.usage.with.the.target.PCell..When.adding.a.new.SCell,.dedicated.RRC.signaling.is.used.
for.sending.all.required.system.information.of.the.SCell;.that.is,.while.in.connected.mode,.UEs.do.not.
need.to.acquire.broadcasted.system.information.directly.from.the.SCells.
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25.1 introduction

The.IEEE.802.16.Working.Group.began.the.development.of.a.new.amendment.to.the.IEEE.802.16.base-
line.standard.in.January.2007.as.an.advanced.air.interface,.in.order.to.materialize.the.ITU-R.vision.for.
the.IMT-Advanced.systems.as.laid.out.in.Recommendation.ITU-R.M.1645.[1]..The.requirements.for.the.
IEEE.802.16m.standard.were.selected.to.ensure.competitiveness.with.the.emerging.4th-generation.radio.
access.technologies,.while.extending.and.significantly.improving.the.functionality.and.efficiency.of.the.
legacy.system..The.areas.of.improvement.and.extension.included.control/signaling.mechanisms,.over-
head.reduction,.coverage.of.control.and.traffic.channels.at.the.cell-edge,.downlink/uplink.link.budget,.
air-link.access.latency,.client.power.consumption,.transmission.and.detection.of.control.channels,.scan.
latency.and.network.entry/reentry.procedures,.downlink.and.uplink.subchannelization.schemes,.MAC.
management.messages,.MAC.headers,.support.of.the.FDD.duplex.scheme,.advanced.single-user.MIMO.
(SU-MIMO).and.multiuser.MIMO.(MU-MIMO).techniques,.relay,.femto-cells,.enhanced.multicast.and.
broadcast,.enhanced.location-based.services,.and.self-configuration.networks.

The.IMT-Advanced.requirements.defined.and.approved.by.ITU-R.and.published.as.Report.ITU-R.
M.2134.[2],.referred.to.as.target.requirements.in.the.IEEE.802.16m.system.requirement.document.[3],.
were.evaluated.based.on.the.methodology.and.guidelines.specified.by.Report.ITU-R.M.2135-1.[4]..
The.IEEE.802.16m.baseline.functional.and.performance.requirements.were.evaluated.according.to.
the.IEEE.802.16m.evaluation.methodology.document.[5]..The.IMT-Advanced.requirements.are.a.sub-
set.of.the.IEEE.802.16m.system.requirements,.and.thus.are.less.stringent.than.baseline.requirements..
Since. satisfaction.of. the.baseline. requirements.would. imply.a.minimum-featured.system,. thus. the.
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minimum-performance.implementation.of.the.IEEE.802.16m.can.meet.the.IMT-Advanced..requirements.
and.can.be.certified.as.an.IMT-Advanced.technology..The.candidate.proposal.submitted.by.the.IEEE.to.
the.ITU-R.in.October.2009.met.and.exceeded.the.requirements.of.IMT-Advanced.systems,.and.subse-
quently.qualified.as.an.IMT-Advanced.technology.[6].

This.chapter.describes.the.prominent.functional.features.of.IEEE.802.16m.radio.access.technology.
including.air-interface.protocols,.control.signaling,.transmission.formats,.and.physical.layer.and.MAC.
functional.components.

25.2 Mobile WiMAX network Architecture

The.WiMAX.Network.Architecture.Release.1.5.[7].specifies.a.nonhierarchical.end-to-end.network.ref-
erence.model.(NRM).for.mobile.WiMAX.that.can.be.expanded.to.further.include.optional.relay.entities.
(specified.by.IEEE.802.16m.standard).for.coverage.and.performance.enhancement..It.is.expected.that.
the.future.releases.of.WiMAX.network.architecture.will.specify.the.reference.points.between.the.base.
station.(BS).and.relay.station.and.between.two.relay.stations.in.a.multihop.network.

The.NRM.is.a.logical.representation.of.the.network.architecture..The.NRM.identifies.functional.enti-
ties. and. reference. points. over. which. interoperability. is. achieved.. Figure. 25.1. illustrates. the. mobile.
WiMAX.network.architecture,.consisting.of.the.following.logical.entities:.mobile.station.(MS),.access.
service.network.(ASN),.and.connectivity.service.network.(CSN)..The.interfaces.R1–R8.are.normative.
reference.points.[7]..Each.of.the.MS,.ASN,.and.CSN.entities.represents.a.group.of.functions.that.can.be.
realized.in.a.single.physical.entity.or.may.be.distributed.over.multiple.physical.entities..The.reference.
model.is.used.to.ensure.interoperability.among.different.implementations.of.functional.entities.in.the.
network..Interoperability.is.verified.based.on.the.definition.of.logical.interfaces.in.order.to.achieve.an.
end-to-end.functionality,.for.example,.security.or.mobility.management..Thus,.the.functional.entities.
on.either.side.of.a.reference.point.represent.a.collection.of.control.or.data-planes.end-points..The.MS.is.
a.communication.device.providing.radio.connectivity.between.a.user.terminal.and.a.WiMAX.BS.that.
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is.compliant.with.WiMAX.Forum.mobile.system.profiles.[8]..The.ASN.is.defined.as.a.complete.set.of.
network. functions. required. to. provide. radio. access. to. a. terminal.. The. ASN. provides. the. following.
functions:

•. Layer-2.connectivity.with.the.MS.
•. Transfer.of.Authentication,.Authorization,.and.Accounting.messages.to.subscriber’s.Home.net-

work.service.provider.(H-NSP).for.authentication,.authorization,.and.session.accounting.for.sub-
scriber.sessions.

•. Network.discovery.and.selection.of.the.subscriber’s.preferred.NSP.
•. Relay.functionality.for.establishing.Layer-3.connectivity.or.IP.address.assignment.to.an.MS.
•. Radio.resource.management.(RRM).

In. addition. to. the. above. functions. and. to. support. mobility,. an. ASN. supports. the. following.
functions:

•. ASN-anchored.mobility
•. CSN-anchored.mobility
•. Paging.and.Idle.State.operation
•. ASN-CSN.tunneling

The.ASN.comprises.network.elements.such.as.one.or.more.BSs.and.one.or.more.ASN.Gateways..An.
ASN.may.be.shared.by.more.than.one.CSN..The.radio.resource.control.functions.in.the.BS.would.allow.
RRM. within. the. BS.. The. CSN. is. defined. as. a. set. of. functions. that. provide. IP. connectivity. to. user.
terminals.

25.3 ieee 802.16m Protocol Structure

In.this.section,.we.further.examine.the.functional.elements.of.each.protocol.layer.and.their.interactions..
The.802.16m.MAC.common.part.sublayer.functions.are.classified.into.radio.resource.control.and.man-
agement.functional.group.and.medium.access.control. functional.group..The.control-plane.functions.
and.data-plane.functions.are.also.separately.classified..As.shown.in.Figure.25.2,.the.radio.resource.con-
trol.and.management.functional.group.comprises.several.functional.blocks.including

•. RRM.block.adjusts. radio.network.parameters. related. to. the. traffic. load,. and.also. includes. the.
functions.of.load.control.(load.balancing),.admission.control,.and.interference.control.

•. Mobility.management.block.scans.neighbor.BSs.and.decides.whether.MS.should.perform.hand-
over.(HO).operation.

•. Network-entry. management. block. controls. initialization. and. access. procedures. and. generates.
management.messages.during.initialization.and.access.procedures.

•. Location.management.block.supports.Location-Based.Service.(LBS),.generates.messages.includ-
ing.the.LBS.information,.and.manages.location.update.operation.during.idle.mode.

•. Idle.mode.management.block.controls.idle.mode.operation,.and.generates.the.paging.advertise-
ment.message.based.on.paging.message.from.paging.controller.in.the.core.network.

•. Security.management.block.performs.key.management.for.secure.communication..Using.man-
aged.key,.traffic.encryption/decryption,.and.authentication.are.performed.

•. System.configuration.management.block.manages.system.configuration.parameters,.and.gener-
ates.broadcast.control.messages.such.as.superframe.headers.

•. Multicast.and.Broadcast.Service.(MBS).block.controls.and.generates.management.messages.and.
data.associated.with.MBS.

•. Service. flow. and. connection. management. block. allocates. Station. Identifier. (STID). and. Flow.
Identifiers.(FIDs).during.access/HO.service.flow.creation.procedures.
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The.medium-access.control.functional.group,.on.the.control.plane,.includes.functional.blocks.which.
are.related.to.physical.layer.and.link.controls.such.as

•. PHY.control.block.performs.PHY.signaling.such.as.ranging,.channel.quality.measurement/feed-
back.(CQI),.and.HARQ.ACK.or.NACK.signaling

•. Control.signaling.block.generates.resource.allocation.messages.such.as.advanced.medium.access.
protocol,.as.well.as.specific.control.signaling.messages

•. Sleep.mode.management.block.handles.sleep.mode.operation.and.generates.management.mes-
sages.related.to.sleep.operation,.and.may.communicate.with.the.scheduler.block.in.order.to.oper-
ate.properly.according.to.sleep.period

•. Quality-of-service.block.performs.rate.control.based.on.QoS.input.parameters.from.connection.
management.function.for.each.connection

•. Scheduling.and.resource.multiplexing.block.schedules.and.multiplexes.packets.based.on.proper-
ties.of.connections

The.MAC.functional.group.on.the.data-plane.includes.functional.blocks.such.as

•. Fragmentation/packing. block. performs. fragmentation. or. packing. of. MAC. service. data. units.
based.on.input.from.the.scheduling.and.resource.multiplexing.block.

•. Automatic.repeat.request.(ARQ).block.performs.MAC.ARQ.function..For.ARQ-enabled.connec-
tions,.a.logical.ARQ.block.is.generated.from.fragmented.or.packed.MAC.service.data.units.of.the.
same.flow.and.sequentially.numbered.
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•. MAC.protocol.data.unit.formation.block.constructs.MAC.protocol.data.units.such.that.BS/MS.
can.transmit.user.traffic.or.management.messages.into.PHY.channels.

The.IEEE.802.16m.protocol. structure. is. similar. to. that.of. the. legacy.system.with.some.additional.
functional.blocks.in.the.control-plane.for.the.new.features.including.the.following:

•. Relay.functions.enable.relay.functionalities.and.packet.routing.in.relay.networks.
•. Self-organization.and.self-optimization.functions.enable.home.BS.or.femto-cells.and.plug.and-

play.form.of.operation.for.indoor.BS.(i.e.,.femto-cell).
•. Multicarrier.functions.enable.control.and.operation.of.a.number.of.adjacent.or.nonadjacent.RF.

carriers.(i.e.,.virtual.wideband.operation).where.the.RF.carriers.can.be.assigned.to.unicast.and/or.
MBS.s..A.single.MAC.instantiation.will.be.used. to.control. several.physical. layers..The.mobile.
terminal.is.not.required.to.support.multicarrier.operation..However,.if.it.does.support.multicar-
rier. operation,. it. may. receive. control. and. signaling,. broadcast,. and. synchronization. channels.
through.a.primary.carrier.and.traffic.assignments.(or.services).via.the.secondary.carriers.

•. Multiradio.coexistence.functions.in.IEEE.802.16m.enable.the.MS.to.generate.MAC.management.
messages.in.order.to.report.information.on.its.collocated.radio.activities,.and.enable.the.BS.to.gener-
ate. MAC. management. messages. to. respond. with. the. appropriate. actions. to. support. multiradio.
coexistence.operation..Furthermore,.the.multiradio.coexistence.functional.block.at.the.BS.commu-
nicates.with.the.scheduler.functional.block.to.assist.proper.scheduling.of.the.MS.according.to.the.
reported.collocated.coexistence.activities..The.multiradio.coexistence.function.is.independent.of.the.
sleep.mode.operation.to.enable.optimal.power.efficiency.with.a.high.level.of.coexistence.support.

•. Interference.management.functions.are.used.to.manage.the.inter-cell/sector.interference.effects..
The.procedures.include.MAC.layer.functions.(e.g.,.interference.measurement/assessment.reports.
sent.via.MAC.signaling.and.interference.mitigation.by.scheduling.and.flexible.frequency.reuse),.
and.PHY.functions.(e.g.,.transmit.power.control,.interference.randomization,.interference.can-
cellation,.interference.measurement,.transmit.beamforming/precoding)..The.inter-BS.coordina-
tion. functions. coordinate. the. operation. of. multiple. BSs. by. exchanging. information,. about.
interference.statistics.between.the.BSs.via.core-network.signaling.

The. carriers. utilized. in. a. multicarrier. system,. from. perspective. of. a. MS. can. be. divided. into. two.
categories:

•. A.primary.RF.carrier.is.the.carrier.that.is.used.by.the.BS.and.the.MS.to.exchange.traffic.and.full.
PHY/MAC.control.information..The.primary.carrier.delivers.control.information.for.proper.MS.
operation,.such.as.network.entry..Each.MS.is.assigned.only.one.primary.carrier.in.a.cell.

•. A.secondary.RF.carrier.is.an.additional.carrier.which.the.BS.may.use.for.traffic.allocations.for.
MSs.capable.of.multicarrier.support..The.secondary.carrier.may.also.include.dedicated.control.
signaling.to.support.multicarrier.operation.

Based.on. the.primary.and/or.secondary.designation,. the.carriers.of.a.multicarrier. system.may.be.
configured.differently.as.follows:

•. Fully configured carrier:. A. carrier. for. which. all. control. channels. including. synchronization,.
broadcast,.multicast,.and.unicast.control.signaling.are.configured..Furthermore,.information.and.
parameters.regarding.multicarrier.operation.and.the.other.carriers.can.also.be.included.in.the.
control.channels..A.primary.carrier.is.fully.configured,.while.a.secondary.carrier.may.be.fully.or.
partially.configured.depending.on.usage.and.deployment.model.

•. Partially configured carrier:.A.carrier.with.only.essential.control.channel.configuration.to.support.
traffic.exchanges.during.multicarrier.operation.

In.the.event.that.the.user.terminal.RF.front-end.and/or.its.baseband.is.not.capable.of.processing.more.
than.one.RF.carrier.simultaneously,.the.user.terminal.may.be.allowed,.in.certain.intervals,.to.monitor.
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secondary.RF.carriers.and.to.resume.monitoring.of. the.primary.carrier.prior.to.transmission.of. the.
synchronization,.broadcast,.and.common.control.channels.

25.4 ieee 802.16m MS State Diagram

The.IEEE.802.16m.MS.state.diagram.(i.e.,.a.finite.set.of.states.and.procedures.between.which.the.MS.
transit.when.operating.in.the.cellular.network.to.receive.and.transmit.data).is.defined.consisting.of.the.
following.states.(see.Figure.25.3):

•. Initialization State:.a.state.where.an.MS.without.any.connection.performs.cell.selection.by.scan-
ning. and. synchronizing. to. a. BS. preamble. and. acquires. the. system. configuration. information.
through.the.superframe.header.

•. Access State:.a.state.where.the.MS.performs.network.entry.to.the.selected.BS..The.MS.performs.the.
initial.ranging.process.in.order.to.obtain.uplink.synchronization..Then.the.MS.performs.basic.
capability.negotiation.with.the.BS..The.MS.later.performs.the.authentication.and.authorization.
procedure..Next,.the.MS.performs.the.registration.process..The.MS.receives.IEEE.802.16m..specific.
user.identification.as.part.of.Access.State.procedures..The.IP.address.assignment.may.follow.using.
appropriate.procedures.
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•. Connected State:. a. state. consisting. of. the. following. modes:. Sleep. Mode,. Active. Mode,. and.
Scanning.Mode..During.Connected.State,. the.MS.maintains.at. least.one.transport.connection.
and.two.management.connections.as.established.during.Access.State,.while.the.MS.and.BS.may.
establish.additional.transport.connections..In.order.to.reduce.power.consumption.of.the.MS,.the.
MS.or.BS.can.request.a.transition.to.sleep.mode..Also,.the.MS.can.scan.neighbor.BSs.to.reselect.a.
cell.which.provides.more.robust.and.reliable.services.

•. Idle State:.a.state.comprising.two.separate.modes,.paging.available.mode.and.paging.unavailable.
mode..During.Idle.State,.the.MS.may.save.power.by.switching.between.Paging.Available.mode.
and.Paging.Unavailable.mode..In.the.Paging.Available.mode,.the.MS.may.be.paged.by.the.BS..If.
the.MS.is.paged,.it.transitions.to.the.Access.State.for.its.network.reentry..The.MS.performs.loca-
tion.update.procedure.during.Idle.State.

The.MS.state.diagram.for.the.IEEE.802.16m.is.similar.to.that.of.the.legacy.system.with.the.excep-
tion.of.the.initialization.state.that.has.been.simplified.to.reduce.the.scan.latency.and.to.enable.fast.
cell.selection.or.reselection..The.location.of.the.essential.system.configuration.information.is.fixed.
so.that.upon.successful.DL.synchronization,.the.essential.system.configuration.information.can.be.
acquired,.this.would.enable.the.MS.to.make.decision.for.attachment.to.the.BS.without.acquiring.and.
decoding. MAC. management. messages. and. waiting. for. the. acquisition. of. the. system. parameters,.
resulting.in.power.saving.in.the.MS.due.to.shortening.and.simplification.of.the.initialization.proce-
dure..Although.both.normal.and.fast.network.reentry.processes.are.shown.as.transition.from.the.
Idle.State.to.the.Access.State.in.Figure.25.3,.there.are.differences.that.differentiate.the.two.processes..
The.network.reentry.is.similar.to.network.entry,.except.that.it.may.be.shortened.by.providing.the.
target. BS. with. MS. information. through. paging. controller. or. other. network. entity. over. the.
backhaul.

25.5 overview of ieee 802.16m Physical Layer

25.5.1 Multiple Access Schemes

IEEE.802.16m.uses.OFDMA.as.the.multiple-access.scheme.in.downlink.and.uplink..It.further.supports.
both.TDD.and.FDD.duplex.schemes.including.H-FDD.operation.of.the.MSs.in.the.FDD.networks..The.
majority. of. the. frame. structure. attributes. and. baseband. processing. are. common. for. both. duplex.
schemes..The.OFDMA.parameters.are.summarized.in.Table.25.1..Tone.dropping.at.both.edges.of.the.
frequency.band.based.on.10.and.20.MHz.systems.can.be.used.to.support.other.bandwidths..In.Table 25.1,.
TTG.and.RTG.acronyms.denote.transmit/receive.and.receive/transmit.transition.gaps.in.TDD.mode.of.
operation,.respectively.

25.5.2 Frame Structure

In.IEEE.802.16m,.a.superframe.is.defined.as.a.collection.of.consecutive.equally.sized.radio.frames.whose.
beginning.is.marked.with.a.superframe.header..The.superframe.header.carries.short-term.and.long-
term.system.configuration.information.

In.order.to.decrease.the.air-link.access.latency,.the.radio.frames.are.further.divided.into.a.number.of.
subframes. where. each. subframe. comprises. an. integer. number. of. OFDM. symbols.. The. transmission.
time.interval.is.defined.as.the.transmission.latency.over.the.air-link.and.is.equal.to.an.integer.multiple.
of.subframe.length.(default.is.one.subframe)..There.are.four.types.of.subframes:.(1).type-1.subframe,.
which.consists.of. six.OFDM.symbols,. (2). type-2.subframe,.which.consists.of. seven.OFDM.symbols,.
(3) type-3.subframe.which.consists.of.five.OFDM.symbols,.and.(4).type-4.subframe,.which.consists.of.
nine.OFDM.symbols..In.the.basic.frame.structure.shown.in.Figure.25.4,.superframe.length.is.20.ms.
(comprising.four.radio.frames),.radio.frame.size.is.5.ms.(comprising.eight.subframes),.and.subframe.
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length.is.0.617.ms..The.use.of.subframe.concept.with.the.latter.parameter.set.would.reduce.the.one-way.
air-link.access.latency.to.<10.ms.

Separate. time–frequency. regions. are. used. to. support. new. and. legacy. MSs. that. are. time-division.
multi.plexed.across. time.domain. in. the.downlink..For. the.uplink. transmissions,.both. time-.and.fre-
quency-division.multiplexing.approaches.can.be.used.to.support.legacy.and.new.terminals..The.non-
backward.compatible.features.are.restricted.to.the.new.zones..All.backward.compatible.functions.are.
used.in.the.legacy.zones..In.the.absence.of.any.legacy.system,.the.legacy.zones.will.disappear.and.the.
entire.frame.will.be.allocated.to.the.new.zones.

Coexistence.between. IEEE.802.16m.and.3GPP.LTE. in.TDD.mode.may.be. facilitated.by. inserting.
either.an. idle.symbol.or. idle.subframes.within. the.IEEE.802.16m.frame.for.certain.3GPP.LTE.TDD.
configurations.[6]..An.operator.configurable.delay.or.offset.between.the.beginning.of.an.IEEE.802.16m.
frame.and.a.3GPP.LTE.TDD.frame.can.be.applied.in.some.configurations.to.minimize.the.waste.of.
radio.resources.consumed.by.idle.symbols.or.idle.subframes.

In.the.case.where.an.IEEE.802.16m.BS.coexists.with.legacy.BSs,.the.switching.points.are.limited.to.
two. in.each.TDD.radio. frame..The.support. for.multiple.RF.carriers.can.be.accommodated.with. the.
same.frame.structure.used.for.single-carrier.operation..All.RF.carriers.are.time.aligned.at.the.frame,.
.subframe,. and. symbol. level.. Alternative. frame. structures. for. CP.=.1/16. and. CP.=.1/4. are. used. that.
incorporate..different.number.of.OFDM.symbols.in.certain.subframes.or.different.number.of.subframes.
per.frame [6,10].

TABLE 25.1 IEEE.802.16m.OFDM.Parameters
Nominal.channel.bandwidth.(MHz) 5 7 8.75 10 20
Sampling.factor 28/25 8/7 8/7 28/25 28/25
Sampling.frequency.(MHz) 5.6 8 10 11.2 22.4
FFT.size 512 1024 1024 1024 2048
Subcarrier.spacing.(kHz) 10.94 7.81 9.76 10.94 10.94
Useful.symbol.time.Tu.(μs) 91.429 128 102.4 91.429 91.429
CP.Tg.=.1/8.Tu Symbol.time.Ts.(μs) 102.857 144 115.2 102.857 102.857

FDD Number.of.OFDM.
symbols.per.5.ms.frame

48 34 43 48 48

Idle.time.(μs) 62.857 104 46.40 62.857 62.857
TDD Number.of.OFDM.

symbols.per.5.ms.frame
47 33 42 47 47

TTG.+.RTG.(μs) 165.714 248 161.6 165.714 165.714
CP.Tg.=.1/16.Tu Symbol.time.Ts.(μs) 97.143 136 108.8 97.143 97.143

FDD Number.of.OFDM.
symbols.per.5.ms.frame

51 36 45 51 51

Idle.time.(μs) 45.71 104 104 45.71 45.71
TDD Number.of.OFDM.

symbols.per.5.ms.frame
50 35 44 50 50

TTG.+.RTG.(μs) 142.853 240 212.8 142.853 142.853
CP.Tg.=.1/4.Tu Symbol.time.Ts.(μs) 114.286 160 128 114.286 114.286

FDD Number.of.OFDM
symbols.per.5.ms.frame

43 31 39 43 43

Idle.time.(μs) 85.694 40 8 85.694 85.694
TDD Number.of.OFDM

symbols.per.5.ms.frame
42 30 37 42 42

TTG.+.RTG.(μs) 199.98 200 264 199.98 199.98

Source:. Adapted.from.Sassan.Ahmadi,.Mobile WiMAX; A Systems Approach to Understanding IEEE 802.16m Radio Access 
Technology,. 1st.Edition,.Academic.Press,. 2010;. IEEE.Std.802.16m-2011,. IEEE Standard for Local and Metropolitan Area 
Networks—Part 16: Air Interface for Broadband Wireless Access Systems, Amendment 3: Advanced Air Interface,.May 2011.
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25.5.3 Subchannelization Schemes

The.downlink/uplink.subframes.are.divided.into.a.number.of.frequency.partitions,.where.each.parti-
tion.consists.of.a.set.of.physical.resource.units.(PRU).over.the.available.number.of.OFDM.symbols.in.
the.subframe..Each.frequency.partition.can.include.localized.and/or.distributed.PRUs..This.is.different.
from.the.legacy.system.where.each.zone.can.only.accommodate.localized.or.distributed.subchannels..
Frequency.partitions.can.be.used.for.different.purposes.such.as.fractional.frequency.reuse.(FFR)..The.
downlink/uplink.resource.partitioning.and.mapping.procedure.is.illustrated.in.Figure.25.5.

25.5.3.1 Downlink Resource Structure

A.PRU.is.the.basic.physical.unit.for.resource.allocation.that.comprises.Psc.contiguous.subcarriers.by.Nsym.
contiguous.OFDM.symbols.where.Psc.is.18.subcarriers.and.Nsym.is.6,.7,.or.5.OFDM.symbols.for.type-1,.
type-2,.or.type-3.subframes,.respectively..A.logical.resource.unit.(LRU).is.the.basic.logical.unit.for.dis-
tributed.and.localized.resource.allocations..A.LRU.comprises.Psc.×.Nsym.subcarriers.

Distributed.resource.units.(DRU).are.used.to.achieve.frequency.diversity.gain..A.DRU.contains.a.
group.of.subcarriers.which.are.spread.across.a.frequency.partition..The.size.of.the.DRUs.is.equal.to.that.
of.PRU..The.minimum.unit.for.forming.a.DRU.in.the.downlink.is.equal.to.a.pair.of.subcarriers.also.
known.as.a.tone-pair..Localized.or.Contiguous.resource.units.(CRU).are.used.to.achieve.frequency-
selective.scheduling.gain..A.localized.resource.unit.comprises.a.group.of.subcarriers.which.are.contigu-
ous. across. frequency.. The. size. of. the. localized. resource. units. is. equal. to. that. of. the. PRUs.. To. form.
distributed. and. localized. resource. units,. the. subcarriers.over. the.OFDM. symbols. of. a. subframe. are.
partitioned.into.guard.and.used.subcarriers..The.DC.subcarrier.is.not.used..The.used.subcarriers.are.
grouped.into.integer.number.of.PRUs..Each.PRU.contains.pilots.and.data.subcarriers..The.number.of.
used.pilot.and.data.subcarriers.depends.on.MIMO.mode,.rank.and.number.of.multiplexed.MSs.over.the.
resource.block,.as.well.as.the.number.of.OFDM.symbols.within.a.subframe.

The.PRUs.are.subsequently.divided.into.subbands.and.mini-bands.where.a.subband.comprises.N1.
adjacent.PRUs.and.a.mini-band.comprises.N2.adjacent.PRUs,.where.N1.=.4.and.N2.=.1..The.subbands.are.
suitable.for.frequency-selective.allocations.as.they.provide.a.contiguous.allocation.of.PRUs.in.frequency..
The. mini-bands. are. suitable. for. frequency. diverse. allocations. and. are. permuted. in. frequency.. Each.
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.frequency. partition. is. divided. into. localized. and/or. distributed. resource. allocations.. The. size. of. the.
distributed/localized.groups.is.flexibly.configured.per.sector..Adjacent.sectors.are.not.required.to.have.
the.same.configuration.for.the.localized.and.distributed.groups..The.localized.and.DRUs.are.further.
mapped.into.LRUs.by.direct.mapping.for.CRUs.and.by.subcarrier.permutation.for.DRUs.

The.subcarrier.permutation.defined. for. the.downlink.distributed. resource.allocations. spreads. the.
subcarriers.of.the.DRU.across.all.the.distributed.resource.allocations.within.a.frequency.partition..After.
mapping.all.pilots,.the.remaining.used.subcarriers.are.used.to.define.the.DRUs.

25.5.3.2 Uplink Resource Structure

Similar.to.the.downlink.subchannelization.scheme,.a.PRU.in.the.uplink.is.defined.as.the.basic.physical.unit.
for.resource.allocation.that.comprises.Psc.consecutive.subcarriers.by.Nsym.consecutive.OFDM.symbols..The.
value.of.Psc.is.18.subcarriers.and.the.possible.values.of.Nsym.are.6,.7,.5,.and.9.OFDM.symbols.for.type-1,.
type-2,.type-3,.and.type-4.subframes,.respectively..An.LRU.is.the.basic.logical.unit.for.distributed.and.
localized.resource.allocations.whose.size.is.Psc.×.Nsym.subcarriers.for.data.transmission..The.subcarriers.of.
an.OFDM.symbol.are.partitioned.into.Ng,left.left.guard.subcarriers,.Ng,right.right.guard.subcarriers,.and.Nused.
used.subcarriers..The.DC.subcarrier.is.not.used..The.Nused.subcarriers.are.grouped.into.integer.number.of.
PRUs..Each.PRU.contains.pilots.and.data.subcarriers..The.number.of.pilots.and.data.subcarriers.depends.
on.MIMO.mode,.rank.and.number.of.MSs.multiplexed.over.the.resource.block,.and.the.type.of.resource.
allocation;.that.is,.distributed.or.localized.resource.allocations.as.well.as.the.type.of.the.subframe.

The.uplink.distributed.units.comprise.a.group.of.subcarriers.which.are.spread.over.a.frequency.parti-
tion..The.size.of.distributed.unit.is.equal.to.logical.resource.blocks..The.minimum.unit.for.constructing.
a.DRU.in.the.uplink.is.a.tile..The.uplink.tile.sizes.are.six.subcarriers.by.Nsym.OFDM.symbols..The.localized.
resource.unit.is.used.to.achieve.frequency-selective.scheduling.gain..A.localized.resource.unit.contains.a.
group.of.subcarriers.which.are.contiguous.across.frequency..The.size.of.the.localized.resource.unit.equals.
the.size.of.the.LRUs.for.localized.allocations;.that.is,.18.subcarriers.by.Nsym.OFDM.symbols.
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The.PRUs.are.first.subdivided.into.subbands.and.mini-bands,.where.a.subband.comprises.N1.adjacent.
PRUs.and.a.mini-band.consists.of.N2.adjacent.PRUs,.where.N1.=.4.and.N2.=.1..The.subbands.are.suitable.
for.frequency-selective.allocations.whereas.the.mini-bands.are.suitable.for.frequency.diverse.allocation.
and.are.permuted. in. frequency..An. inner.permutation. is.defined.for. the.uplink.distributed.resource.
allocations.that.spreads.DRU.tiles.across.the.entire.distributed.resource.allocations.within.a.frequency.
partition..Each.DRU.in.an.uplink.frequency.partition.is.divided.into.three.tiles.of.six.adjacent.subcarri-
ers.over.Nsym. symbols..The.tiles.within.a. frequency.partition.are.collectively. tile-permuted. to.obtain.
frequency.diversity.gain.across.the.allocated.resources.

The.IEEE.802.16m.uplink.physical.structure.supports.both.frequency-.and.time-division.multiplex-
ing. of. the. new. and. the. legacy. systems.. A. new. partial. use. of. subcarriers. (PUSC). subchannelization.
scheme.is.specified.for.mixed.mode.operation.with.the.legacy.system..The.new.PUSC.scheme.contains.
six.tiles.of.four.subcarriers.by.six.symbols.as.shown.in.Figure.25.6.

25.5.4 Modulation and coding

The.performance.of.adaptive.modulation.generally.suffers.from.the.power.inefficiencies.of.multilevel.
modulation.schemes..This.is.due.to.the.variations.in.bit.reliabilities.caused.by.the.bit-mapping.onto.the.
signal.constellation..To.overcome.this.issue,.a.constellation-rearrangement.(CoRe).scheme.is.utilized.
where.signal.constellation.of.QAM.signals.between.retransmissions.is.rearranged;.that.is,.the.mapping.
of. the. bits. into. the. complex-valued. symbols. between. successive. HARQ. retransmissions. is. changed,.
resulting. in. averaging. bit. reliabilities. over. several. retransmissions. and. lower. packet. error. rates.. The.
mapping.of.bits.to.the.constellation.point.depends.on.the.CoRe.type.used.for.HARQ.re-transmissions.
and.may.also.depend.on.the.MIMO.scheme..The.complex-valued.modulated.symbols.are.mapped.to.the.
input.of.the.MIMO.encoder..Incremental.redundancy.HARQ.(HARQ-IR).is.used.in.by.determining.the.
starting.position.of.the.bit.selection.for.HARQ.retransmissions.

Figure.25.7.shows.the.channel.coding.and.modulation.procedures..A.cyclic.redundancy.check.(CRC).
is.appended.to.a.burst.(i.e.,.a.physical.layer.data.unit).prior.to.partitioning..The.16-bit.CRC.is.calculated.
over.the.entire.bits.in.the.burst..If.the.burst.size.including.burst.CRC.exceeds.the.maximum.block.size,.
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FIGURE 25.6 New. uplink. PUSC. structure. for. two. streams.. (Adapted. from. Sassan. Ahmadi,. Mobile WiMAX; 
A Systems Approach to Understanding IEEE 802.16m Radio Access Technology,.1st.Edition,.Academic.Press,.2010;.
IEEE. Std. 802.16m-2011,. IEEE Standard for Local and Metropolitan Area Networks—Part 16: Air Interface for 
Broadband Wireless Access Systems, Amendment 3: Advanced Air Interface,.May.2011.)
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the.burst.is.partitioned.into.KFB.forward.error.correction.(FEC).blocks,.each.of.which.is.encoded.sepa-
rately..If.a.burst.is.partitioned.into.more.than.one.FEC.blocks,.an.FEC.block.CRC.is.appended.to.each.
FEC.block.before.the.FEC.encoding..The.FEC.block.CRC.of.an.FEC.block.is.calculated.based.on.the.
entire.bits.in.that.FEC.block..Each.partitioned.FEC.block.including.16-bit.FEC.block.CRC.has.the.same.
length..The.maximum.FEC.block.size. is.4800.bits..Concatenation.rules.are.based.on. the.number.of.
information.bits.and.do.not.depend.on.the.structure.of.the.resource.allocation.(number.of.LRUs.and.
their.size)..The.IEEE.802.16m.uses.the.convolutional.turbo.code.(CTC).with.code.rate.of.1/3.as.defined.
in.References.10.and.11..The.CTC.scheme.is.extended.to.support.additional.FEC.block.sizes..The.FEC.
block.sizes.which.are.multiple.of.seven.are.removed.for.the.tail-biting.encoding.structure..The.encoder.
block.depicted.in.Figure.25.7.includes.the.interleaver.

Bit. selection. and. repetition. are. used. in. IEEE. 802.16m. to. achieve. rate. matching.. The. bit. selection.
mechanism.adapts.the.number.of.coded-bits.to.the.size.of.the.resource.unit.and.the.subframe.type..The.
total.number.of.subcarriers.in.the.allocated.resource.unit.is.divided.among.the.designated.FEC.blocks..
The.total.number.of.information.and.parity.bits.generated.by.FEC.encoder.are.considered.the.maximum.
size.of.the.circular.buffer..The.code.repetition.is.performed.when.the.number.of.transmitted.bits.is.larger.
than.the.number.of.selected.bits..The.selection.of.coded.bits.is.conducted.cyclically.over.the.buffer..The.
mother-code.bits,.the.total.number.of.information.and.parity.bits.generated.by.FEC.encoder,.are.con-
sidered.as.the.maximum.size.of.circular.buffer..If.the.size.of.the.circular.buffer.Nbuffer.is.smaller.than.the.
number.of.mother-code.bits,.the.first.Nbuffer.bits.of.mother-code.bits.are.considered.as.the.selected.bits.

The.QPSK,.16QAM,.and.64QAM.baseband.modulation.schemes.are.supported.similar.to.that.of.the.
legacy.system..The.mapping.of.bits.to.the.constellation.points.depends.on.the.CoRe.version.that.may.be.
used.for.HARQ.retransmissions.depending.on.the.MIMO.scheme..The.QAM.symbols.are.mapped.to.the.
input.of.the.MIMO.encoder..The.FEC.block.sizes.specified.in.the.standard.include.the.additional.CRC;.
that.is,.per.burst.and.per.FEC.block,.if.applicable..Other.sizes.may.require.padding.to.the.next.larger.
burst.size..The.code.rate.and.modulation.order.depend.on.the.burst.size.and.the.resource.allocation.

HARQ-IR.scheme.is.used.in.IEEE.802.16m.by.determining.the.starting.position.of.the.bit.selection.
for.HARQ.retransmissions..Chase.Combining.HARQ.is.also.supported.and.considered.as.a.special.case.
of.HARQ-IR..The.2-bit.subpacket.identifier.is.used.to.identify.the.starting.position.of.the.subpackets..
The.CoRe.scheme.can.be.expressed.by.a.bit-level.interleaver..The.resource.allocation.and.transmission.
formats.in.each.retransmission.in.the.downlink.can.be.configured.with.control.signaling..The.resource.
allocation.in.each.retransmission.in.the.uplink.can.be.fixed.or.adaptive.as.configured.by.control.signal-
ing..In.HARQ.retransmissions,.the.bits.or.symbols.can.be.transmitted.in.a.different.order.to.exploit.the.
frequency.diversity.of.the.channel..For.HARQ.retransmission,.the.mapping.of.bits.or.modulated.sym-
bols.to.spatial.streams.may.be.applied.to.exploit.spatial.diversity.with.a.given.mapping.pattern,.depend-
ing.on.the.type.of.HARQ-IR..In.this.case,.the.predefined.set.of.mapping.patterns.should.be.known.to.
the.transmitter.and.receiver..In.the.downlink.HARQ,.the.BS.may.transmit.coded.bits.exceeding.current.
available.soft.buffer.capacity.

25.5.5 Pilot Structure

25.5.5.1 Downlink Pilot Structure

Transmission.of.pilot.subcarriers.in.the.downlink.is.necessary.to.allow.channel.estimation,.channel.qual-
ity.measurement.(e.g.,.CQI),.frequency.offset.estimation,.and.so.on..To.optimize.the.system.performance.
in.different.propagation.environments,.IEEE.802.16m.supports.both.common.and.dedicated.pilot.struc-
tures..The.common.pilots.can.be.used.in.distributed.allocations.by.all.MSs..The.dedicated.pilots.can.be.
used.with.both.localized.and.distributed.allocations.and.are.associated.with.a.user-specific.pilot.index..The.
dedicated.pilots.are.associated.with.a.specific.resource.allocation.and.are.used.by.the.MSs.assigned.to.
specific.resource.block;.therefore,.they.can.be.precoded.or.beam-formed.in.the.same.manner.as.the.
data.subcarriers.of.the.resource.block..Pilot.subcarriers.that.can.be.used.only.by.a.group.of.MSs.within.
an.FFR.group.are.a.special.case.of.common.pilots..The.downlink.pilot.structure.is.defined.for.up.to.
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eight. streams.and. the.design.of. common.and.dedicated.pilots. is. consistent..There. is. an.equal.pilot.
density.per.spatial.stream;.nevertheless,.there.is.not.necessarily.equal.pilot.density.per.OFDM.symbols..
There.is.the.same.number.of.pilots.for.each.PRU.allocated.to.a.particular.MS..For.the.subframes.con-
sisting.of.5.or.7.OFDM.symbols,.one.of.OFDM.symbols.is.deleted.or.repeated..To.overcome.the.effects.
of.pilot. interference.among. the.neighboring. sectors.or.BSs,. an. interlaced.pilot. structure. is.used.by.
cyclically.shifting.the.base.pilot.pattern.such.that.the.pilots.of.neighboring.cells.do.not.overlap.

The.E-MBS-zone-specific.pilots.are. transmitted. for.multicell.multicast.broadcast. single-frequency.
network.(SFN).transmissions..An.E-MBS.zone.is.a.group.of.BSs.involved.in.the.SFN.transmission..The.
E-MBS-zone-specific. pilots. are. common. within. an. E-MBS. zone. but. different. between. neighboring.
E-MBS.zones..Synchronous.transmissions.of.the.same.content.with.common.pilot.from.multiple.BSs.in.
an.E-MBS.zone.would.result.in.improved.channel.estimation..The.E-MBS-zone-specific.pilot-patterns.
depend.on.the.maximum.number.of.transmit.streams..Pilot.structures.up.to.two.transmit.streams.are.
supported.

25.5.5.2 Uplink Pilot Structure

The.uplink.pilots.are.dedicated.to.localized.and.DRUs.and.are.precoded.in.the.same.manner.as.the.data.
subcarriers.of.the.resource.unit..The.uplink.pilot.structure.is.defined.for.up.to.four.streams.for.SU-MIMO.
and.up.to.eight.streams.for.Collaborative.Spatial.Multiplexing..When.pilots.are.power-boosted,.each.
data.subcarrier.should.have.the.same.transmission.power.across.all.OFDM.symbols.in.a.resource.unit..
The.18×6.uplink.LRUs.use.the.same.pilot.patterns.as.the.downlink.counterpart..The.pilot.pattern.for.6×6.
tile.structure.is.different.and.it.is.shown.in.Figure.25.8.
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25.5.6 control channels

Downlink.control.channels.carry.essential.information.for.system.operation..Depending.on.the.type.of.
control.signaling,.information.is.transmitted.over.different.time.intervals.(i.e.,.from.superframe.to.sub-
frame. intervals).. The. system. configuration. parameters. are. transmitted. at. the. superframe. intervals,.
whereas.control.signaling.related.to.user.data.allocations.is.transmitted.at.the.frame/subframe.intervals..
An.IEEE.802.16m-compliant.MS.can.access. the.network.without.decoding. the. legacy. frame.control.
header.and.legacy.DL/UL-MAP.messages.[6,10].

25.5.6.1 Downlink control channels

25.5.6.1.1  Superframe Header

The.superframe.header.carries.essential.system.parameters.and.configuration.information..The.con-
tent.of.superframe.header.is.divided.into.two.parts.referred.to.as.primary.and.secondary.superframe.
headers..The.information.transmitted.in.secondary.superframe.header.is.further.divided.into.differ-
ent.subpackets..The.primary.superframe.header.is.transmitted.every.superframe,.whereas.the.sec-
ondary.superframe.header.is.transmitted.over.one.or.more.superframes..The.primary.and.secondary.
superframe. headers. are. located. in. the. first. subframe. within. a. superframe. and. are. time-division.
multiplexed. with. the. advanced. preamble.. The. superframe. header. is. confined. to. 5.MHz. of. band-
width..The.primary.superframe.header.is.transmitted.using.predetermined.modulation.and.coding.
scheme..The.secondary.superframe.header.is.transmitted.using.predetermined.modulation.scheme.
while.its.code.repetition.factor.is.signaled.in.the.primary.superframe.header..The.primary.and.sec-
ondary.superframe.headers.are. transmitted.using. two.spatial. streams.and.space–frequency.block.
coding.to.improve.their.coverage.and.reliability..The.MS.is.not.required.to.know.the.antenna.con-
figuration. prior. to. decoding. the. primary. superframe. header.. The. information. transmitted. in. the.
secondary.superframe.header.is.divided.into.different.subpackets..The.secondary.superframe.header.
Subpacket. 1. (SP1). includes. information. needed. for. network. reentry.. The. secondary. superframe.
header.Subpacket.2.(SP2).contains.information.for.initial.network.entry..The.secondary.superframe.
header.Subpacket.3.(SP3).contains.remaining.system.information.for.maintaining.communication.
with.the.BS.

25.5.6.1.2  Advanced MAP

The.advanced.MAP.(A-MAP).consists.of.both.user-specific.(dedicated.control.channel).and.nonuser-
specific. (common. control. channel). control. information.. The. nonuser-specific. control. information.
includes. information.that. is.not.dedicated.to.a.specific.user.or.a.specific.group.of.users.. It.contains.
information.required.to.decode.user-specific.control.signaling..User-specific.control.information.con-
sists.of.information.intended.for.one.or.more.users..It.includes.scheduling.assignment,.power.control,.
and.HARQ.ACK/NACK..Resources.can.be.allocated.persistently. to. the.MSs..The.periodicity.of. the.
allocation. is. configurable.. Group. control. information. is. used. to. allocate. resources. or. to. configure.
resources. to.one.or.multiple.MSs.within.a.user.group..Each.group. is. associated.with.a. set.of. radio.
resources..Voice.over.IP.(VoIP).is.an.example.of.the.class.of.services.that.can.take.advantage.of.group.
allocation. messages.. Within. a. subframe,. control. and. data. channels. are. frequency-division. multi-
plexed..Both.control.and.data.channels.are.transmitted.on.LRUs.that.span.over.all.OFDM.symbols.
within.a.subframe.[6,10].

Each.downlink.subframe.contains.a.control.region.with.both.nonuser-specific.and.user-specific.con-
trol. information.. All. A-MAPs. share. a. time-frequency. region. known. as. A-MAP. region.. The. control.
regions.are.located.in.every.subframe..The.corresponding.uplink.allocations.occurs.L.subframes.later,.
where.the.value.of.L.is.determined.by.A-MAP.relevance..The.coding.rate.of.the.control.blocks.is.known.
to.the.MS.through.group.size.indication.in.nonuser-specific.control.information.in.order.to.reduce.the.
complexity.of.blind.detection.by.the.MS.
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An.A-MAP.allocation. information.element. (IE). is.defined.as. the.basic.element.of.unicast. control.
signaling..A.unicast.control.IE.may.be.addressed.to.one.user.using.a.unicast.identifier.or.to.multiple.
users.via.multicast/broadcast.identifier..The.CRC.is.masked.with.the.identifier.A-MAP.allocation.IE..
It may.contain.information.related.to.resource.allocation,.HARQ,.MIMO.transmission.mode,.and.so.
on..Each.unicast.control.IE.is.coded.separately..Note.that.this.method.is.different.from.the.legacy.system.
control.mechanism.where.the.IEs.of.all.users.are.jointly.coded..Nonuser-specific.control.information.is.
encoded. separately. from. the.user-specific.control. information..The. transmission. format.of.nonuser-
specific.control. information. is.predetermined.. In. the.downlink. subframes,. each. frequency.partition.
may.contain.an.A-MAP.region..The.A-MAP.region.occupies.the.first.few.DRUs.in.a.frequency.partition..
The.structure.of.an.A-MAP.region.is.illustrated.in.Figure.25.9..The.amount.of.resource.occupied.by.each.
A-MAP.physical.channel.may.vary.depending.on.the.system.configuration.and.scheduling.parameters..
There.are.different.types.of.A-MAP.as.follows:

•. Assignment.A-MAP.contains.resource.assignment.information.which.is.categorized.into.multi-
ple.types.of.assignment.A-MAP.IEs..Each.assignment.A-MAP.IE.is.coded.separately.and.carries.
information.for.one.or.a.group.of.users..The.minimum.unit.of.logical.resources.in.the.assignment.
A-MAP.consists.of.56.data.subcarriers..Assignment.A-MAP.IEs.with.<40.bits.are.zero-padded.to.
40.bits..Assignment.A-MAP.IEs.with.>40.bits.are.divided.into.several.segments,.each.with.40.bits..
Segments.of.an.assignment.A-MAP.IE.are.separately.coded.and.modulated.and.occupy.a.number.
of.logically.CRUs..Assignment.A-MAP.IEs.are.grouped.together.based.on.channel.coding.rate..
Assignment.A-MAP.IEs.in.the.same.group.are.transmitted.in.the.same.frequency.partition.with.
the.same.channel.coding.rate..Each.assignment.A-MAP.group.contains.several.logically.CRUs..
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The.number.of.assignment.A-MAP.IEs. in.each.assignment.A-MAP.group. is.signaled. through.
nonuser-specific. A-MAP. in. the. same. subframe.. If. two. assignment. A-MAP. groups. using. two.
channel. coding. rates.are.present. in.an.A-MAP.region,. assignment.A-MAP.group.using. lower.
channel.coding.rate.is.allocated.first,.followed.by.assignment.A-MAP.group.using.higher.channel.
coding.rate..The.maximum.number.of.assignment.A-MAP.IEs.in.one.subframe.that.the.BS.may.
allocate.to.an.MS.is.8..This.number.includes.all.the.assignment.A-MAP.IEs.that.are.required.to.be.
monitored.by.the.MS..For.a.segmentable.assignment.A-MAP.IE.(i.e.,.an.assignment.A-MAP.IE.
that.occupies.>1.minimum.LRU.using.QPSK.1/2),.each.segment. is.counted.as.one.assignment.
A-MAP.IE.

•. HARQ. Feedback. A-MAP. contains. HARQ. ACK/NACK. information. for. uplink. data.
transmission.

•. Power.Control.A-MAP.carries.power.control.commands.to.the.MSs.

There.are.different.assignment.A-MAP.IE.types.that.distinguish.between.DL/UL,.persistent/nonper-
sistent,. single-user/group. resource. allocation,. basic/extended. IE. scenarios.. Different. types. of. assign-
ment.A-MAPs.and.their.usage.are.shown.in.Table.25.2.

25.5.6.2 Uplink control channels

25.5.6.2.1  MIMO Feedback

MIMO.feedback.provides.wideband.and/or.narrowband.spatial.characteristics.of.the.channel.that.are.
required.for.MIMO.operation..The.MIMO.mode,.precoding.matrix.index.(PMI),.rank.adaptation.infor-
mation,.channel.covariance.matrix.elements,.and.best.subband.index.are.examples.of.MIMO.feedback.
information.

25.5.6.2.2  HARQ Feedback

HARQ.feedback.(ACK/NACK).is.used.to.acknowledge.downlink.data.transmissions..The.uplink.HARQ.
feedback.channel.starts.at.a.predetermined.offset.with.respect.to.the.corresponding.downlink.transmis-
sion..The.HARQ.feedback.channel.is.frequency-division.multiplexed.with.other.control.and.data.chan-
nels.(see.Figure.25.9)..Orthogonal.codes.are.used.to.multiplex.multiple.HARQ.feedback.channels..The.
HARQ.feedback.channel.comprises.three.distributed.mini-tiles.

TABLE 25.2 Assignment.A-MAP.IE.Types.and.Their.Usage

Assignment.A-MAP.IE.Type Usage

DL.basic.assignment Allocation.information.for.MS.to.decode.DL.bursts.using.contiguous.logical.resources
UL.basic.assignment Allocation.information.for.MS.to.transmit.UL.bursts.using.contiguous.logical.

resources
DL.subband.assignment Allocation.information.for.MS.to.decode.DL.bursts.using.sub-band.based.resources
UL.subband.assignment Allocation.information.for.MS.to.transmit.UL.bursts.using.sub-band.based.resources
Feedback.allocation Allocation.or.de-allocation.of.UL.fast.feedback.control.channels.to.an.MS
UL.sounding.command Control.information.for.MS.to.request.UL.sounding.transmission
CDMA.allocation Allocation.for.MS.requesting.bandwidth.using.a.ranging.or.BW-REQ.codes
DL.persistent.allocation DL.persistent.resource.allocation
UL.persistent.allocation UL.persistent.resource.allocation
Group.resource.allocation Group.scheduling.and.resource.allocation
Feedback.polling Allocation.for.MS.to.send.MIMO.feedback.using.MAC.messages.or.signaling.headers
BR-ACK Indication.of.decoding.status.of.BW-REQ.opportunities.and.resource.allocation.of.

BW-REQ.header
Broadcast Broadcast.burst.allocation.and.other.broadcast.information
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25.5.6.2.3  Bandwidth Request

Bandwidth. requests. (BW-REQ). are. used. to. indicate. the. amount. of. bandwidth. required. by. a. user..
BW-REQs.are.transmitted.through.indicators.or.messages..A.BW-REQ.indicator.notifies.the.BS.of.an.
uplink.grant.request.by.the.MS.sending.the.indicator..BW-REQ.messages.can.include.information.about.
the.status.of.queued.traffic.at.the.MS.such.as.buffer.size.and.quality-of-service.parameters..Contention-.
or.noncontention-based.random.access.is.used.to.transmit.BW-REQ.information.on.this.control.chan-
nel.. The. contention-based. BW-REQ. procedure. is. illustrated. in. Figure. 25.10.. A. five-step. regular.
procedure.or.an.optional.three-step.quick.access.procedure.is.used..Steps.2.and.3.can.be.skipped.in.a.
quick.access.procedure..In.step.1,.the.MS.sends.a.BW-REQ.indicator.for.quick.access.that.may.indicate.
information.such.as.MS.addressing.and/or.request.size.and/or.uplink.transmit.power.report,.and/or.
QoS.parameters,.and.the.BS.may.allocate.uplink.grant.based.on.certain.policy..The.MS.may.piggyback.
additional.BW-REQ.information.along.with.user.data.during.uplink.transmission.(step.5)..In.steps.2.
and.4,.the.BS.acknowledges.receipt.of.the.messages.as.shown.in.Figure.25.10.

The.BW-REQ.channel.starts.at.a.configurable.location.with.the.configuration.defined.in.a.downlink.
broadcast.control.message..The.BW-REQ.channel.is.frequency-division.multiplexed.with.other.uplink.
control.and.data.channels.(see.Figure.25.9)..A.BW-REQ.tile.is.defined.by.six.subcarriers.over.six.OFDM.
symbols..Each.BW-REQ.channel.consists.of.three.distributed.BW-REQ.tiles..Multiple.BW-REQ.indica-
tors.can.be.transmitted.on.the.same.BW-REQ.channel.using.code-division.multiplexing.

25.5.6.2.4  Channel Quality Indicators

Channel.quality.feedback.provides.information.about.channel.conditions.as.seen.by.the.user..This.infor-
mation.is.used.by.the.BS.for.link.adaptation,.resource.allocation,.power.control,.and.so.on..The.channel.
quality.measurement.includes.both.narrowband.and.wideband.measurements..The.CQI.feedback.over-
head.can.be.reduced.through.differential.feedback.or.other.compression.techniques..Examples.of.CQI.
include.effective.carrier-to-interference-plus-noise.ratio.(CINR),.band.selection,.and.so.on..The.default.
subframe.size.for.transmission.of.uplink.control.information.is.six.OFDM.symbols..The.fast.feedback.
channel.carries.channel.quality.and.MIMO.feedback..There.are.two.types.of.uplink.fast.feedback.con-
trol. channels.known.as.primary.and.secondary. fast. feedback.channels..The.secondary. fast. feedback.
control.channel.carries.narrowband.CQI.and.MIMO.feedback.information..The.secondary.fast.feed-
back.channel.can.be.used.to.support.CQI.reporting.at.higher.code.rate.and.thus.more.CQI.information.

1: BW-REQ preamble sequence and quick access message 1: BW-REQ preamble sequence (and quick access message) 

2: Grant for UL transmission 2: Grant for Standalone BW-REQ header

3: Standalone BW-REQ header3: Scheduled UL transmission

5: Scheduled UL transmission

4: Grant for UL transmission

BR-ACK A-MAP IE (or CDMA allocation A-MAP IE) BR-ACK A-MAP IE (or CDMA allocation A-MAP IE)

MS BS MS BS

Message part
un-decodable

FIGURE 25.10 Bandwidth. request. procedure.. (Adapted. from. Sassan. Ahmadi,. Mobile WiMAX; A Systems 
Approach to Understanding IEEE 802.16m Radio Access Technology,.1st.Edition,.Academic.Press,.2010;.IEEE.Std.
802.16m-2011,. IEEE Standard for Local and Metropolitan Area Networks—Part 16: Air Interface for Broadband 
Wireless Access Systems, Amendment 3: Advanced Air Interface,.May.2011.)
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bits..The.fast. feedback.channel. is. frequency-division.multiplexed.with.other.uplink.control.and.data.
channels.

The. fast. feedback. channel. starts. at. a. predetermined. location. with. the. size. defined. in. a. downlink.
broadcast.control.message..Fast.feedback.allocations.to.a.MS.can.be.periodic.and.the.allocations.are.
configurable..The.specific.type.of.feedback.information.carried.on.each.fast.feedback.opportunity.can.
be.different..The.number.of.bits.carried.in.the.fast.feedback.channel.can.be.adaptive..For.efficient.trans-
mission.of.feedback.channels.a.mini-tile.is.defined.comprising.two.subcarriers.by.six.OFDM.symbols..
One.LRU.consists.of.nine.mini-tiles.and.can.be.shared.by.multiple.fast.feedback.channels.[6,10].

25.5.6.2.5  Uplink Sounding Channel

The.sounding.channel.is.used.by.a.user.terminal.to.transmit.sounding.reference.signals.to.enable.the.BS.
to.measure.uplink.channel.conditions..The.sounding.channel.may.occupy.either.specific.uplink.sub-
bands.or.the.entire.bandwidth.over.one.OFDM.symbol..The.BS.can.configure.an.MS.to.transmit.the.
uplink.sounding.signal.over.predefined.subcarriers.within.specific.subbands.or.the.entire.bandwidth..
The.sounding.channel.is.orthogonally.multiplexed.(in.time.or.frequency).with.other.control.and.data.
channels..Furthermore,.the.BS.can.configure.multiple.user.terminals.to.transmit.sounding.signals.on.
the.corresponding.sounding.channels.using.code-,. frequency-,.or. time-division.multiplexing..Power.
control.for.the.sounding.channel.can.be.used.to.adjust.the.sounding.signal.quality..The.transmit.power.
from.each.mobile.terminal.may.be.separately.controlled.according.to.certain.CINR.target.values.[6,10].

25.5.6.2.6  Ranging Channel

The.ranging.channel.is.used.for.uplink.synchronization..The.ranging.channel.can.be.further.classified.
into.ranging.for.nonsynchronized.and.synchronized.MSs..A.random.access.procedure,.which.can.be.
contention.or.noncontention.based,.is.used.for.ranging..The.contention-based.random.access.is.used.for.
initial.ranging..The.noncontention-based.random.access.is.used.for.periodic.ranging.and.HO..The.rang-
ing.channel.for.nonsynchronized.MSs.starts.at.a.configurable.location.with.the.configuration.signaled.
in.a.downlink.broadcast.control.message..The.ranging.channel.for.nonsynchronized.MSs.is.frequency-
division.multiplexed.with.other.uplink.control.and.data.channels.

The.ranging.channel.for.nonsynchronized.MSs.consists.of.three.fields:.(1).Ranging.cyclic.prefix.(RCP),.
(2).Ranging.preamble.(RP),.and.(3).Guard.time.(GT)..The.length.of.RCP.is.longer.than.the.sum.of.the.
maximum.delay.spread.and.round.trip.delay.of.supported.cell.size..The.length.of.GT.is.chosen.longer.than.
the.round.trip.delay.of.the.supported.cell.size..The.length.of.RP.is.chosen.equal.to.or.longer.than.the.length.
of.RCP..To.support. large.cell.sizes,. the.ranging.channel. for.nonsynchronized.user. terminals.can.span.
multiple.concatenated.subframes..Figure.25.11.shows.the.two.ranging.channel.formats..A.single.preamble.
can.be.used.by.different.nonsynchronized.users.for.increasing.ranging.opportunities..When.the.preamble.
is.repeated.as.a.single.opportunity,.the.second.RCP.can.be.omitted.for.coverage.extension..A.number.of.
guard.subcarriers.are.reserved.at.the.edges.of.nonsynchronized.ranging.channel.physical.resource.

When.multiantenna.transmission.is.supported.by.MS,.it.can.be.used.to.increase.the.ranging.oppor-
tunity.by.using.spatial.multiplexing..The.ranging.channel. for.synchronized.MSs.is.used.for.periodic.
ranging..The.ranging.channel.for.synchronized.user.terminals.starts.at.a.configurable.location.with.the.
configuration.signaled.in.a.downlink.broadcast.control.message..The.ranging.channel.for.synchronized.
MSs.is.frequency-division.multiplexed.with.other.uplink.control.and.data.channels.

25.5.6.2.7  Power Control

Power.control.mechanism.is.supported.for.downlink.and.uplink..The.BS.controls.the.transmit.power.
per.subframe.and.per.user..Using.downlink.power.control,.user-specific.information.is.received.by.
the..terminal.with.the.controlled.power.level..The.downlink.A-MAPs.are.power-controlled.based.on.
the.terminal.uplink.channel.quality.feedback..The.uplink.power.control.is.supported.to.compensate.
for.the.path.loss,.shadowing,.fast.fading,.and.implementation.loss.as.well.as.to.mitigate.intercell.and.
intracell. interference..The.uplink.power.control. includes.open-loop.and.closed-loop.power.control.
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mechanisms.. The. BS. can. transmit. necessary. information. through. control. channel. or. message. to.
.terminals.to.support.uplink.power.control..The.parameters.of.power.control.algorithm.are.optimized.
on.a.system-wide.basis.by.the.BS.and.broadcasted.periodically.or.triggered.by.certain.events.

In. high-mobility. scenarios,. power. control. scheme. may. not. be. able. to. compensate. the. fast. fading.
channel.effect.because.of.the.variations.of.the.channel.impulse.response..As.a.result,.the.power.control.
is.used.to.compensate.for.the.distance-dependent.path.loss,.shadowing,.and.implementation.loss.only.

The.channel.variations.and.implementation.loss.are.compensated.via.open-loop.power.control.without.
frequently.interacting.with.the.BS..The.terminal.can.determine.the.transmit.power.based.on.the.trans-
mission.parameters.sent.by.the.serving.BS,.uplink.channel.transmission.quality,.downlink.channel.state.
information.(CSI),.and.interference.knowledge.obtained.from.downlink..Open-loop.power.control.pro-
vides.a.coarse.initial.power.setting.of.the.terminal.when.an.initial.connection.is.established.

The.dynamic.channel.variations.are.compensated.via.closed-loop.power.control.with.power.control.
commands.from.the.serving.BS..The.BS.measures.uplink.channel.state.and.interference.information.
using.uplink.data.and/or.control.channel.transmissions.and.sends.power.control.commands.to.the.ter-
minal..The.terminal.adjusts.its.transmission.power.based.on.the.power.control.commands.from.the.BS.

25.5.7 Downlink Synchronization channel (Advanced Preamble)

IEEE.802.16m.utilizes.a.new.hierarchical.structure.for.the.downlink.synchronization.where.two.sets.of.
preambles.at.superframe.and.frame.intervals.are.transmitted.(Figure.25.12)..The.first.set.of.preamble.
sequences.mark.the.beginning.of.the.superframe.and.are.common.to.a.group.of.sectors.or.cells..The.
primary.advanced.preamble.carries. information.about. system.bandwidth.and.carrier. configuration..
The.primary.advanced.preamble.has.a.fixed.bandwidth.of.5.MHz.and.can.be.used.to.facilitate.location-
based.services..A.frequency.reuse.of.one.is.applied.to.the.primary.advanced.preamble.in.the.frequency.
domain..The.second.set.of.advanced.preamble.sequences.(secondary.advanced.preamble). is.repeated.
every.10.ms.and.spans.the.entire.system.bandwidth.and.carries.the.physical.cell.identifier..A.frequency.
reuse.of.three.is.used.for.this.set.of.sequences.to.mitigate.intercell.interference..The.secondary.advanced.
preambles.carry.768.distinct.physical.cell.identifiers..The.set.of.secondary.advanced.preamble.sequences.
are.partitioned.and.each.partition.is.dedicated.to.a.specific.BS.type.such.as.macro-BS,.femto-BS,.and.
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FIGURE 25.11 Ranging.channel.structure.for.synchronized.and.nonsynchronized.access..(Adapted.from.Sassan.
Ahmadi,.Mobile WiMAX; A Systems Approach to Understanding IEEE 802.16m Radio Access Technology,.1st.Edition,.
Academic.Press,.2010;.IEEE.Std.802.16m-2011,.IEEE Standard for Local and Metropolitan Area Networks—Part 16: 
Air Interface for Broadband Wireless Access Systems, Amendment 3: Advanced Air Interface,.May.2011.)
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so on..The.partition.information.is.broadcasted.in.the.secondary.superframe.header.and.system.con-
figuration.description.message.

25.5.8 Multi-Antenna techniques in ieee 802.16m

25.5.8.1 Downlink MiMo Structure

IEEE.802.16m.supports.several.advanced.multiantenna.techniques.including.single.and.MU-MIMO.
(spatial. multiplexing. and. beamforming). as. well. as. a. number. of. transmit. diversity. schemes.. In.
SU-MIMO.scheme.only.one.user.can.be.scheduled.over.one.(time,.frequency,.spatial).resource.unit..In.
MU-MIMO,.on.the.other.hand,.multiple.users.can.be.scheduled.in.one.resource.unit..Vertical.encod-
ing.(or.single.codeword).utilizes.one.encoder.block.(or.layer),.whereas.horizontal.encoding.(or.multi-
codeword).uses.multiple.encoders. (or.multiple. layers). in. the. transmit.chain..A. layer. is.defined.as.a.
coding.and.modulation. input.path. to. the.MIMO.encoder..A.stream. is.defined.as. the.output.of. the.
MIMO.encoder.that.is.further.processed.through.the.beamforming.or.the.precoder.block.[6]..For.spa-
tial.multiplexing,.the.rank.is.defined.as.the.number.of.streams.to.be.used.for.the.user..Each.SU-MIMO.
or.MU-MIMO.open-loop.or.closed-loop.scheme.is.defined.as.a.MIMO.mode.

The.DL.MIMO.transmitter.structure.is.shown.in.Figure.25.13..The.encoder.block.contains.the.chan-
nel.encoder,.interleaving,.rate-matching,.and.modulating.blocks.per.layer..The.resource.mapping.block.

MIMO
encoder Precoder

Subcarrier
mapping

Subcarrier
mapping

AntennasMIMO streamsMIMO layers

FIGURE 25.13 Illustration.of.downlink/uplink.MIMO.structure..(Adapted.from.Sassan.Ahmadi,.Mobile WiMAX; 
A Systems Approach to Understanding IEEE 802.16m Radio Access Technology,.1st.Edition,.Academic.Press,.2010;.
IEEE. Std. 802.16m-2011,. IEEE Standard for Local and Metropolitan Area Networks—Part 16: Air Interface for 
Broadband Wireless Access Systems, Amendment 3: Advanced Air Interface,.May.2011.)
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FIGURE 25.12 Structure. of. the. IEEE. 802.16m. advanced. preambles.. (Adapted. from. Sassan. Ahmadi,. Mobile 
WiMAX; A Systems Approach to Understanding IEEE 802.16m Radio Access Technology,. 1st. Edition,. Academic.
Press,. 2010;. IEEE. 802.16m-08/0034r4,. IEEE 802.16m System Description Document,. (http://ieee802.org/16/tgm/
index.html),.December.2010.)
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maps. the. complex-valued. modulation. symbols. to. the. corresponding. time–frequency. resources.. The.
MIMO.encoder.block.maps.the.layers.onto.the.streams,.which.are.further.processed.through.the.pre-
coder.block..The.precoder.block.maps.the.streams.to.antennas.by.generating.the.antenna-specific.data.
symbols.according.to.the.selected.MIMO.mode..The.OFDM.symbol.construction.block.maps.antenna-
specific.data.to.the.OFDM.symbols..The.feedback.block.contains.feedback.information.such.as.CQI.or.
CSI. from.the.MS..Table.25.3.contains.more. information.on.various.MIMO.modes.supported.by.the.
IEEE.802.16m.

The.minimum.antenna.configuration.in.the.downlink.and.uplink.is.2.×.2.and.1.×.2,.respectively..For.
open-loop.spatial.multiplexing.and.closed-loop.SU-MIMO,.the.number.of.streams.is.constrained.to.the.
minimum. of. number. of. transmit. or. receive. antennas.. For. open-loop. transmit. diversity. modes,. the.
number.of.streams.depends.on.the.space-time.coding.schemes.that.are.used.by.the.MIMO.encoder..The.
MU-MIMO.can.support.up.to.two.streams.with.two.transmit.antennas.and.up.to.four.streams.for.four.
transmit.antennas.and.up.to.eight.streams.for.eight.transmit.antennas..Table.25.4.summarizes.down-
link.MIMO.parameters.for.various.MIMO.modes.

For.SU-MIMO,.vertical.encoding.is.utilized,.whereas.for.MU-MIMO.horizontal.encoding.is.employed.
at.the.BS..The.stream.to.antenna.mapping.depends.on.the.MIMO.scheme.that.is.used..CQI.and.rank.
feedback.are.transmitted.to.assist.the.BS.in.rank.adaptation,.mode.switching,.and.rate.adaptation..For.
spatial.multiplexing,.the.rank.is.defined.as.the.number.of.streams.to.be.used.for.each.user..In.FDD.and.
TDD.systems,.unitary.codebook-based.precoding.is.used.for.closed-loop.SU-MIMO..An.MS.may.feed.
back.some.information.to.the.BS.in.closed-loop.SU-MIMO.such.as.rank,.subband.selection,.CQI,.PMI,.
and.long-term.CSI.

The.MU-MIMO.transmission.with.up.to.two.streams.per.user.is.supported..The.MU-MIMO.schemes.
include.two.transmit.antennas.for.up.to.two.users,.and.four.and.eight.transmit.antennas.for.up.to.four.
users..Both.unitary.and.nonunitary.MU-MIMO.schemes.are.supported..If.the.columns.of.the.precoding.
matrix.are.orthogonal.to.each.other,.it.is.defined.as.unitary.MU-MIMO..Otherwise,.it.is.defined.as.non-
unitary.MU-MIMO.[6]..Beamforming.is.enabled.with.this.precoding.mechanism..IEEE.802.16m.has.the.
capability.to.adapt.between.SU-MIMO.and.MU-MIMO.in.a.predefined.and.flexible.manner..Multi-BS.
MIMO.techniques.are.also.supported.for.improving.sector.and.cell-edge.throughput.using.multi-BS.col-
laborative.precoding,.network.coordinated.beamforming,.or.intercell.interference.cancellation.

25.5.8.2 Uplink MiMo

The.block.diagram.of.uplink.MIMO.transmitter.is.illustrated.in.Figure.25.13..The.BS.assigns.users.to.
resource.blocks.and.determines.the.modulation.and.coding.scheme.level.and.MIMO.parameters.(mode,.
rank,.etc.)..The.supported.antenna.configurations.include.1,.2,.or.4.transmit.antennas.and.>2.receive.
antennas..In.the.uplink,.the.MS.measurements.of.the.channel.are.based.on.downlink.reference.signals.
(e.g.,.common.pilots.or.a.midamble)..The.uplink.MIMO.modes.and.their.parameters.are.contained.in.
Tables.25.5.and.25.6.

TABLE 25.3 Downlink.MIMO.Modes

Mode.Index Description MIMO.Encoding.Format MIMO.Precoding

Mode.0 Open-loop.SU-MIMO SFBC NonAdaptive
Mode.1 Open-loop.SU-MIMO.(spatial.multiplexing) Vertical.encoding NonAdaptive
Mode.2 Closed-loop.SU-MIMO.(spatial.multiplexing) Vertical.encoding Adaptive
Mode.3 Open-loop.MU-MIMO.(spatial.multiplexing) Horizontal.encoding Nonadaptive
Mode.4 Closed-loop.MU-MIMO.(spatial.multiplexing) Horizontal.encoding Adaptive
Mode.5 Open-loop.SU-MIMO.(TX.diversity) Conjugate.data.repetition Nonadaptive

Source:. Adapted.from.Sassan.Ahmadi,.Mobile WiMAX; A Systems Approach to Understanding IEEE 802.16m Radio Access 
Technology,. 1st. Edition,. Academic. Press,. 2010;. IEEE. Std. 802.16m-2011,. IEEE Standard for Local and Metropolitan Area 
Networks—Part 16: Air Interface for Broadband Wireless Access Systems, Amendment 3: Advanced Air Interface,.May.2011.
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TABLE 25.4 Downlink.MIMO.Parameters

Number.of.Transmit.
Antennas

Rate.per.
Layer

Number.
of.Streams

Number.of.
Subcarriers

Number.
of.Layers

MIMO.mode.0 2 1 2 2 1
4 1 2 2 1
8 1 2 2 1

MIMO.mode.1.and.MIMO.mode.2 2 1 1 1 1
2 2 2 1 1
4 1 1 1 1
4 2 2 1 1
4 3 3 1 1
4 4 4 1 1
8 1 1 1 1
8 2 2 1 1
8 3 3 1 1
8 4 4 1 1
8 5 5 1 1
8 6 6 1 1
8 7 7 1 1
8 8 8 1 1

MIMO.mode.3.and.MIMO.mode.4 2 1 2 1 2
4 1 2 1 2
4 1 3 1 3
4 1 4 1 4
8 1 2 1 2
8 1 3 1 3
8 1 4 1 4

MIMO.mode.4 4 2.and.1a 3 1 2
4 2.and.1b 4 1 3
4 2 4 1 2
8 2.and.1a 3 1 2
8 2.and.1b 4 1 3
8 2 4 1 2
8 1 8 1 8
8 2.and.1c 8 1 7
8 2.and.1d 8 1 6
8 2.and.1e 8 1 5
8 2 8 1 4

MIMO.mode.5 2 1/2 1 2 1
4 1/2 1 2 1
7 1/2 1 2 1

Source:. Adapted.from.Sassan.Ahmadi,.Mobile WiMAX; A Systems Approach to Understanding IEEE 802.16m Radio Access 
Technology,. 1st. Edition,. Academic. Press,. 2010;. IEEE. Std. 802.16m-2011,. IEEE Standard for Local and Metropolitan Area 
Networks—Part 16: Air Interface for Broadband Wireless Access Systems, Amendment 3: Advanced Air Interface,.May.2011.

a.2.streams.to.one.MS.and.one.stream.to.another.MS.each.with.one.layer.
b.2.streams.to.one.MS.and.one.stream.each.to.the.other.two.MSs.each.with.one.layer.
c. 2.streams.to.one.MS.and.one.stream.each.to.the.other.six.MSs.each.with.one.layer.
d.2.streams.each.to.two.MS.and.one.stream.each.to.the.other.four.MSs.each.with.one.layer.
e. 2.streams.each.to.three.MS.and.one.stream.each.to.the.other.two.MSs.each.with.one.layer.
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A. number. of. antenna. configurations. and. transmission. rates. are. supported. in. uplink. open-loop.
SU-MIMO.including.2.and.4.transmit.antennas.with.rate.1.(i.e.,.transmit.diversity.mode),.2.and.4.trans-
mit.antennas.with.rates.2,.3,.and.4.(i.e.,.spatial.multiplexing)..The.supported.uplink.transmit.diversity.
modes. include. 2. and. 4. transmit. antenna. schemes. with. rate. 1. such. as. space. frequency. block. coding.
(SFBC).and.dual-stream.precoder..The.multiplexing.modes.supported.for.open-loop.SU-MIMO.include.
2. and. 4. transmit. antenna. rate. 2. schemes. with. and. without. precoding,. four. transmit. antenna. rate.
3 schemes.with.precoding,. four. transmit.antenna.rate.4.scheme..In.FDD.and.TDD.systems,.unitary.
codebook-based.precoding.is.supported..In.this.mode,.an.MS.transmits.a.sounding.reference.signal.in.
the.uplink.to.assist.the.scheduling.and.precoder.selection.in.the.BS..The.BS.signals.the.resource.alloca-
tion,.MCS,.rank,.preferred.precoder.index,.and.packet.size.to.the.MS..The.uplink.MU-MIMO.enables.
multiple.MSs.to.be.spatially.multiplexed.on.the.same.radio.resources..Both.open-loop.and.closed-loop.
MU-MIMO.are.supported..The.MSs.with.single.transmit.antenna.can.operate.in.open-loop.SU-MIMO/
MU-MIMO.mode.

TABLE 25.6 Uplink.MIMO.Parameters

Number.of.Transmit.
Antennas

Rate.per.
Layer

Number.of.
Streams

Number.of.
Subcarriers

Number.of.
Layers

MIMO.mode.0 2 1 2 2 1
4 1 2 2 1

MIMO.mode.1 1 1 1 1 1
MIMO.mode.1.and.MIMO.mode.2 2 1 1 1 1

2 2 2 1 1
4 1 1 1 1
4 2 2 1 1
4 3 3 1 1
4 4 4 1 1

MIMO.mode.3.and.MIMO.mode.4 1 1 1 1 1
2 1 1 1 1
2 2 2 1 1
4 1 1 1 1
4 2 2 1 1
4 3 3 1 1
4 4 4 1 1

Source:. Adapted.from.Sassan.Ahmadi,.Mobile WiMAX; A Systems Approach to Understanding IEEE 802.16m Radio Access 
Technology,. 1st. Edition,. Academic. Press,. 2010;. IEEE. Std. 802.16m-2011,. IEEE Standard for Local and Metropolitan Area 
Networks—Part 16: Air Interface for Broadband Wireless Access Systems, Amendment 3: Advanced Air Interface,.May.2011.

TABLE 25.5 Uplink.MIMO.Modes

Mode.Index Description MIMO.Encoding.Format MIMO.Precoding

Mode.0 Open-loop.SU-MIMO.(transmit.diversity) SFBC Nonadaptive
Mode.1 Open-loop.SU-MIMO.(spatial.multiplexing) Vertical.encoding Nonadaptive
Mode.2 Closed-loop.SU-MIMO.(spatial.multiplexing) Vertical.encoding Adaptive
Mode.3 Open-loop.collaborative.spatial.multiplexing.

(MU-MIMO)
Vertical.encoding Nonadaptive

Mode.4 Closed-loop.collaborative.spatial.multiplexing.
(MU-MIMO)

Vertical.encoding Adaptive

Source:. Adapted.from.Sassan.Ahmadi,.Mobile WiMAX; A Systems Approach to Understanding IEEE 802.16m Radio Access 
Technology,. 1st. Edition,. Academic. Press,. 2010;. IEEE. Std. 802.16m-2011,. IEEE Standard for Local and Metropolitan Area 
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25.6 overview of the ieee 802.16m MAc Layer

There.are.various.MAC.functionalities.and.features.that.are.specified.by.IEEE.802.16m.standard.some.
of.which.are.extension.of.the.existing.features.in.the.mobile.WiMAX.[8,7]..The.following.sections.briefly.
describe.selected.MAC.features.

25.6.1 MAc Addressing

IEEE.802.16m.standard.defines.global.and.logical.addresses.for.an.MS.that.identify.the.user.and.its.con-
nections.during. a. session..The.MS. is. identified.by. the.globally.unique.48-bit. IEEE. extended.unique.
identifier.assigned.by.the.IEEE.Registration.Authority.[10,11]..The.MS.is.further.assigned.the.following.
logical.identifiers:.(1).An.STID.during.network.entry.(or.network.reentry),.which.uniquely.identifies.the.
MS.within.the.cell,.and.(2).an.FID.that.uniquely.identifies.the.control.connections.and.transport.con-
nections.with.the.MS..A.temporary.STID.is.used.to.protect.the.mapping.between.the.actual.STID.dur-
ing.network.entry..A.deregistration.identifier.is.defined.to.uniquely.identify.the.MS.within.the.set.of.
paging.group.identifiers.(PGID),.paging.cycle,.and.paging.offset.

25.6.2 network entry

Network.entry.is.the.procedure.through.which.an.MS.detects.a.cellular.network.and.establishes.a.con-
nection.with.that.network..The.network.entry.involves.the.following.steps.(see.Figure.25.14):

•. Synchronization.with.the.BS.by.acquiring.the.preambles
•. Acquiring.necessary.system.information.such.as.BS.and.NSP.identifiers.for.initial.network.entry.

and.cell.selection
•. Initial.ranging
•. Basic.capability.negotiation
•. Authentication/authorization.and.key.exchange
•. Registration.and.service.flow.setup

Neighbor.search. is.based.on. the.same.downlink.signals.as. initial.network.search.except. for.some.
information.can.be.provided.by.the.serving.BS.(i.e.,.neighbor.advertisement.messages)..The.BS.responds.
to.the.MS.initial.ranging.code.transmission.by.broadcasting.a.status.indication.message.in.a.predefined.
downlink.frame/subframe.

25.6.3 connection Management

A.connection.is.defined.as.a.mapping.between.the.MAC.layers.of.a.BS.and.one.(or.several).MS..If.there.
is.a.one-to-one.mapping.between.one.BS.and.one.MS,.the.connection.is.called.a.unicast.connection;.
otherwise,. it. is. called. a. multicast. or. broadcast. connection.. Two. types. of. connections. are. specified:.
.control.connections.and.transport.connections..Control.connections.are.used.to.carry.MAC.control.
messages..Transport.connections.are.used.to.carry.user.data.including.upper-layer.signaling.messages..
A.MAC.control.message.is.never.transferred.over.transport.connection,.and.user.data.are.never.trans-
ferred.over.the.control.connections..One.pair.of.bidirectional.(DL/UL).unicast.control.connections.are.
automatically.established.when.an.MS.performs.initial.network.entry..The.user.data.communications.
are.in.the.context.of.transport.connections..A.transport.connection.is.unidirectional.and.established.
with.a.unique.FID..Each.transport.connection.is.associated.with.an.active.service.flow.to.provide.vari-
ous. levels. of. QoS. required. by. the. service. flow.. The. transport. connection. is. established. when. the.
.associated.active.service.flow.is.admitted.or.activated,.and.released.when.the.associated.service.flow.
becomes.inactive..Transport.connections.can.be.preprovisioned.or.dynamically.created..Preprovisioned.
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.connections.are.those.established.by.system.for.an.MS.during.the.MS.network.entry..On.the.other.hand,.
the.BS.or.the.MS.can.create.new.connections.dynamically.if.required.

25.6.4 Quality of Service

IEEE.802.16m.MAC.assigns.a.unidirectional.flow.of.packets.with.specific.QoS.requirements.with.a.ser-
vice.flow..A.service.flow.is.mapped.to.a.transport.connection.with.an.FID..The.QoS.parameter.set.is.
negotiated.between.the.BS.and.the.MS.during.the.service.flow.setup/change.procedure..The.QoS.param-
eters.can.be.used.to.schedule. traffic.and.allocate.radio.resource..The.uplink.traffic.may.be.regulated.
based.on.the.QoS.parameters.

IEEE.802.16m.supports.adaptation.of.service.flow.QoS.parameters..One.or.more.sets.of.QoS.param-
eters.are.defined.for.each.service.flow..The.MS.and.BS.negotiate.the.possible.QoS.parameter.sets.during.
service.flow.setup.procedure..When.QoS.requirement/traffic.characteristics.for.uplink.traffic.change,.
the.BS.may.adapt.the.service.flow.QoS.parameters.such.as.grant/polling.interval.or.grant.size.based.on.
predefined.rules..In.addition,.the.MS.may.request.the.BS.to.switch.the.service.flow.QoS.parameter.set.
with.explicit.signaling..The.BS.then.allocates.resource.according.to.the.new.service.flow.parameter.set..
In.addition.to.the.scheduling.services.supported.by.the.legacy.system,.IEEE.802.16m.provides.a.specific.

MS BS

DL synchronization

AAI_RNG-REQ

AAI_RNG-RSP

AAI_RNG-REQ

AAI_RNG-RSP

(TSTID is assigned by the BS)

Basic capability negotiation

MS authentication and authorization

Key exchange

(MS ID* is transmitted over the air)

(MS ID is transmitted over the air)

(STID is assigned by the BS)

Data and control plane establishment

FIGURE 25.14 Network.entry.procedures..(Adapted.from.Sassan.Ahmadi,.Mobile WiMAX; A Systems Approach 
to Understanding IEEE 802.16m Radio Access Technology,.1st.Edition,.Academic.Press,.2010;.IEEE.Std.802.16m-
2011,. IEEE Standard for Local and Metropolitan Area Networks—Part 16: Air Interface for Broadband Wireless 
Access Systems, Amendment 3: Advanced Air Interface,.May.2011;.IEEE.802.16m-08/0034r4,.IEEE 802.16m System 
Description Document,.(http://ieee802.org/16/tgm/index.html),.December.2010.)
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scheduling.service.and.dedicated.ranging.channel.to.support.real-time.nonperiodical.applications.such.
as.interactive.gaming.

25.6.5 MAc control Messages

To.satisfy.the.latency.requirements.for.network.entry,.HO,.and.state.transitions,.IEEE.802.16m.supports.
fast.and.reliable.transmission.of.MAC.management.messages..The.transmission.of.unicast.MAC.man-
agement. messages. can. be. made. more. reliable. using. HARQ,. where. retransmissions. can. be. triggered.
by an.unsuccessful.outcome.from.the.HARQ.entity.in.the.transmitter..If.MAC.management.message.
is  fragmented. into. multiple. MAC. service. data. units,. only. unsuccessfully. transmitted. fragments. are.
retransmitted.

25.6.6 MAc Headers

IEEE.802.16m.specifies.a.number.of.efficient.MAC.headers.for.various.applications.comprising.of.fewer.
fields.with.shorter.size.compared.to.legacy.standard.generic.MAC.header.[6,10,11]..The.advanced.generic.
MAC.header.consists.of.Extended Header Indicator, FID,.and.Payload Length.fields..Other.MAC.header.
types.include.two-byte.short-packet.MAC.header,.which.is.defined.to.support.small-payload.applica-
tions.such.as.VoIP.which.is.characterized.by.small.data.packets.and.non-ARQ.connection,.Fragmentation.
extended.header,.Packing.extended.header.for.transport.connections,.MAC.control.extended.header.for.
control.connections,.and.Multiplexing.extended.header.that.is.used.when.data.from.multiple.connec-
tions.associated.with.the.same.security.association.(SA).are.encapsulated.in.a.single.MAC.protocol.data.
unit..The.structures.of.some.MAC.headers.are.shown.in.Figure.25.15.

25.6.7 ARQ and HARQ Functions

An.ARQ.block. is.generated. from.one.or.multiple.MAC.service.data.units.or. their. fragments..ARQ.
blocks.can.be.variable.in.size.and.are.sequentially.numbered..When.both.ARQ.and.HARQ.are.applied.
on.a.flow,.HARQ.and.ARQ.interactions.are.applied.to.the.corresponding.flow..If.the.HARQ.entity.in.
the. transmitter. determines. that. the. HARQ. process. was. terminated. with. an. unsuccessful. outcome,.
the HARQ.entity.in.the.transmitter.informs.the.ARQ.entity.in.the.transmitter.about.the.failure.of.the.
HARQ.burst..The.ARQ.entity.in.the.transmitter.can.then.initiate.retransmission.and.resegmentation.
of.the.appropriate.ARQ.blocks.

IEEE. 802.16m. uses. adaptive. asynchronous. and. nonadaptive. synchronous. HARQ. schemes. in. the.
downlink. and. uplink,. respectively.. The. HARQ. operation. is. relying. on. an. N-process. (multichannel).
stop-and-wait. protocol.. In. adaptive. asynchronous. HARQ,. the. resource. allocation. and. transmission.
format. for. the.HARQ.retransmissions.may.be.different. from. the. initial. transmission.. In. the.case.of.
retransmission,.control.signaling.is.required.to.indicate.the.resource.allocation.and.transmission.for-
mat.along.with.other.HARQ.necessary.parameters..A.nonadaptive.synchronous.HARQ.scheme.is.used.
in.the.uplink.where.the.parameters.and.the.resource.allocation.for.the.retransmission.are.known.in.
advance.

25.6.8 Mobility Management and Ho

IEEE. 802.16m. supports. both. network-controlled. and. MS-assisted. HO.. The. HO. procedure. may. be.
.initiated.by.either.MS.or.BS;.however,.the.final.HO.decision.and.target.BS.selection.are.made.by.the.
serving.BS..The.MS.executes.the.HO.command.as.instructed.by.the.BS.or.cancels.the.procedure.through.
HO.cancellation.message..The.network.reentry.procedure.with.the.target.BS.may.be.optimized,.if.the.
target.BS.obtains. the.MS.context. from.the.serving.BS.via.core.network..The.MS.may.also.maintain.
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.communication.with.serving.BS.while.performing.network.reentry.at.target.BS.as.directed.by.serving.
BS..Figure.25.16.illustrates.the.HO.procedure.

The.HO.procedure.is.divided.into.three.stages.(1).HO.initialization,.(2).HO.preparation,.and.(3).HO.
execution..Upon.completion.of.HO.execution,.the.MS.is.ready.to.perform.network.reentry.with.the.target.
BS..In.addition,.HO.cancellation.procedure.is.defined.to.allow.an.MS.to.cancel.an.HO.procedure.[6,10].

The.HO.preparation.is.completed.when.the.serving.BS.informs.the.MS.of.its.HO.decision.via.an.HO.
control.command..The.signaling.may.include.dedicated.ranging.resource.allocation.and.resource.preal-
locations.for.MS.at.target.BS.for.optimized.network.reentry..The.control.signaling.includes.an.action.
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Extended MAC header

MAC PDU length extension
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Flow ID (4 bits)

Flow ID (4 bits)

Length (3 bits)

Length (4 bits) Sequence number (4 bits)

Length (3 bits)

Length (8 bits)

Extended
header
(1 bit)

Extended header group length (4 bits)

Extended header content 1
(variable length)

Extended header content 2
(variable length)

Extended header group length

Extended header content 1
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Extended header content 2
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Extended header type N (4 bits) Extended header content N 
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FIGURE 25.15 Structure.of.the.IEEE.802.16m.MAC.headers..(Adapted.from.Sassan.Ahmadi,.Mobile WiMAX; 
A Systems Approach to Understanding IEEE 802.16m Radio Access Technology,.1st.Edition,.Academic.Press,.2010;.
IEEE. Std. 802.16m-2011,. IEEE Standard for Local and Metropolitan Area Networks—Part 16: Air Interface for 
Broadband Wireless Access Systems, Amendment 3: Advanced Air Interface,.May.2011;.IEEE.802.16m-08/0034r4,.
IEEE 802.16m System Description Document,.(http://ieee802.org/16/tgm/index.html),.December.2010.)
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time.for.the.MS.to.start.network.reentry.at.the.target.BS.and.an.indication.of.whether.MS.should.main-
tain.communication.with.serving.BS.during.network.reentry..If.the.data-plane.cannot.be.maintained.
between.MS.and.the.serving.BS.during.network.reentry,.the.serving.BS.stops.allocating.resources.to.MS.
for.transmission.during.action.time..If.the.MS.is.instructed.by.the.serving.BS.via.HO.control.command,.
the.MS.performs.network.reentry.with.the.target.BS.during.action.time.while.communicating.with.the.
serving.BS..However,.the.MS.stops.communication.with.the.serving.BS.after.completion.of.the.network.
reentry.with.target.BS..In.addition,.the.MS.cannot.exchange.data.with.the.target.BS.prior.to.the.comple-
tion.of.network.reentry.

25.6.9 Power Management

IEEE. 802.16m. provides. power. management. functions. including. sleep. mode. and. idle. mode. to. lower.
power.consumption.of.the.MSs..Sleep.mode.is.a.state.in.which.an.MS.performs.prenegotiated.periods.of.
absence.from.the.serving.BS..The.sleep.mode.may.be.enacted.when.an.MS.is. in.the.connected.state..
Using.the.sleep.mode,.the.MS.is.provided.with.a.series.of.alternative.listening.and.sleep.windows..The.
listening.window.is.the.time.interval.in.which.MS.is.available.for.transmit/receive.of.control.signaling.
and.data..The.IEEE.802.16m.has.the.capability.of.dynamically.adjusting.the.duration.of.sleep.and.listen-
ing.windows.within.a.sleep.cycle.based.on.changing.traffic.patterns.and.HARQ.operations..When.an.
MS.is.in.the.active.mode,.sleep.parameters.are.negotiated.between.the.MS.and.BS..The.BS.instructs.the.
MS.to.enter.sleep.mode..MAC.control.messages.can.be.used.for.sleep.mode.request/response.[6,10,11]..
The.period.of.the.sleep.cycle.is.measured.in.units.of.frames.or.superframes.and.is.the.sum.of.sleep.and.
listening.windows..During.the.MS.listening.window,.the.BS.may.transmit.the.traffic.indication.message.

MS Serving
BS

Target
BS

BS
initiated

HO AAI_HO-CMD

AAI_HO-CMD

AAI_HO-IND

Network reentry

MS–BS communication
during network reentry

AAI_HO-REQ

AAI_HO-REQ

AAI_HO-RSP

AAI_HO-REQ

AAI_HO-CMPLT

Data-plane established

AAI_HO-RSP
MS

initiated
HO
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FIGURE 25.16 IEEE.802.16m.HO.procedure..(Adapted.from.Sassan.Ahmadi,.Mobile WiMAX; A Systems Approach 
to Understanding IEEE 802.16m Radio Access Technology,.1st.Edition,.Academic.Press,.2010;.IEEE.Std.802.16m-2011,.
IEEE Standard for Local and Metropolitan Area Networks—Part 16: Air Interface for Broadband Wireless Access 
Systems, Amendment 3: Advanced Air Interface,.May.2011.)
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intended.for.one.or.multiple.MSs..The.listening.window.can.be.extended.through.explicit/implicit.sig-
naling..The.maximum.length.of.the.extension.is.to.the.end.of.the.current.sleep.cycle.[6,10].

Idle.mode.allows.the.MS.to.become.periodically.available.for.downlink.broadcast.traffic.messaging.
such.as.paging.message.without. registration.with. the.network..The.network.assigns.MSs. in. the. idle.
mode.to.a.paging.group.during.idle.mode.entry.or.location.update..The.MS.monitors.the.paging.mes-
sage.during.paging-available.interval..The.start.of.the.paging-available.interval.is.calculated.based.on.
paging.cycle.and.paging.offset..The.paging.offset.and.paging.cycle.are.defined.in.terms.of.number.of.
superframes..The.serving.BS.transmits.the.list.of.PGID.at.the.predetermined.location.at.the.beginning.
of. the.paging.available. interval..An.MS.may.be.assigned. to.one.or.more.paging.groups.. If.an.MS. is.
assigned.to.multiple.paging.groups,.it.may.also.be.assigned.multiple.paging.offsets.within.a.paging.cycle.
where.each.paging.offset.corresponds.to.a.separate.paging.group..The.MS.is.not.required.to.perform.
location.update.when.it.moves.within.its.assigned.paging.groups..The.assignment.of.multiple.paging.
offsets.to.an.MS.allows.monitoring.paging.message.at.different.paging.offsets.when.the.MS.is.located.in.
one.of.these.paging.groups..When.an.MS.is.assigned.to.>1.paging.group,.one.of.the.paging.groups.is.
called.Primary Paging Group.and.others.are.known.as.Secondary Paging Groups..If.an.MS.is.assigned.to.
one.paging.group,.that.paging.group.is.considered.the.Primary Paging Group..When.different.paging.
offsets.are.assigned.to.an.MS,.the.Primary Paging Offset.is.shorter.than.the.Secondary Paging Offsets..The.
distance.between.two.adjacent.paging.offsets.should.be.long.enough.so.that.the.MS.paged.in.the.first.
paging.offset.can.inform.the.network.before.the.next.paging.offset.in.the.same.paging.cycle.so.that.the.
network.avoids.unnecessary.paging.of.the.MS.in.the.next.paging.offset..An.MS,.while.in.paging.avail-
able.interval,.wakes.up.at.its.primary.paging.offset.and.looks.for.primary.PGID.information..If.the.MS.
does.not.detect.the.primary.PGID,.it.will.wake.up.during.its.secondary.paging.offset.in.the.same.paging.
cycle..If.the.MS.can.find.neither.primary.nor.secondary.PGIDs,.it.will.perform.a.location.update..The.
paging.message.contains.identification.of.the.MSs.to.be.notified.of.pending.traffic.or.location.update..
The.MS.determines.the.start.of.the.paging.listening.interval.based.on.the.paging.cycle.and.paging.offset..
During.paging.available.interval,.the.MS.monitors.the.superframe.header.and.if.there.is.an.indication.
of.any.change.in.system.configuration.information,.the.MS.will.acquire.the.latest.system.information.at.
the.next.instance.of.superframe.header.transmission..To.provide.location.privacy,.the.paging.controller.
may.assign.temporary.identifiers.to.uniquely.identify.the.MSs.in.the.idle.mode.in.a.particular.paging.
group..The.temporary.identifiers.remain.valid.as.long.as.the.MS.stays.in.the.same.paging.group.

An.MS.in.idle.mode.performs.location.update,.if.either.of.these.conditions.is.met:.paging.group.loca-
tion.update,.timer.based.location.update,.or.power.down.location.update..The.MS.performs.location.
update.when.it.detects.a.change.in.the.paging.group..The.MS.detects.the.change.of.paging.group.by.
monitoring. the.PGIDs,.which.are.periodically. transmitted.by. the.BS..The.MS.periodically.performs.
location.update.procedure.prior.to.the.expiration.of.idle.mode.timer..At.every.location.update.including.
paging.group.update,.the.idle.mode.timer.is.reset.

25.6.10 Security

Security. functions. provide. subscribers. with. privacy,. authentication,. and. confidentiality. across. IEEE.
802.16m.network..The.MAC.packet.data.units.are.encrypted.over.the.connections.between.the.MS.and.
BS..Figure.25.17.shows.the.breakdown.of.IEEE.802.16m.security.architecture.

The. security. architecture. is. divided. into. security. management,. encryption. and. integrity. logical.
.entities..The.security.management.functions.include.overall.security.management.and.control,.Extensible.
Authentication.Protocol.encapsulation/de-encapsulation,.privacy.key.management.(PKM).control,.SA.
management,.and.identity/location.privacy..The.encryption.and.integrity.protection.functions.include.
user.data.encryption.and.authentication,.management.message.authentication,.message.confidentiality.
protection.[6,10]..Authorization.is.a.process.where.BS.and.MS.mutually.authenticate.the.identity.of.each.
other..Authentication.is.performed.during.initial.network.entry.after.security.capabilities.and.policies.are.
negotiated..The.basic.MS.capability.negotiation.is.performed.prior.to.authentication.and..authorization..
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Reauthentication.is.performed.before.the.authentication.credentials.expire..Data.transmission.may.con-
tinue.during.reauthentication.process..In.the.legacy.system.there.is.no.explicit.means.by.which.the.iden-
tity.of.a.user.is.protected..During.initial.ranging.and.certificate.exchange,.MS.MAC.address.is.transmitted.
over.the.air,.revealing.user.identity.or.user.location.information.that.may.result.in.compromising.the.
security.aspects.of.the.system..IEEE.802.16m.incorporates.mechanisms.such.a.pseudo-identity.to.miti-
gate.this.problem..IEEE.802.16m.inherits.the.key.hierarchies.of.the.legacy.system..The.IEEE.802.16m.uses.
the.PKMv3.protocol. to. transparently.exchange.authentication.and.authorization.messages..The.PKM.
protocol.provides.mutual.and.unilateral.authentication.and.establishes.confidentiality.between.the.MS.
and.the.BS..Some.IEEE.802.16m.keys.are.derived.and.updated.by.both.BS.and.MS..The.key.exchange.
procedure.is.controlled.by.the.security.key.state.machine,.which.defines.the.allowed.operations.in.the.
specific.states..The.key.exchange.state.machine.is.similar.to.that.of.the.legacy.system.

A.SA.is.the.set.of.information.required.for.secure.communication.between.BS.and.MS..However,.the.
SA.is.not.equally.applied.to.messages.within.the.same.flow..According.to.the.value.of.MAC.header.fields,.
the.SA.is.selectively.applied.to.the.control.connections..When.a.service.flow.is.established.between.the.
BS.and.the.group.of.MSs,.it.is.considered.as.multicast.and.it.is.serviced.by.a.group.SA..The.MS.and.the.
BS.may.support.encryption.methods.and.algorithms.for.secure.transmission.of.MAC.packet.data.units..
Advanced.encryption.standard.is.the.only.cryptographic.method.supported.in.IEEE.802.16m.[6,10]..The.
legacy. system. does. not. define. confidentiality. protection. for. control-plane. signaling.. IEEE. 802.16m.
selectively.protects.the.confidentiality.of.control-plane.signaling..The.use.of.MAC.message.authentica-
tion.code.in.legacy.systems.only.proves.the.originator.of.messages.and.ensures.integrity.of.the.messages..
IEEE.802.16m.supports.the.selective.confidentiality.protection.over.MAC.control.messages..If.the.selec-
tive.confidentiality.protection.is.activated,.the.negotiated.keying.materials.and.cipher.suites.are.used.to.
encrypt.the.management.messages..Integrity.protection.is.applied.to.standalone.MAC.signaling.header.
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26.1 introduction

While. mobile. communications. have. become. ubiquitous. throughout. the. World. due. to. the. widespread.
.availability.of.cellular.networks,.wireless.access.points,.and.satellite.links,.there.is.another.set.of.wireless.
communications.systems.that.is.critical.to.our.well-being,.particularly.in.the.event.of.natural.and.man-
made. disasters.. This. chapter. is. about. the. wireless. communications. systems. used. by. Emergency. First.
Responders,.such.as.firefighters,.police,.and.other.governmental.agency.personnel..Perhaps.surprisingly,.
these.systems.are.based.on.much.more.rudimentary.communications.technologies.than.are.the..commercial.
systems.that.we.use.in.our.everyday.lives..Similar.to.military.communications.systems,.communications.
systems.for.emergency.first.responders.have.some.very.specific.special.requirements.that.are.not.available.in.
most.commercial.systems.and.we.develop.these.special.requirements.here..These.emergency.communica-
tions.systems.also.have.a.unique.evolutionary.path.that.is.far.from.what.many.consider.as.the.quite.revolu-
tionary.path.blazed.by.digital.cellular.and.other.commercial.wireless.technologies.in.the.past.25.years.[1–3].

It.is.well.known.to.the.public.that.communications.systems.relied.upon.by.the.public.often.fail.during.
natural.disasters,.as.in,.for.example,.Hurricane.Katrina,.the.Haiti.earthquake,.and.wildfires.near.urban.
areas,.wherein.switches.are.flooded,.cell.sites.are.toppled,.or.cellular.traffic.outstrips.cell.site.capacities..
What.may.be.disconcerting.is.that.emergency.first.responder.communication.systems.have.exhibited.
their.own.failure.modes,.such.as.lack.of.interoperability,.loss.of.relay.stations,.and.poor.voice.quality.due.
to.background.impairments,.and.that.these.systems.have.very.limited.capabilities.for.data,.video,.and.
other.multimedia.traffic..The.various.agencies.of.the.World.are.attempting.to.correct.these.very.serious.
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shortcomings,.but.research.and.development,.planning,.training,.equipment.options,.and.budgets.are.
all.sorely.lacking.

We.begin.our.treatment.with.an.overview.of.the.unique.requirements.of.first.responder.communica-
tions.systems.and.the.different.scenarios. that.are.envisioned.when.designing.such.systems..We.then.
provide. discussions. on. land. mobile. radio. (LMR). Systems. in. the. U.S.. and. professional. mobile. radio.
(PMR).Systems.in.Europe.and.elsewhere..We.next.turn.our.attention.to.the.planned.expansions.of.emer-
gency.responder.networks.in.the.United.States,.particularly.with.respect.to.the.broadband.nationwide.
connectivity. via. digital. cellular. LTE.. We. also. discuss. how. some. standards. bodies. are. attempting. to.
address.the.needed.capabilities..Finally,.we.outline.the.shortcomings.and.the.ongoing.challenges.in.first.
responder.communications.

26.2  Unique Requirements of emergency First 
Responder communications

An.important.point.to.realize.at.the.outset. is.that.all.public.safety.communication.problems.are.not.
equal.and.can.greatly.differ..In.recent.years,.public.safety.personnel.have.responded.to.terrorist.acts,.
hurricanes,.prairie.fires,.mountain.wildfires,.tsunamis,.earthquakes,.and.infrastructure.failures,.such.
as.the.Minneapolis.bridge.collapse.[4,5].

The.MESA.Project.recognized.the.variety.of.public.safety.responses.that.can.occur.and.created.the.
Scenario.Class.Diagram.in.Figure.26.1.to.help.in.their.classification.[6]..As.examples.of.using.this.dia-
gram,.one.can.classify.the.Minneapolis.bridge.failure.as.Urban/Disaster/Single.Spot,.whereas.a.wildfire.
in.mountainous.terrain.would.be.classified.as.Rural/Emergency/Wide.Area..Another.classification.that.
is. useful. is. time. span.. The. Minneapolis. bridge. collapse. had. intense. communications. for. a. relatively.
short.period.of.time.(a.few.hours),.whereas.a.mountainous.wildfire.can.go.on.for.days.or.weeks.and.
require.sustained,.coordinated.communications.of.all.kinds.

During. these.events,. literally.hundreds.of. responders.may.be.connected,.and.so. large. talk.groups.
must.be.supported,.plus.there.must.be.a.quick-response.push-to-talk.(PTT).capability.so.that.anyone.on.
the.call.can.comment..Another.requirement.is.for.quick.response.radio-to-radio.communications,.that.
is,. direct. communications. between. any. pair. of. first. responders.. For. voice. communications,. these.

Coverage

Wide area

Single spot

Day-by-day

Emergency
Environment

Disaster

Situation

Indoor
Urban

Rural

FIGURE 26.1 Characterization. of. emergency. scenarios.. (Adapted. from. Project. Mesa;. service. specification.
group-services.and.applications;.statement.of.requirements.executive.summary..MESA.Organizational.Partners.
(ETSI,.TIA),.2005..[Online]..Available:.www.projectmesa.org.)
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requirements.are.not.generally.available. in.commercial.digital. cellular.or.WiMAX.systems,.without.
what.is.called.“trunking.”.Trunking.means.that.the.channels.are.shared.and.usually.that.communica-
tions.must.be.handled.by.a.switch,.an.example.of.which.would.be.the.base.station/mobile.switching.
center.in.digital.cellular.systems.

Also.important.in.these.events.is.the.support.of.low.speed,.but.very.responsive,.data.communications..The.
key.term.in.characterizing.first.responder.communications,.whether.voice.or.data,.is.“mission.critical.”

A.different.type.of.requirement.that.equipment.vendors.emphasize.is.“hardening”.of.the.handsets.
and.other.first.responder.communications.equipment..That.is,.the.equipment.must.withstand.substan-
tial.amounts.of.physical.abuse.due.to.the.environments.encountered.by.first.responders..This.hardening.
requirement.spills.over.to.the.systems.themselves,.in.that.a.certain.level.of.coverage.needs.to.be.main-
tained.even.in.a.catastrophic.event..In.addition.to.the.required.level.of.geographical.coverage.that.may.
be. needed. anywhere. an. emergency. occurs,. the. coverage. must. also. include. the. capability. to. support.
unexpected.spikes.of.traffic..Of.course,.these.requirements.are.very.different.that.digital.cellular,.which.
can.easily.suffer.from.lack.of.coverage.in.some.areas.and.which.can.also.experience.dropped.or.blocked.
calls.when.cell.sites.are.saturated.with.traffic..While.these.latter.capabilities.of.coverage.wherever.needed.
and.the.ability.to.handle.sudden.spikes.of.traffic.are.often.touted.for.public.safety.communication.sys-
tems,.mission.critical.communications.by.first.responders.has.suffered.substantial.loss.of.coverage.and.
blockage.of.calls.in.many.recent.emergencies.

The.overall.view.is.that.public.safety.communication.networks.need.to.support.worst-case.situations,.
while.commercial.systems.often.operate.on.the.best.effort.premise.

26.3  conventional Land Mobile Radio in the United States

The.largest-scale.approach.to.improving.first.responder.communications.in.the.United.States.is.Project.
25.(P25),.begun.in.1988,.and.designed.around.the.then.existing.analog.FM.communications.systems..
P25.was.established. to.develop.and.standardize.digital. radio.methods. for.LMR.emergency.response.
applications.with.the.cooperation.of.the.Association.of.Public.Safety.Communications.Officials.(APCO).
and. the. Telecommunications. Industry. Association. (TIA). [7,8],. although. the. driving. force. is. APCO,.
which. is. a. group. of. vendors. without. a. government. or. organized. user. group. providing. independent.
.oversight.and.guidance.

Land.mobile.radio.in.the.United.States.has.evolved.from.a.system.based.on.narrowband.analog.chan-
nels.to.systems.based.on.digital.modulation.and.voice.compression.in.the.last.20.years..However,.the.
channelization. and. basic. problem. has. not. changed. dramatically,. and. in. fact,. it. is. very. important. to.
emergency.personnel.and.government.agencies.that.certain.functionalities.remain.intact..We.provide.
an.overview.of.the.operation.of.an.LMR.analog.system.from.which.today’s.systems.are.evolving..We.use.
Figure.26.2,.adapted.from.Reference.3,.as.the.focal.point.for.discussion.

The.transmissions.shown.in.Figure.26.2.represent.voice.conversations.transmitted.using.analog.fre-
quency.modulation.(FM).of.carrier.signals.at.the.frequencies.indicated..The.consoles.shown.represent.
dispatchers.for.the.two.frequency.groups..Direct.mode.operation.(DMO).is.also.indicated.at.the.top.of.
the.figure.at.a.different.carrier.frequency.to.avoid.interference..DMO.does.not.go.through.the.base.sta-
tion.or.switching.and.therefore.delays.are.minimal,.plus.the.individuals.communicating.using.these.
units.only.need.to.have.a.good.transmission.path.between.them,.and.do.not.have.to.have.a.good.com-
munication.link.with.the.base.stations..In.many.first.responder.communications.scenarios,.such.as.in.
tunnels.or.buildings.or.in.remote.locations,.communications.with.a.base.station.cannot.be.maintained.
but.communications.between.units.is.critically.important.

In.contrast. to. the.multiple.access. schemes.used. in.digital. cellular.or.wireless. access.points. for. the.
Internet,.the.basic.channel.access.scheme.for.conventional.LMR.is.called.“radio.discipline”;.that.is,.com-
munications.should.be.limited.to.short.voice.calls.of.6.s.duration,.and.only.information.that.is.essential.
for.personnel.safety.and.emergency.response.coordination.is.supposed.to.be.communicated..This.type.of.
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communications.using.large.talk.groups.allows.everyone.using.that.carrier.frequency.to.“be.on.the.same.
page”.but.congestion.can.occur.as.well..Users.gain.access.to.the.channel.by.push.to.talk.(PTT).[9],.and.
PTT.response.times.are.desired.to.be.on.the.order.of.less.than.a.second,.but.in.emergency.situations.with.
large.talk.groups,.it.may.be.difficult.for.a.user.to.gain.access.to.the.channel..It.is.thus.clear.that.latency.
should.be.minimal,.and.the.analog.modulation.method.does.not.add.significant.latency.in.the.processing.
of.the.voice.communications.since.the.voice.signal.directly.frequency.modulates.the.carrier.

Analog.LMR.systems.can.have.inefficient.use.of.allocated.spectrum.and.so.the.concept.of.trunking.
can.also.be.employed..Trunking. is.where.access. to.a.channel.using.PTT.is.no. longer.direct,.but. the.
request.is.submitted.through.a.control.channel.to.a.controller.for.the.allocation.of.a.frequency.for.the.
communications..If.all.goes.well,.the.delays.are.not.prohibitive,.although.the.call.initialization.has.addi-
tional.latency.compared.to.direct.PTT.access.

To.address.more.demand.for.communications.channels.and.to.incorporate.expanded.data.services.as.
well,.efforts.were.undertaken.to.move.toward.digital.communication.technologies..There.are.a.number.
of.approaches.used.for.digital.communications.in.public.safety.communications,.but.two.have.come.to.
dominate. the. first. responder. communications. space,. usually. called. “mission. critical”. applications..
These.technologies.are.associated.with.two.standards,.Project.25.and.TETRA.[10,11]..We.develop.both.
of.these.systems.in.the.following.sections.

26.4 Project 25 Land Mobile Radio in the United States

Conventional.analog.LMR.systems.do.not.necessarily.require.much.of.a.standard.since.they.consist.of.
simply.FM.transmission.of.voice.on.a.known.collection.of.frequencies..However,.the.move.to.digital.
communications.implies.a.host.of.possibilities.for.modulation.in.a.given.band,.for.ways.to.represent.the.
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voice.signal.digitally,.for.data.transmission,.and.for.system.access..Project.25.is.a.standard.established.in.
the.United.States.to.specify.the.needed.requirements..Among.the.goals.of.Project.25.are.to.maintain.the.
same.radio.channels.and.allocated.bandwidth.and.also.to.retain.the.user.experience.as.much.as.possible..
To.make.more.efficient.use.of.the.spectrum,.Project.25.also.intends.to.double.the.number.of.channels.in.
25.kHz.for.Phase.I,.that.is,.12.5.kHz.per.channel,.and.then.implement.6.25.kHz.bandwidth.channels.in.
Phase.II..Different.modulation.methods.are.used.as.these.channel.allocations.evolve.

The.overall.block.diagram.of.P25.radios.is.shown.in.Figure.26.3.[12]..Following.the.diagram,.we.see.
that.the.input.speech.undergoes.analog-to-digital.conversion.and.is.then.passed.to.a.speech.coder..This.
codec.has.to.operate.at.a.bit.rate.that.takes.into.account.the.overall.allocated.bandwidth.per.channel,.the.
additional. bits. due. to. error. control. coding,. and. the. modulation. methods. used. over. the. channel..
The speech.encoder.is.discussed.in.detail.in.a.subsequent.section..Error.control.coding.(channel.coding).
bits. are. then. appended. and. all. of. the. resulting. bits. are. sent. to. the. modulator. for. transmission.. The.
demodulator.has.the.usual.components.needed.to.recover.the.speech.signal.

For.Phase.I,.the.allocated.channel.bandwidths.are.12.5.kHz,.so.the.final.modulated.signal.must.fit.in.
this. bandwidth.. There. are. other. desirable. attributes. as. well,. such. as. ease. of. demodulation,. constant.
envelope. transmitted. signal,. and. backward. compatibility. with. analog. FM. radios.. The. modulation.
method.for.Phase.I.is.C4FM.(Compatible.4-Level.Frequency.Modulation).[2],.wherein.each.pair.of.bits.
at.the.input.to.the.modulator.have.an.assigned.frequency.deviation.from.the.carrier,.with.01.and.11.hav-
ing.+1.8.and.−1.8.kHz.deviation,.respectively,.and.00.and.10.having.+0.6.kHz.and.−0.6.kHz.deviation,.
respectively..C4FM.has.a.constant.envelope.and.therefore.does.not.require.linear.amplifiers,.which.is.a.
saving.in.cost.and.complexity..A.block.diagram.of.a.C4FM.modulator.is.shown.in.Figure.26.4..Not.illus-
trated.in.Figures.26.3.or.26.4.is.the.multiple.access.method.used.for.the.12.5.kHz.channels.within.the.
25.kHz.band..For.P25.Phase.I,.FDMA.(frequency.division.multiple.access).is.used,.thus.splitting.the.
frequency.band.in.half..The.voice.codec.used.in.P25.Phase.I.is.IMBE.at.4.4.kbits/s..The.voice.codecs.are.
discussed.in.detail.in.a.later.section.

For.P25.Phase.II,.the.modulation.methods.are.HCPM.(hybrid.continuous.phase.modulation).for.the.
uplink.(mobile.to.base).and.HDQPSK.(harmonized.differential.quadrature.phase.shift.keying).for.the.
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downlink.(base.to.mobile)..There.is.another.modulation.method.that.can.be.used.in.the.downlink.for.
simulcast.systems,.and.it.is.not.developed.here..A.block.diagram.representing.the.modulator.for.these.two.
methods.is.shown.in.Figure.26.5.[12],.where.CQPSK.is.used.to.denote.Compatible.Quadrature.Phase.Shift.
Keying.. The. differences. between. HCPM. and. HDQPSK. are. that. HCPM. has. a. constant. envelope. and.
HDQPSK.is.not.constant.envelope.(thus.requiring.linear.amplifiers).but.it.is.also.easier.to.demodulate..
HCPM.is.vulnerable.to.intersymbol.interference.in.addition.to.requiring.a.more.complex.demodulator.

The.multiple.access.method.used.for.Phase.II.is.a.combination.of.FDMA.to.obtain.the.12.5.kHz.chan-
nels.and.then.2.slot.TDMA.on.each.of.these.bands.to.obtain.the.6.25.kHz.channelization..The.voice.
codec.used.in.Phase.II.can.be.AMBE.or.AMBE+2,.both.of.which.can.operate.at.dual.rates.to.be.compat-
ible.with.the.lower.bandwidth.systems.

26.4.1 Voice codec

The.primary.need.for.first.responders.on.Land.Mobile.Radio.is.voice.communications,.and.that.was.the.
driver.for.conventional.LMR.systems..Given.the.narrow.frequency.band.allocated.to.each.channel.in.
LMR.for.digital.operation,.the.incoming.speech.must.be.sampled.and.compressed.or.coded.at.a.low.bit.
rate..For.P25.in.the.United.States,.the.codecs.used.are.the.IMBE,.AMBE,.and.AMBE+2.codecs,.all.of.
which. are. based. upon. the. Multiband. Excitation. (MBE). coding. method. [12,13].. In. P25. Phase. I,. the.
Improved.MBE,.or.IMBE,.codec.at.4.4.kbits/s.is.used.for.speech.coding.and.then.an.additional.2.8.kbits/s.
is.added.for.error.control.(channel).coding..This.7.2.kbits/s.total.then.has.other.synchronization.and.
low-speed. data. bits. incorporated. to. obtain. the. final. 9.6.kbits/s. presented. to. the. modulator.. For. P25.
Phase.II,.the.total.rate.available.for.speech.and.channel.coding.is.half.of.7.2.kbits/s.or.3.6.kbits/s,.which.
is.split.as.2.45.kbits/s.for.voice.and.1.15.kbits/s.for.channel.coding.

Block.diagrams.of.the.IMBE.encoder.and.decoder.are.shown.in.Figures.26.6a.and.b,.and.a.flow.chart.
showing.all.the.steps.in.the.calculations.is.shown.in.Figure.26.7..We.describe.the.basic.IMBE.codec.in.
the.following.

The.IMBE.vocoder.models.each.segment.of.speech.as.a.frequency-dependent.combination.of.voiced.
(more.periodic).and.unvoiced.(more.noise-like).speech..This.ability.to.mix.voiced.and.unvoiced.energy.
is.a.major.advantage.over.traditional.speech.models.that.require.each.segment.of.speech.to.be.entirely.
voiced.or.unvoiced..This.flexibility.gives.the.IMBE.vocoder.higher.voice.quality.and.more.robustness.to.
background.noise.

The.IMBE.encoder.estimates.a.set.of.model.parameters.for.each.segment.of.the.incoming.speech.signal,.
which.consists.of.the.speaker.pitch.or.fundamental.frequency,.a.set.of.Voiced/Unvoiced.(V/UV).deci-
sions,.which.are.used.to.generate.the.mixture.of.voiced.and.unvoiced.excitation.energy,.and.a.set.of.spec-
tral.magnitudes,.to.represent.the.frequency.response.of.the.vocal.tract..The.encoder.computes.a.discrete.
Fourier.transform.(DFT).for.each.segment.of.speech.and.then.analyzes.the.frequency.content.to.extract.
the.model.parameters.for.that.segment..These.model.parameters.are.then.quantized.into.88.bits,.and.the.
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resulting.voice.bits.are.then.output.as.part.of.the.4.4.kbps.of.voice.information.produced.by.the.IMBE.
encoder.

After.error.control.decoding.to.try.and.correct.any.bit.errors.that.were.introduced.during.the.wireless.
transmission,.the.IMBE.decoder.reproduces.analog.speech.from.the.decoded.4.4.kbps.digital.bit.stream.
that.is.remaining..In.particular,.the.model.parameters.for.each.segment.are.decoded.and.these.param-
eters.are.used.to.synthesize.both.a.voiced.signal.and.an.unvoiced.signal..The.voiced.signal.represents.the.
periodic.portions.of.the.speech.and.is.synthesized.using.a.bank.of.harmonic.oscillators..The.unvoiced.
signal. represents. the. noise-like. portions. of. the. speech. and. is. produced. by. filtering. white. noise.. The.
decoder.then.combines.these.two.signals.and.passes.the.result.through.a.digital-to-analog.converter.to.
produce.the.analog.speech.output.

DVSI.has.developed.a.Half-Rate.(3.6.kbps).vocoder.that.has.been.proposed.for.use.in.P25.Phase.2..
Designed. as. an. extension. of. the. current. 7.2.kbps. IMBE. vocoder. used. in. P25,. DVSI’s. new. Half-Rate.
vocoder.operates.at.a.net.bit.rate.of.2.45.kbps.for.voice.information.and.a.gross.bit.rate.of.3.6.kbps.after.
error.control.coding..This.represents.a.50%.reduction.in.bit.rate.as.compared.with.the.current.7.2.kbps.
IMBE.vocoder.used.in.P25.Phase.1.

DVSI.has.also.introduced.new.Enhanced.Vocoders.for.P25.based.on.DVSI’s. latest.AMBE+2.Vocoder.
technology..These.Enhanced.Vocoders.are.backward.compatible.with.both.the.standard.P25.Full-Rate.and.
proposed.Half-Rate.vocoders,.while.providing.improved.voice.quality,.better.noise.immunity,.tone.capabil-
ity,.and.other.new.features..The.Enhanced.Vocoders.significantly.improve.the.voice.performance.of.the.P25.
system,.while.facilitating.the.migration.and.interoperability.between.new.and.existing.P25.equipment.
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For.the.particular.application.of.interest,.four.characteristics.of.the.voice.codec.must.be.considered.
carefully:.(1).Coded.speech.quality.and.intelligibility.at.the.codec.operating.rate,.(2).Codec.performance.
when.the.input.speech.is.contaminated.by.noise.or.the.codec.is.operating.in.a.very.noisy.environment,.
(3).codec.interoperability.with.other.networks,.which.directly.involves.how.the.voice.codec.performs.for.
tandem.coding.with.the.codecs.in.the.other.networks,.and.(4).complexity.of.the.voice.codec,.since.a.
lower.complexity.translates.into.reduced.power.consumption.for.the.mobile.device.and.also.reduced.
cost.of.the.mobile.device.
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First,.there.is.the.issue.of.coded.speech.quality.and.intelligibility.at.the.chosen.bit.rate..For.a.bit.rate.
in.the.range.of.4–4.8.kbit/s,.the.IMBE/AMBE.set.of.codecs.achieve.an.MOS.of.3.5–3.8.for.clean.speech.
input.[14]..Since.the.IMBE/AMBE.codecs.are.proprietary.to.Digital.Voice.Systems,.Inc..(DVSI),.these.
codecs. are. much. less. studied. than. other. voice. codecs,. and. so. firmly. establishing. the. MOS. values.
achieved.by.these.codecs.is.somewhat.difficult..DVSI.only.tests.these.codecs.infrequently.and.the.results.
are. not. widely. nor. clearly. documented. and. disseminated.. The. scores. for. the. IMBE/AMBE. codec. as.
quoted.by.the.vendor.are.quite.good.for.the.operating.bit.rate;.however,.the.MOS.values.shown.for.other.
voice.coding.methods.in.comparison.with.the.IMBE.codecs.appear.low.compared.to.the.values.obtained.
in.many.other.independent.tests.

Codec.performance.in.a.noisy.environment.is.quite.different.than.for.clean.speech,.and.this.is.where.
the.IMBE/AMBE.codec.shave.been.shown.to.be.very.poor.performers.by.tests.done.by.the.Institute.for.
Telecommunications.Sciences.under.the.auspices.of.the.U.S..Department.of.Commerce.and.by.the.expe-
rience.of.firefighters.in.the.field.[14]..The.IMBE/AMBE.vocoder.has.good.clear.speech.performance.for.
its. low.bit.rate,.but.it. is.known.to.perform.extremely.poorly.for.noisy.(PASS.alarms,.chainsaws,.etc.).
input.speech.and.speech.from.inside.a.mask.(Self-Contained.Breathing.Apparatus.(SCBA).that.is.essen-
tial.in.firefighting).[14,15]..No.fixes.have.been.put.forward.to.address.this.issue.except.to.require.addi-
tional.training.for.users..Further,.the.IMBE/AMBE.vocoder.has.not.been.fully.tested.in.tandem.voice.
communications.connections.that.require.transcoding.at.network.interfaces,.such.as.will.be.necessary.
when.voice.communications.enters.the.LTE.network.[16–18].

The.LMR.codecs.are.standardized.for.the.LMR.application,.and.INMARSAT,.but.not.for.commercial.
VoIP.or.digital. cellular. systems. [17,19]..Therefore,.when.voice.communications. is. set.up.between.an.
individual.on.an.LMR.connection.and.someone.on.a.digital.cellular.system.such.as.LTE,.the.voice.must.
be.decoded.at.the.network.interface.and.then.recoded.with.the.codec.available.in.the.other.handset..This.
is.called.tandem.coding.and.tandem.coding.degrades.quality.substantially,.adds.latency,.and.increases.
system.complexity..Since.the.IMBE/AMBE.codecs.do.not.tandem.well.with.other.standardized.codecs,.
this.is.a.serious.issue.for.voice.communications.outside.of.a.public.safety.LMR.network.

Voice.codec.complexity.is.important.in.the.LMR.environment.because.of.cost,.battery.power.usage,.
and. battery. weight.. The. IMBE/AMBE. codecs. are. somewhat. complex,. and. it. would. be. preferable. to.
employ.a.voice.codec.that.exhibits.minimal.complexity.both.in.terms.of.battery.power.usage.and.cost.

26.5  Professional Mobile Radio in europe

The.standard.used.for.first.responder.communications.in.Europe.and.the.United.Kingdom.is.TETRA,.
originally.Trans.European.Trunked.Radio.but.now.Terrestrial.Trunked.Radio,.and.TETRA.includes.a.
comprehensive.set.of.standards.for.the.network.and.the.air.interface..TETRA.was.created.as.a.standard.
for.a.range.of.applications.in.addition.to.public.safety..TETRA.operates.on.25.kHz.channel.spacing.and.
is.a.fully.digital.system.based.on.four.timeslot.TDMA.to.yield.the.6.25.kHz.channels..No.analog.mode.
of.operation.is.available.and.there.is.no.backward.compatibility.with.conventional.analog.systems..The.
modulation.method.used.is.π/4.shifted.Differential.Quaternary.Phase.Shift.Keying.(π/4.DQPSK),.which.
does.not.have.a.constant.envelope..As.a.result,.linearity.in.the.transmitters.and.receivers.is.necessary..
The.symbol.phase.transitions.are.shown.in.Figure.26.8..The.symbol.shaping.at.the.transmitter.is.square.
root.raised.cosine.shaping.with.a.0.35.roll.off.factor.[10,11].

For.TETRA,.the.voice.codec.is.based.on.code.excited.linear.prediction.(CELP).and.the.speech.is.coded.
at.4.567.kbits/s,.or.alternatively,.if.the.speech.is.coded.in.the.network.or.in.a.mobile.handset,.the.AMR.
codec.at.4.75.kbits/s.is.used.[20]..Block.diagrams.of.the.TETRA.encoder.and.decoder.are.shown.in.Figures.
26.9a.and.b,.respectively..Although.it.has.been.stated.in.some.publications.that.the.TETRA.codec.is.older.
than.the.MBE.codecs,.the.CELP.structure.is.much.newer.and.more.widely.studied.and.evaluated.than.the.
MBE.class.of.codecs..Comparing.the.block.diagrams.of.the.IMBE.codec.in.Figure.26.6.and.the.TETRA.
codec.in.Figure.26.9,.it.is.immediately.evident.that.these.are.two.very.different.approaches.to.speech.
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coding..The.TETRA.codecs.achieve.MOS.values. in.the.3.25–3.5.range.for.clean.speech..The.TETRA.
codecs,.although.they.use.a.very.different.coding.method.than.IMBE,.are.also.expected.to.be.vulnerable.
in.high-noise.environments,.especially.at.the.low.rates.used.in.TETRA.

The.algorithmic.delay.of.the.TETRA.voice.codec.is.30.ms.plus.an.additional.5.ms.look.ahead..Such.a.
delay.is.not.prohibitive,.but.a.more.thorough.calculation.in.the.standard.estimates.an.end-to-end.delay.
of.207.2.ms,.which.is.at.the.edge.of.what.may.be.acceptable.for.high-quality.voice.communications..A.
round.trip.delay.near.500.ms.is.known.to.cause.talkers.to.talk.over.the.user.at.the.other.end,.thus.caus-
ing.difficulty.in.communications,.especially.in.emergency.environments.[10,11].

The.complexity.of.the.TETRA.codecs.has.been.carefully.studied,.with.the.encoder.complexity,.includ-
ing.operations,.ROM,.and.RAM.factors,.calculated.as.11.923.MOPS.and.with.the.decode.complexity.
calculated.as.5.383.MOPS.

26.5.1 Broadband Backbone in the United States: Lte

To.address.the.perceived.need.for.high-speed.data.and.video.services,.a.National.Broadband.Plan.(NBP).
was.released.by.the.FCC.to.provide.for.the.creation.and.establishment.of.a.nation-wide.interoperable.
public.safety.network..The.NBP.utilizes.the.3.GPP.Long-Term.Evolution.(LTE).technology.[16].

By.adopting.LTE.for.the.nationwide.interoperable.broadband.emergency.network,.the.FCC.hopes.to.
leverage.a.widely.deployed.standard.and.to.save.network.installation.costs.by.exploiting.the.efforts.of.
commercial. entities.. By. giving. high. priority. to. emergency. communications. on. commercial. LTE. net-
works,.connectivity.can.theoretically.be.provided.during.critical.emergencies..Thus,.LTE.provides.the.
broadband. data. while. LMR/PMR. continues. to. provide. voice. communications. for. first. responders..
However,.this.dual.LTE/P25.approach.ignores.several.subtle.but.potentially.crippling.future.problems..
One.subtle.limitation.is.that.current.LTE.networks.are.data.only.in.that.voice.over.IP.will.not.be.available.
for.sometime.[16]..Until.VoIP.is.available,.voice.will.be.carried.separately.over.2.and.3.G.digital.cellular..
Additionally,.future.LTE.VoIP.will.require.transcoding.at.network.interfaces.with.any.LMR.connection.
[16],.since.LTE.does.not.support.the.LMR.specified.IMBE/AMBE.vocoder..Further,.transcoding.experi-
ments.of.IMBE/AMBE.with.the.projected.(but.not.standardized).LTE.AMR.codec.[16],.have.not.been.
performed..Transcoding.of.the.IMBE/AMBE.vocoder.with.2.and.3.G.codecs.has.similarly.not.been.tested..
Such.transcoding.can.yield.a.substantial.drop.in.voice.quality.and.clarity,.even.under.ideal.conditions.

LTE.and.LMR.are.also.poorly.matched.in.that.LMR.has.been.a.voice.centric.service.emphasizing.low.
latency.push-to-talk.(PTT).and.group.talk.services.where.the.group.size.may.be.100.or.more.[9]..These.

π/2

π

π/4

–π/4

–π/2

–3π/4

3π/4

0

FIGURE 26.8 Symbol.transitions.in.π / 4.DQPSK.



523Land Mobile Radio and Professional Mobile Radio

Unquantized LPC analysis
quantization

and interpolation

Open loop
pitch

analysis

(a)

Past
excitation

Adaptive
codebook

Algebraic
codebook

T0

T

k

gp

gc

Perceptual
weighting

LPC info
Short-term
synthesis

filter

Perceptual
weighting

MSE search

Gain VQ
Gains
Pitch delay (T)
Codebook index (k)

M
ultiplex

Digital
output

LPC info

Input
speech

LPC info

+ +
–

Algebraic codebook index(b)

Pitch delay

Gain prediction
and VQ

Past
excitation

Adaptive
codebook

Long-term synthesis filter

Algerbaic
codebook

+

T gp LPC info

Short-term
synthesis filter

Output
speech

Digital
input

Gains

D
em

ultiplex

gck

FIGURE 26.9 Block.diagrams.of.the.TETRA.voice..(a).Encoder.and.(b).Decoder..(Adapted.from.ETSI,.Terrestrial.
trunked.radio.(TETRA);.speech.codec.for.full-rate.traffic.channel;.part.2:.TETRA.codec,.ETSI EN 300-395-2 V1.3.1,.
2005.)



524 Mobile Communications Handbook

offerings.are.not.easily. supported.by.LTE. today..The.support.of.peer-to-peer.voice.communications,.
called.Direct.Mode.Operation.(DMO),.without.the.use.of.a.base.station.or.other.trunking.infrastructure.
is.particularly.important.and.this.has.not.been.addressed.by.the.LTE.broadband.network.proposal.[9].

These.LTE-based.systems.only.provide.broadband.backbone.services,.not.voice,.and.do.not.address.
the.serious.shortcomings.of.current.LMR/PMR.systems,.including.limited.interoperability,.poor.voice.
quality.in.disaster.scenarios,.and.restrictive.coverage.in.remote.locations.and/or.where.infrastructure.
has.been.damaged.[21,22]..In.addition,.the.proposed.national.broadband.network.based.on.LTE.is.not.
designed. to. the. high-reliability. performance. standards. and. rapid. response. requirements. of. mission.
critical.applications,.is.not.hardened.to.natural.disasters,.is.not.available.in.remote.locations.and.is.not.
easily.portable.and.reconfigurable[16].

Therefore,.the.evolving.public.safety.communications.network.consists.of.two.silo.communications.
networks,.LMR.for.first.responders.and.commercial.LTE.for.the.national.broad.network..The.plan.is.to.
“duct.tape”.these.two.silos.together.at.the.IP.network.layer..One.concept.for.combining.LMR.and.LTE.
broadband.is.shown.in.Figure.26.10.[23]..The.combination.of.these.two.silos.is.not.seamless,.and.each.silo.
has.significant.limitations.for.the.planned.tasks..First,.LMR.has.well-known.serious.drawbacks,.includ-
ing.poor.voice.quality.in.high-noise.environments.and.with.breathing.masks,.the.number.of.direct.mode.
calls.(peer-to-peer).on.one.channel.using.TDMA.is.limited.to.one,.the.LMR.codecs.are.not.interoperable.
with.other.wireless.networks.or.with.other.public.utility.communications.such.as.an.electrical.utility,.and.
no.broadband.coverage..The.commercial.LTE.networks.are.designed.for.an.entirely.different.set.of.appli-
cations.and.do.not.support.the.standard.direct.mode.voice,.talk.group.voice.fast.call.set.up.using.push.to.
talk.(PTT),.high.reliability,.and.rural.coverage.that.is.needed.for.emergency.first.responders.

26.5.2 evolution

There.have.been.plans.for.some.time.to.continue.to.develop.the.LMR.standards.in.the.United.States,.
perhaps.combining.them.in.some.way.with.TETRA..There.is.also.a.Project.34.effort.that.has.been.in.
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planning.for.a.number.of.years..The.hope.is.to.eventually.extend.broadband.data.services.and.video.to.
LMR,.while.still.maintaining.the.key.voice.communications.features.of.LMR.such.as.DMO.and.PTT.
with.large.talk.groups.

The.market.for.LMR.and.PMR.is.no.more.than.10%.of.that.for.digital.cellular.and.other.commercial.
wireless.services,.so.the.competition.of.the.marketplace.has.not.worked.well.here..The.several.long.time.
system.vendors.and.one.voice.codec.vendor.continue.to.dominate.the.market.without.significant.com-
petition.in.the.United.States..The.TETRA.system.in.Europe.is.more.extensively.investigated.and.stan-
dardized,.plus.there.are.compatibilities.with.GSM.digital.cellular.systems.that.make.TETRA.at.least.a.
“more.vetted”.system.than.LMR.in.the.United.States.

There. are. efforts. in. some. countries. without. LMR. or. PMR. to. develop. such. systems. based. on.
WiMAX. technologies.. Indeed,. highly. mobile. WiMAX. systems. are. being. proposed. in. the. United.
States.in.order.to.address.catastrophic.failures.in.emergencies.or.to.extend.broadband.coverage.to.
remote.areas.
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27.1 introduction

With.the.advent.of.the.CD.(compact.disc).and.higher-quality.distribution.channels.for.music,.the.need.for.
radio.broadcasting.of.digital.audio.with.CD.or.CD-like.quality.arose..One.immediate.problem.for.enabling.
such.radio.broadcasting.services.was.limited.radio.bandwidth..The.CD.format.uses.PCM,.which.requires.
a.bit.rate.of.about.1.3.Mb/s.for.stereo..Thus,.for.successful.digital.audio.broadcasting,.efficient.high-quality.
audio.compression.was.required..Since.people.listen.to.radio.predominantly.in.cars.and.not.so.much.at.
home,.another.requirement.was.reliable.delivery.to.moving.receivers.in.cars.and.on.high-speed.trains.

Digital.Audio.Broadcasting. (DAB). is.more.spectrally.efficient. than.analog.FM.. In.addition. to. the.
improved.quality.requirements,.this.spectral-efficiency.advantage.of.digital.over.analog.was.one.of.the.
driving.forces.behind.the.development.of.DAB..The.increased.spectral.efficiency.of.digital.transmission.
(with.respect.to.analog.FM).effectively.means.that.a. larger.number.of.radio.programs.can.be.broad-
casted.over.a.given.bandwidth..Another.key.advantage.was.the.flexibility.in.transmission.offered.by.the.
digital.technology..Thus,.auxiliary.services.(data.services).can.be.obtained.in.addition.to.high-quality.
audio..Examples.of.such.services.are.traffic.information,.weather.information,.stock.quotations,.image.
and.even.video.services,.and.so.on.

The.first.system.that.was.developed.was.the.European.Eureka-147.or.DAB.system..The.term.DAB.is.
used.as.a.general.term.for.digital.audio.broadcasting.and.it.is.also.used.as.a.synonym.for.Eureka-147..It.
was.an.all.digital.system.and.required.new.spectrum..The.European.Broadcasting.Union.(EBU).played.
a.leading.role.in.the.development.of.Eureka-147..The.system.was.launched.in.many.European.countries,.
with.mixed.success,.and.was.also.adopted.by.some.countries.outside.Europe..A.key.disadvantage.with.
DAB.is.“old”.audio.coding.(audio.compression).technology,.which.leads.to.poor.spectral.efficiency.and.
far.from.optimum.audio.quality..A.new.more.efficient.version,.DAB+.has.recently.been.developed..This.
system.utilizes.more.efficient.audio.coding.technology.at.lower.bit.rates..Unfortunately,.it.is.not.back-
ward.compatible.with.DAB.
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In.the.United.States,.digital.audio.broadcasting.developed.along.a.different.path..Since.no.new.spec-
trum.was.allocated.for.this.service,.it.was.difficult.if.not.impossible.to.adopt.the.all-digital.Eureka-147.
system..Instead,.new.“in-band”.systems.were.developed.for.both.the.FM.and.AM.bands..The.broadcast-
ers.wanted.an.evolutionary.path.with.initially.hybrid.systems.with.a.digital.service.added.to.the.existing.
analog.FM.and.AM.broadcasting.services..In.the.future,.the.analog.transmission.would.be.abandoned,.
freeing.bandwidth.for.additional.digital.services,.including.not.only.extra.music.and.talk.show.chan-
nels,.but.also.multichannel.audio.and.data.broadcasting.services..The.technical.name.for.these.systems.
was.hybrid.IBOC.(in.band.on.channel).and.all.digital.IBOC,.both.for.the.FM.and.AM.bands..There.is.
now.digital.audio.broadcasting.services.in.all.states.in.the.US,.referred.to.as.HD.Radio.(high.definition.
radio)..Companies.like.Lucent.Digital.Radio,.and.USA.Digital.Radio,.later.merging.into.iBiquity.Digital.
Corp.,.played.a.major.role.in.the.development.of.digital.audio.broadcasting.in.the.United.States..HD.
Radio.is.currently.available.throughout.the.US.and,.although.the.technology.was.solely.developed.for.
the.US.market,.it.is.now.being.considered.and.tested.in.many.other.countries.all.over.the.world..IBOC.
yields.increased.spectral.efficiency.and.the.flexibility.in.terms.of.providing.a.backward.compatible.way.
to.augment.existing.systems.with.data.services.

In.a.separate.development,.the.Digital.Radio.Mondiale.(DRM).consortium,.has.developed.systems.
for.digital.shortwave.broadcasting.as.well.as.systems.for.the.AM.and.FM.band.transmission.of.digital.
audio.including.hybrid.schemes.

In.parallel,.there.has.also.been.a.convergence.with.digital.cellular..Systems.like.MBMS.(Multimedia.
broadcasting.multicast.services).have.been.developed.both.for.3G.CDMA.and.for.OFDM.LTE.4G.as.well.
as.MediaFLO.and.DVB-H..Finally,.other.systems.worth.mentioning.include.DMB.in.Korea.and.China,.
and.audio.as.part.of.digital.video.broadcasting.systems.like.ISDB.in.Japan.and.DVB-H.

MBMS. is. a. digital. audio. broadcasting. system. integrated. into. a. cellular. system.. Thus,. low-power.
transmitters.are.used.with.small.cells..In.contrast,.all.the.other.terrestrial.systems.mentioned.above,.
including.HD.Radio.and.Eureka-147,.as.well.as.traditional.analog.FM.and.AM,.use.high-power.trans-
mitters.and.tall.towers.with.large.cells..The.MBMS.system.uses.only.one.radio.receiver.for.cellular.and.
broadcasting.while.the.other.systems.use.two.separate.receivers.for.cellular.and.broadcasting.

In.a.different.development,.digital.satellite.audio.broadcasting.systems.were.developed.for.the.United.
States..CD. Radio,. later.Sirius,. and.XM. Satellite. Radio. were. licensed.and. they.developed. similar. but.
somewhat.different.technologies..Sirius.uses.geosynchronous.satellites.and.fewer.terrestrial.gap.filters.
while.XM.uses.geostationary.satellites.and.a.large.number.of.gap.filters..Later.the.two.companies.merged.
into.one.company,.Sirius.XM..The.business.model.is.pay.radio.services.with.coverage.throughout.the.48.
contiguous.US.states..The.service.is.also.available.in.countries.south.of.the.United.States.and.in.Canada.

What.does.the.future.hold?.There.is.obviously.the.option.of.using.(existing).high-quality.audio.coding.
schemes.yielding.superior.quality.to.CD.quality..However,.it.is.not.clear.as.to.whether.or.not.this.is.a.viable.
option,.since.it.requires.an.increase.in.source.bit.rates.and.thus.its.bandwidth.requirements..Multichannel.
stereo.(spatial.audio,.surround.sound).could.be.of.interest.for.broadcasting.in.the.future..In.the.further.
convergence.with.cellular.and.wireless.broadband,.internet.radio.with.a.very.large.number.of.programs.is.
gaining.increasing.support,.especially.with.the.increasing.use.of.smart.phones..This.case.represents.an.
example.where.unicasting.services.are.instead.providing.services.traditionally.provided.by.broadcasting.

In.the.remainder.of.this.chapter.we.give.a.brief.technical.description.of.many.of.the.systems.men-
tioned.in.the.introduction.

27.2 eureka-147, DAB, and DAB+
Eureka-147.was.an.EU.(European.Union).research.project.that.produced.a.digital.audio.broadcasting.
standard.in.the.1980s.with.a.start.in.1981..The.first.commercial.broadcasts.took.place.in.1995.in.the.
United.Kingdom..This.system.is.often.referred.to.as.DAB,.[F02]..ETSI.produced.the.original.specifica-
tion.for.DAB,.[ETSI_1]..DAB.later.evolved.into.DMB.(Digital.Multimedia.Broadcasting),.[wDAB].and.
DAB+,. [ETSI_2].. DAB,. DAB+,. and. DMB. are. currently. in. operation. in. many. countries. in. Europe,.
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Canada,.China,.Korea,.and.Australia,.[wikiDAB]..DAB,.DMB,.and.DAB+,.are.all-digital.systems.for.
audio.broadcasting.in.new.frequency.bands..Here.we.focus.on.audio.services,.although,.in.the.case.of.
DMB.and.DAB+,.there.is.also.video.broadcasting.

The.DAB.system.uses.a.wideband.transmission.technology.format.in.Band.III.(174–240.MHz).and.
the.L.Band.(1452–1492.MHz).although.in.principle.the.scheme.allows.operation.almost.on.any.band.
above.30.MHz..DAB.offers.a.number.of.modes,.allowing.different.countries.to.use.different.modes.and.
various.frequency.bands.

The.original.DAB.format.uses.the.MPEG-1.Audio.Layer.2.audio.coder..This.is.also.referred.to.as.MP2,.
[F02]..At.192.kb/s.it.provides.less.than.adequate.audio.quality.at.this.high.bit.rate.due.to.the.fact.that.this.
audio.coder.represents.“old”.technology.today..In.contrast,. the.new.DAB+.system.uses.the.HE-AAC.
version. 2. Audio. Codec. (AAC+),. [wikiHEAAC,wikiAAC].. This. audio. coder. yields. very. good. stereo.
audio.quality.at.64.kb/s.

The. DAB. system. uses. punctured. convolutional. codes. with. unequal. error. protection. (UEP),.
[LC04,C91]..Parts.of.the.bit.stream.are.provided.with.higher.levels.of.error.protection.than.others,.to.
account. for. the. fact. that. audio. quality. is. much. more. sensitive. to. errors. on. those. bits,. [ETSI_1]..
Interleaving.is.used.to.spread.out.the.effect.of.burst.errors.and.thereby.improve.the.performance.of.the.
decoder..In.the.new.DAB+,.an.additional.layer.of.Reed.Solomon.outer.nonbinary.block.coding.is.also.
used.for.improved.error.protection,.[ETSI_2].

The.modulation.system.used.in.DAB.is.orthogonal.frequency.division.multiplexing.(OFDM).with.
differential.quaternary.phase.shift.keying.(DQPSK),.[ETSI_1]..The.OFDM.format.is.used.today.in.many.
mobile.applications.(like.cellular.4G.advanced.LTE),.[D08]..DAB.was.actually.pioneering.the.use.of.this.
technique..No.equalization.is.used.to.compensate.for.multipath.propagation.effects..As.an.example,.in.
Transmission.Mode.I,.1536.sub-carriers.(tones).are.transmitted.in.parallel..The.overall.OFDM.symbol.
duration.is.1.246.ms.and.the.cyclic.prefix.is.246.μs.

With.OFDM,.DAB.can.use.the.concept.of.a.Single.Frequency.Network.(SFN),.[ETSI_1]..This.is.equiv-
alent.to.a.frequency.reuse.factor.of.1..(In.contrast.analog.FM.has.a.frequency.reuse.factor.of.15!)..With.
SFN,.the.spectral.efficiency.is.dramatically.improved..Provided.that.the.transmission.delays.for.signals.
from.different.transmission.antenna.towers.are.within.the.cyclic.prefix.length,.OFDM.can.resolve.this.
multipath,.[D08],.and.actually.readily.exploit.it.to.provide.macro.diversity.

The.services.provided.by.DAB.and.DAB+.include.primary.services,.such.as.audio.for.main.radio..stations,.
but.also.secondary.services,.including.sports.commentaries,.data.services,.video,.etc.,.[ETSI_1,.ETSI_2]..
The.older.DAB.standard.is.not.forward.compatible.with.the.new.DAB+,.[ETSI_1,.ETSI_2].

The.minimum.bandwidth.of.Eureka-147.in.Mode.1.is.1.536.MHz.with.1586.tones..The.typical.system.
uses.a.multiple.of.such.1.536.MHz.bands..Each.such.band.carries.a.multitude.of.audio.channels.in.a.
TDM.format,.[wikiDAB]..The.typical.single-frequency.network.Eureka-147.system.has.a.signal.delay.of.
about.2.seconds.[wikiDAB].

Countries.where.DAB,.DAB+,.and.DMB.are.in.use.(in.2011).include.Canada,.Singapore,.Australia,.
China,. South. Korea,. Taiwan,. Sweden,. Denmark,. Norway,. United. Kingdom,. Germany,. Switzerland,.
Netherlands,.Belgium,.Spain,.Portugal,.Monaco,.Greece,.and.Croatia,.[wikifDAB]..It.is.interesting.to.
note.that.a.number.of.countries.are.in.a.category.labeled.“DAB.no.longer.in.use,”.among.them.Finland..
It.is.also.worth.noting.that.in.Sweden.DAB.had.nationwide.coverage.just.a.few.years.ago..Today.(2011),.
however,.DAB.is.only.available.in.four.large.cities.while.the.transmitters.in.the.rest.of.the.country.have.
been.switched.off,.due.to.low.listener.rates..The.future.is.indeed.uncertain.

27.3  HD-Radio, iBoc-FM, HiBoc-FM, iBoc-AM, 
and HiBoc-AM

The.development.of.the.digital.audio.broadcasting.in.the.United.States.took.a.distinctly.different.path.
from.the.one.in.Europe..In.contrast.to.Europe.where.new.frequency.bands.were.provided.for.digital.
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audio.broadcasting,.no.new.frequency.spectrum.was.allocated.for.this.service.in.the.United.States..
Therefore,.adopting.a. standard. like.Eureka-147.would.have.been.difficult,. if.not. impossible,. in. the.
United. States.. Furthermore,. broadcasters. also. requested. a. digital. audio. broadcasting. system. for.
replacing/upgrading.analog.AM.radio..The.services.provided.by.AM.radio.have.a.significantly.large.
market.in.the.United.States,.in.contrast.to.Europe,.and.Eureka-147.offered.no.solutions.for.the.AM.
band.

A.standardization.effort.started.in.the.1990s.to.develop.systems.in.the.existing.FM.and.AM.bands..
These.were.labeled.In.Band.on.Channel,.or,.IBOC.systems..The.idea.was.to.first.keep.the.analog.signal.
and.add.a.digital.audio.signal.in.a.hybrid.in.band.on.channel.system.both.for.FM.and.AM..In.the.future.
a.migration.to.an.all-digital.system.in.both.the.FM.and.AM.bands.would.take.place.by.closing.down.the.
analog.transmission.and.utilizing.the.freed-up.spectrum.for.providing.additional.digital.programming..
Other.systems. like.IBAC.(in.band.adjacent.channel). schemes.were.also.explored,. involving.a.hybrid.
system.with.a.digital.signal. in. the.channel.adjacent. to. the.host.analog.FM..The.IBOC.schemes.were.
however.preferred.

The.commercial. label. for. these.systems. is.High-Definition.Radio.(HD.Radio)..Currently. (in.2011).
both.services. in.the.FM.and.AM.bands.are.offered.throughout. the.United.States.and.a.multitude.of.
radios.are.available..Several.car.manufacturers.have.been.offering.HD.radio.as.an.option.

The.requirements. for. digital. audio. broadcasting. were. stereo.CD-like.quality. in. the.FM. band.and.
stereo.analog.FM.quality.in.the.AM.band.with.coverage.for.the.digital.systems.comparable.to.that.of.the.
analog.transmission..Thus.far.(in.2011),.only.hybrid.systems.are.in.use,.but.both.the.FM.and.AM.band.
systems.have.transmission.modes.that.include.all-digital.IBOC.modes,.[wIBQ,wIBQ_P,wIBQ_J],.that.is,.
both.IBOC-FM.and.IBOC-AM.systems.

Early.contributors.to.the.standardization.efforts.were.AT&T.and.later.Lucent.Digital.Radio,.as.well.as.
CBS/Westinghouse.and.USA.Digital.Radio..Lucent.Digital.Radio.and.USA.Digital.Radio.later.merged.
to.form.iBiquity.Digital.Corporation,.[wIBQ].

Federal.Communications.Commission.(FCC).emission.masks.for.FM.and.AM.regulate.the.emission.
levels.allowed.from.an.analog.FM.and.AM.station.[wFCC]..This.combined.with.allowed.interference.
levels.for.co-channel.and.adjacent.channels.form.the.bases.for.the.IBOC.designs..In.North.America,.
carrier.separations.of.multiples.of.200.kHz.are.used.in.the.FM.band.and.multiples.of.10.kHz.are.used.in.
the.AM.band.(these.numbers.are.different.in,.e.g.,.Europe)..The.digital.signal.is.added.to.the.analog.FM.
signal.in.a.frequency.multiplexing.fashion.at.a.lower.level.(25.dB.below.the.host.analog.FM.signal).on.
both.sides.of.the.analog.FM.spectrum..In.particular,.letting.fc.denote.the.carrier.frequency.of.the.host.
analog. FM. signal,. the. digital. signal. is. added. over. bands. spanning,. for. example,. the. spectrum. from.
fc.−.200.kHz.to.fc.−.130.kHz,.and.from.fc.+.130.kHz.to.fc.+.200.kHz,.[wIBQ_P].

A.similar.arrangement.is.being.made.for.AM.over.the.fc.−.15.kHz.to.fc.+.15.kHz.band,.with.the.analog.
AM.occupying.the.middle.of.the.spectrum..There.is,.however,.one.conceptual.difference.between.the.
AM.and.FM.systems..In.particular,.unlike.the.FM.case.where.the.digital.signal.is.added.at.the.edges.of.
the.spectrum,.in.the.AM.case.the.analog.AM.signal.is.transmitted.simultaneously.with.the.digital.signal.
in.the.center.of.the.fc.−.15.to.fc.+.15.kHz.band,.since,.in.the.AM.case,.the.digital.signal.also.occupies.the.
center.of.the.band.together.with.the.host.analog.AM.signal..This.is.straightforward.to.do.in.the.case.of.
analog.AM,.since.AM.amounts.to.linear.modulation..In.principle.it.can.also.be.done.with.nonlinear.
analog. FM,. but. it. requires. more. complex. receiver. structures,. [PS08,PS98,CS00a],. and. is. thus. not.
included.in.the.current.standard.

The.HD.Radio.FM.system.is.described.in.some.detail.in.[F02,wIBQ_P]..A.number.of.hybrid.and.all-
digital.transmission.formats.or.modes.have.been.developed..A.control.channel.is.used.to.inform.the.
radio.receiver.about.which.mode.is.being.used.

The.audio.coding.used.for.HD.Radio.FM.is.AAC+.with.spectral.band.replication.(SBR).typically.at.
64.kb/s,.[wikiHEAAC,wikiAAC]..The.channel.codes.are.complementary.punctured.pair.convolutional.
(CPPC).codes,.which.constitute.a.special.class.of.punctured.convolutional.codes.of.a. type.especially.
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designed.for.hybrid.IBOC.FM,.[F02,CS00b]..The.signal.is.transmitted.in.two.separate.frequency.bands.
on.both.sides.of. the.carrier.and.host.analog.FM.signal..The.interference.situation.is.such.that.a.first.
adjacent.signal.can.sometimes.wipe.out.all.or.most.of.one.of.the.two.digital-signal.sidebands..In.this.
case.the.receiver.is.to.reconstruct.the.digital.signal.based.on.only.the.surviving.sideband..Sometime.
both.sidebands.are.received.and.in.this.case.the.receiver.softly.combines.them.for.more.reliable.recep-
tion,.[LS01]..Sometimes.a.sideband.partially.damaged.by.interference.can.be.useful.in.the.context.of.soft.
combining.

For.the.described.transmission.scenarios.so-called.classic.code.combining.is.a.possibility,.[CS00b]..
However,.CPPC.codes.offer.a.superior.option,.[F02,CS00b]..Punctured.memory.4,.16-state,.rate.2/5.
codes.are.used.based.on.combining.two.different.rate.4/5.codes.on.the.upper.and.lower.sidebands..The.
pair.of.rate.4/5.codes.is.obtained.by.an.optimized.complementary.puncturing.procedure.on.the.rate.
2/5.code..In.contrast,.classical.code.combining.would.employ.identical.rate.4/5.codes.on.both.side-
bands..As.an.example,.with.memory.4.codes,.the.optimum.rate.4/5.codes.would.in.all.cases.have.a.free.
distance.of.4,.while.for.the.full.rate.2/5.case.the.CPPC.code.has.a.free.distance.of.11,.while.the.code.
combining.code.only.have.a.free.distance.of.8.(i.e.,.twice.the.component-code.free.distance.of.4)..This.
constitutes.a.rare.case.of.gaining.in.performance.without.increasing.complexity..The.modulation.sys-
tem.used.in.HD.Radio.FM.is.OFDM.with.QPSK..Interleaving,.both.in.time.and.frequency.(tones),.is.
also.used,.[wIBQ_P].

Initially.only.one.digital.program.was.envisioned,.with.content.identical.to.the.one.carried.by.the.
host. analog. FM. signal.. However,. the. system. evolved. into. a. number. of. possible. digital. programs,.
HD1,HD2,.and.HD3,.depending.on.the.transmission.mode.employed..HD1.is.the.original.format,.with.
only.one.program.in.digital.form,.while.HD2.and.HD3,.carry.two.and.three.programs,.respectively..This.
is.achieved.by.dividing.the.digital.bit.stream.into.separate.streams..Different.audio.coder.rates.can.be.
used.for.different.programs..This.also.enables.some.trade-offs.between.the.number.of.multiplexed.pro-
grams.and.audio.quality..Data.services.are.also.provided,.[F02,wIBQ_P]..In.the.case.that.the.content.
carried.by.the.digital.program.is.identical.to.the.content.of.the.host.analog.FM.signal,.blending.from.
digital.to.analog.can.be.used,.[F02,wIBQ_P].

Among.future.possible.improvements,.the.use.of.a.list.Viterbi.algorithm.(LVA).for.decoding.presents.
an.attractive.option.for.increasing.robustness.[SS94].at.the.expense.of.a.small.increase.in.receiver.com-
plexity..Audio.systems.often.use.error.mitigation.techniques.to.reduce.the.perceptual.impact.of.trans-
mission.errors..This.is.achieved.by.using.an.error.detecting.code.on.the.most.important.bits..When.an.
error.is.detected,.the.audio.segment.is.replaced.by.predictions.from.already.received.segments..By.using.
the. LVA,. the. prediction. errors. in. this. operation. can. be. significantly. reduced,. resulting. in. improved.
audio.quality..The.use.of.the.LVA.only.modifies.the.receiver..Another.noteworthy.option.that.would.
allow.increasing.the.digital.data.rates.that.can.be.provided.involves.simultaneous.analog.and.digital.
transmission.by.exploiting.“writing-on-dirty-paper.coding”.schemes.[C83]..These.rely.on.inserting.a.
weak.digital.signal.on.top.of.the.dominant.host.analog.FM.transmission.in.such.a.way.that.the.weak.
digital.transmission.can.be.reliably.decoded.even.in.the.presence.of.the.dominant.analog.FM.interferer.
[PS08]..Since.analog.FM.has.an.interference.suppression.capability,.the.added.weak.digital.signal.does.
not.noticeably.distort.the.demodulated.host.analog.FM.signal.

HD.Radio.AM.actually.presents.a.larger.design.challenge.than.FM,.because.of.its.stringent.spectrum.
limitations,.[F02]..A.detailed.description.of.the.modes.is.given.in.[F02,wIBQ_J]..The.audio.coding.used.
in.HD.Radio.AM.is.AAC+.with.SBR,.typically.at.24–32.kb/s,. [wikiHEAAC,wikiAAC]..Trellis-coded.
modulation.(TCM).and.Reed.Solomon.coding.are.employed,.and.multi-stream.transmission.[S99,L02].
(over.multiple.frequency.bands.with.OFDM.and.various.modems,.ranging.from.BPSK.to.64QAM).are.
used.on.different.carriers..Unlike.the.FM.case.where.the.fading.channel.can.be.adequately.modeled.as.a.
Rayleigh.channel,. the.channel. in. the.AM.case.behaves.more. like.an.additive.Gaussian.channel.with.
added. interference,. [F02]..The.HD.Radio.AM.system.represents.a. substantial. improvement. in.audio.
quality.over.analog.AM..Furthermore,.stereo.is.achieved.with.HD.Radio.AM..Finally,.we.remark.that,.
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although.the.HD.Radio.schemes.were.developed.in.the.United.States.for.domestic.use,.these.schemes.are.
being.used.in.and.tested.for.use.in.several.other.countries,.[wIBQ].

There.are.currently.(in.2011).nearly.2000.FM.and.AM.radio.stations.throughout.the.US.broadcasting.
in.HD,.plus.more.than.1100.new.local.FM.HD2/HD3.stations,.[wHDR]..The.Website.www.hdradio.com.
provides.a.complete.list.of.all.radio.stations.transmitting.in.HD.in.the.United.States.

Portable.radios.with.HD.as.well.as.home.stand-alone.radios.with.HD.are.now.(in.2011).available.at.
reasonable.prices,. [wHDR]..Car.radio.with.HD.for.upgrades. in.existing.vehicles.and.options. in.new.
vehicles.for.a.large.number.of.models.are.also.now.available,.see.[wHDR].

There. is. an. increased. adoption. and. testing/advanced. interest. for. HD. radio. in. many. countries.
outside.the.United.States,.[wIBQ_I]..There.are.now.(in.2011).adoption.and.nationwide.operation.in.
the. US,. Philippines. and. Puerto. Rico.. There. are. adoption. and. regional. use. in. Mexico,. Brazil. and.
Panama.. There. is. limited. operation. in. the. Dominican. Republic,. Jamaica,. Switzerland,. Ukraine,.
Thailand,.and.Indonesia..There.is.testing.and.advanced.interest.in.many.other.countries.including.
Canada.

27.4 Digital Radio Mondiale, DRM, and DRM+
Digital.Radio.Mondiale.(DRM).is.an.international.nonprofit.consortium.for.digitization.of.broadcast.
(shortwave.mediumwave.and.longwave).up.to.30.MHz,.DRM30..The.DRM.consortium.is.composed.of.
broadcasters,.network.providers,.transmitter.and.receiver.equipment.manufacturers,.universities.and.
research.institutes..DRM+.extends.operation.to.VHF.bands.up.to.174.MHz,.[wDRM]..DRM30,.includes.
digital.shortwave.radio..The.consortium.was.formed.in.1998.and.the.first.broadcast.took.place.in.2003..
Data.Services.are.also.included.[wDRM]..Transmission.is.organized.in.a.number.of.different.modes,.
including.hybrid.adjacent.modes,.[wDRM].

DRM.has.ITU.support,.and.the.main.standard.has.been.published.by.ETSI..Among.the.audio.coders.
used.by.DRM.and.DRM+. is.MPEG-4.HE-AAC.with.SBR,. [wikiHEAAC,wikiAAC]..The.modulation.
used.is.coded.OFDM.(COFDM).with.QPSK/16-QAM/64-QAM,.[wDRM]..The.channel.codes.used.by.
DRM.can.be.chosen.to.provide.UEP.with.up.to.4.different.protection.classes,.[wDRM]..Layered.modula-
tion.with.multilevel.coding.is.also.used.[RS08].

DRM.(DRM.30).is.the.only.international.standard.for.HF.(3–30.MHz).use,.[wikiDRM]..DRM.uses.
COFDM.and.it.is.designed.to.fit.inside.existing.AM.broadcast.channels,.with.10.kHz.bandwidth.in.the.
US,.and.9.kHz.in.Europe..For.the.European.version,.DRM.has.modes,.which.require.as.little.as.45.kHz,.
[wikiDRM]..For.DRM30.Systems.with.bandwidths.of.9,.10,.18,.and.20.kHz,. see. [wikiDRM]..DRM+.
Systems.use.a.bandwidth.of.100.kHz,.[wikiDRM]..For.details.of.the.OFDM.schemes.for.DRM30.systems.
with.88–460.tones.depending.on.mode.and.bandwidth,.see.[wikiDRM]..Current.broadcasters.(in.2011).
include.ALL.India.Radio,.BBC.World.Service,.Radio.Canada.International,.Deutsche.Welle.and.Voice.of.
Russia,.[wikiDRM]..Until.recently,.a.DRM.receiver.has.typically.been.a.personal.computer..However,.
stand-alone.DRM.receivers.are.now.available,.[wikiDRM].

27.5 iSDB, DVB-H, DMB, and other Systems

ISDB.is.an.ARIB.Japanese.standard.for.digital.TV.and.audio..The.1seg.part.of.ISDB.is.used.for.digital.
audio.broadcasting.to.mobiles,.[wikiISDB]..The.technology.is.very.similar.to.that.used.in.Eureka-147.
and.DVB-H..DVB-T.(Digital.Video.Broadcasting,.Terrestrial).and.DVB-H.(Digital.Video.Broadcasting,.
Handheld).are.digital.TV.standards.developed.under.ETSI,.[wikiDVBH].and.as.part.of.these.standards.
there. are. also. a. digital. audio. broadcasting. component,. [wikiDVBH].. OFDM. technology. is. used. in.
these. systems.. As. mentioned. in. the. introduction,. DMB. [wDAB]. is. in. use. in. Korea. and. China.. It.
includes.both.digital.video.and.digital.audio.broadcasting,.and.employs.technology.that.is.very.similar.
to.that.of.DAB.and.DAB+..All.these.systems.in.this.section.use.high-power.transmitters.for.transmis-
sion.in.large.cells.
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27.6 MediaFLo

This.is.a.proprietary.technology.developed.(and.operated).by.Qualcomm,.[wikiFLO]..FLO.stands.for.
Forward.Link.Only..It.is.designed.for.digital.video.and.audio.broadcasting.in.the.716–722.MHz.band..
MediaFLO.is.a.competitor.to.Eureka-147/DAB,.DAB+,.DMB.[wDAB].and.DVB-H,.[wikiDVBH]..The.
technology.is.encrypted.COFDM.with.QAM.(QPSK.and.16QAM).and.Layered.modulation.with.multi-
level.coding.[RS08,C07]..High-power.transmitters.with.tall.antennas.and.large.coverage.areas.are.used.
for.broadcasting,.just.like.in.conventional.analog.FM.broadcasting..A.detailed.technical.description.of.
the.physical.layer.in.MediaFLO.is.given.in.[C07],.[wQC].

27.7 MBMS and convergence with cellular

Multimedia. Broadcast. Multicast. Services,. or. MBMS,. is. a. multimedia. broadcasting. service. standard.
[w3GPP].that.has.emerged.under.the.umbrella.of.cellular.and.contains.digital.video.and.audio.broad-
casting.over.the.cellular.network..It.has.been.developed.for.3G.UMTS.(CDMA).[w3GPP].and.there.are.
also.proposed.versions.for.4G.LTE.[D08]..Systems.such.as.MBMS.point.to.a.convergence.between.digital.
audio.broadcasting.and.cellular..Since.MBMS.is.part.of.the.cellular.system,.a.single.radio.is.used.by.the.
receiver,. and. only. low-power. transmitters. are. used.. Additional. details. about. the. MBMS. system. are.
given.in.[BH05].and.[I08].

MediaFLO.and.DVB-H.are.also.offered.as.broadcasting.services.on.mobiles..They.however.constitute.
a.different.(lower).level.of.convergence,.as.separate.radios.are.used.for.cellular.and.broadcasting.radio,.
and.broadcasting.has.larger.coverage.areas.(large.cells).than.cellular.transmission..In.contrast,.a.single.
radio.is.assumed.with.MBMS,.serving.both.broadcasting.and.cellular.transmission.modes..MBMS.is.
flexible.enough.so.that.it.can.be.used.for.broadcasting,.as.well.as.for.multicasting.(transmission.only.to.
a.selected.group.of.users).and.even.unicasting.[BH05,I08].

27.8 Sirius XM Satellite Radio

Sirius.XM.is.the.result.of.a.merger.between.Sirius.and.XM.in.2008..Sirius.(originally.Satellite.CD.Radio).
was.formed.in.1990.and.XM.in.1992..The.joint.company.provides.satellite.radio.broadcasting.in.the.
United.States.(actually.in.North.America),.[wSXM]..The.business.model.is.based.on.the.subscription.pay.
radio. principle.. Nine. Satellites. are. in. orbit,. 5. from. XM,. and. 4. from. Sirius.. The. frequency. band. for.
the satellite.segments.is.the.S.band,.2.320–2.3325–2.345.GHz.and.the.terrestrial.gap.filler.segments.use.
the.same.band,.[wSXM]..Originally,.the.two.companies.Sirius.and.XM.were.licensed.each.in.half.of.the.
allocated.band.

The.technologies.used.by.the.two.companies.Sirius.and.XM.are.slight.variations.of.each.other..Sirius.
uses.geosynchronous.satellites,.which.requires.fewer.terrestrial.gap.fillers..The.audio.coding.is.a.multi-
program.PAC.audio.coding.[N05].which.has.some.statistical.multiplexing.benefits..The.satellite.segment.
has.single.carrier.QPSK.modulation.and.the.terrestrial.segment.uses.OFDM..XM.uses.geostationary.
satellites.and.HE-AAC.audio.coding,.[wikiHEAAC,wikiAAC]..The.satellite.segment.has.single.carrier.
QPSK.modulation.and.the.terrestrial.gap.fillers.use.OFDM..A.great.advantage.with.satellite.radio.in.the.
United.States.is.coverage..Indeed.the.same.set.of.programs.can.be.received.throughout.the.48.states.in.
the.continental.United.States.

27.9 Future of Digital Audio Radio

A.very.simple.and. inexpensive.way. to.supply.digital.audio.broadcasting. is. to.replace. the.analog.FM.
transmitter.with.a.GSM.type.radio.[wikiGSM]..This.means.that.the.analog.FM.modulator.is.replaced.by.
a.constant-amplitude.GMSK.modulator,.[AAS86,MH81],.yielding.an.all-digital.in-band.system.using.
the.same.high-power.transmitter..A.significant.advantage.with.such.a.system.is.that.it.uses.a.lot.of.the.
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existing.analog.FM.infrastructure..A.new.receiver.is.of.course.required.and.no.obvious.hybrid.scheme.
is.available..This.is.the.reason.why.such.schemes.have.not.yet.been.adopted..A.gross.bit.rate.of.up.to.
about.150.kb/s.before.channel.coding.would.be.available.for.one.transmitter..Different.modes.are.pos-
sible,.including.multiple.audio.programs.(e.g.,.one.music.and.one.talk.program),.or.a.single.high-quality.
music.program,.and/or.data.channels..With.more.advanced.Continuous.Phase.Modulation.(CPM).con-
stant-amplitude.modulation.schemes.even.higher.data.rate.would.be.available.at.the.expense.of.com-
plexity,.[AAS86]..For.countries.where.the.FM.band.is.only.sparingly.used,.digital.transmission.can.be.
added.on.new.frequencies..A.system.along.these.lines.based.on.CPM.has.actually.been.built.and.field-
tested,.[BKB03,KAB08].

In.Section.27.3,.we.described.two.potential.future.upgrades.of.the.HIBOC-FM.system..We.described.
an. improved. receiver. based. on. the. concept. of. the. List. Viterbi. Algorithm,. [SS94].. (In. Principle,. this.
would.also.work.for.HIBOC-AM,.IBOC-AM,.and.IBOC-FM)..The.second.potential.system.improve-
ment.is.related.to.simultaneous.transmission.of.the.host.analog.FM.and.digital,.[PS08]..The.net.result.of.
this.is.an.increased.data.rate.for.the.digital.system.

What.does.the.future.hold.for.digital.radio.broadcasting?.Audio.coding.schemes.with.higher.quality.
than. CD-quality. [wikiDVBH,wikiDD].have. been. developed.. They. are. based. on. higher. audio. source.
bandwidth.and.higher.sampling.frequency..As.a.result,.higher.audio.quality.than.CD.can.be.achieved..
Radio.broadcasting.schemes.with.such.audio.coders.would.be.much.bandwidth.demanding,.since.the.
source.bit.rate.would.be.higher.than.in.current.systems..Multichannel.(surround.sound).schemes.with.
spatial.audio.have.also.already.been.proposed.for.inclusion.in.the.current.standards..Perhaps.unicasting.
may.prove.a.preferred.mode. in. the. future. for.delivering.audio.. Indeed.digital.audio.radio. is.already.
distributed.as.internet.radio.over.wireless.broadband.on.smart-phones.and.other.terminals..In.this.case,.
it.is.no.longer.broadcasting.but.unicasting,.that.is,.individual.delivery.instead.of.transmission.to.many..
Finally,.Digital.Audio.Radio.is.perhaps.a.good.application.area.for.Software.Defined.Radio.(SDR),.[B10].
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28.1 introduction

The.goal.of.speech.coding.is.to.represent.speech.in.digital.form.with.as.few.bits.as.possible.while.main-
taining.the.intelligibility.and.quality.required.for.the.particular.application..Interest.in.speech.coding.is.
motivated.by.the.evolution.to.digital.communications.and.the.requirement.to.minimize.bit.rate,.and.
hence,.conserve.bandwidth..There.is.always.a.trade-off.between.lowering.the.bit.rate.and.maintaining.
the.delivered.voice.quality.and.intelligibility;.however,.depending.on.the.application,.many.other.con-
straints.must.also.be.considered,.such.as.complexity,.delay,.and.performance.with.bit.errors.or.packet.
losses.[1].

Speech.coding. is. fundamental. to. the.operation.of. the.public.switched.telephone.network.(PSTN),.
videoconferencing.systems,.digital.cellular.communications,.and.voice.over.Internet.protocol.(VoIP).
applications..In.particular,.efficient,.high-quality.speech.codecs.were.(and.are).essential.to.the.evolution.
of.cellular.voice.communications. from.analog.to.digital.systems.and.for. the.development.and.wide-
spread.use.of.VoIP.for.voice.communications.

In. this.chapter,.we.discuss. the. technologies.and. issues. involved. in.speech.coding,.with.particular.
applications.to.digital.cellular.and.VoIP.for.wireless.access.points..Interestingly,.some.quite.different.
issues.are.involved.in.these.two.systems,.and.in.fact,.for.the.most.part,.the.speech.codecs.are.different.

There.was.almost.an.exponential.growth.of.speech.coding.standards.in.the.1990s.for.a.wide.range.of.
networks.and.applications,.including.the.wired.PSTN,.digital.cellular.systems,.and.multimedia.stream-
ing.over.the.Internet..We.develop.the.speech.codecs.used.in.digital.cellular.and.wireless.VoIP..applications,.
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and.we.also.discuss.the.ITU-T.standardized.speech.codecs.because.of.the.influence.some.of.the.ITU-T.
codec.designs.have.had.on.the.codecs.in.wireless.systems.and.because.some.of.these.codecs.appear.in.
wireless.applications..We.provide.comparisons.of.the.performance,.complexity,.and.coding.delay.of.the.
several.most.prominent.standards,.and.we.examine.key.challenges.for.effective.voice.communications.
when.the.various.codecs.are.employed.in.communications.networks.

We.also. present. the. requirements.and.current. capabilities,. some. projected,.of. new.speech. coding.
standards.under.development.at.the.time.of.this.writing..We.begin.the.chapter.by.outlining.the.basic.
issues.in.speech.coding,.followed.by.some.details.on.the.basic.speech.coding.structures.that.are.widely.
used.

We.use. the. terms.speech.coding.and.voice.coding. interchangeably. in. this.chapter..Generally,. it. is.
desired.to.reproduce.the.voice.signal,.since.we.are.interested.in.not.only.knowing.what.was.said.but.also.
in.being.able.to.identify.the.speaker.

28.2 Basic issues in Speech coding

Speech.and.audio.coding.can.be.classified.according.to.the.bandwidth.occupied.by.the.input.and.the.
reproduced.source..Narrowband.or.telephone.bandwidth.speech.occupies.the.band.from.200.to.3400.Hz,.
and.is.the.band.classically.associated.with.telephone.quality.speech..In.the.mid-.to.late.1980s,.a.new.
bandwidth.of.50.Hz–7.kHz,.called.wideband.speech,.became.of.interest.for.videoconferencing.applica-
tions..High-quality.audio.is.generally.taken.to.cover.the.range.of.20.Hz–20.kHz,.and.this.bandwidth.is.
designated.today.as. fullband..In.recent.years,.quite.a. few.other.bandwidths.have.attracted.attention,.
primarily.for.audio.over.the.Internet.applications,.and.the.bandwidth.of.50.Hz–14.kHz,.designated.as.
superwideband,.has.gotten.considerable.recent.attention.in.standardization.activities..The.discussions.
in.this.chapter.address.all.of.these.bandwidths.of.interest,.although.most.of.the.discussions.and.stan-
dardized.codecs.for.wireless.applications.have.emphasized.narrowband.and.wideband.speech.

Given.a.particular.source,.the.classic.trade-off.in.lossy.source.compression.is.rate.versus.distortion—
the.higher.the.rate,.the.smaller.the.average.distortion.in.the.reproduced.signal..Of.course,.since.a.higher.
bit.rate.implies.a.greater.channel.or.network.bandwidth.requirement,.the.goal.is.always.to.minimize.the.
rate.required.to.satisfy.the.distortion.constraint..For.speech.coding,.we.are.interested.in.achieving.a.
quality.as.close.to.the.original.speech.as.possible.within.the.rate,.complexity,. latency,.and.any.other.
constraints.that.might.be.imposed.by.the.application.of.interest..Encompassed.in.the.term.“quality”.are.
intelligibility,.speaker.identification,.and.naturalness..Absolute.category.rating.tests.are.subjective.tests.
of.speech.quality.and.involve.listeners.assigning.a.category.and.rating.for.each.speech.utterance.accord-
ing.to.the.classifications,.such.as,.excellent.(5),.good.(4),.fair.(3),.poor.(2),.and.bad.(1)..The.average.for.
each.utterance.over.all.listeners.is.the.mean.opinion.score.(MOS).[2]..More.details.on.MOS.are.given.in.
the.Appendix.

Although.important,.the.MOS.values.obtained.by.listening.to.isolated.utterances.do.not.capture.the.
dynamics.of.conversational.voice.communications.in.the.various.network.environments..It.is.intuitive.
that.speech.codecs.should.be.tested.within.the.environment.and.while.executing.the.tasks.for.which.
they.are.designed..Thus,.since.we.are.interested.in.conversational.(two-way).voice.communications,.a.
more. realistic. test.would.be.conducted. in. this. scenario..The.perceptual. evaluation.of. speech.quality.
(PESQ).method.was.developed.to.provide.an.assessment.of.speech.codec.performance.in.conversational.
voice.communications..The.PESQ.has.been.standardized.by.the.ITU-T.as.P.862.and.can.be.used.to.gen-
erate.MOS.values.for.both.narrowband.and.wideband.speech.[3]..The.narrowband.PESQ.performs.fairly.
well.for.the.situations.for.which.it.has.been.qualified,.and.the.wideband.PESQ.MOS,.while.initially.not.
very.accurate,.has.become.more.reliable.in.recent.years.

Throughout.this.chapter,.we.quote.available.MOS.values.taken.from.many.different.sources.for.all.of.
the.codecs..Since.MOS.values.can.vary.from.test.to.test.and.across.languages,.these.values.should.not.be.
interpreted.as.an.exact.indicator.of.performance..Care.has.been.taken.only.to.present.MOS.values.that.
are.consistent.with.widely.known.performance.results.for.each.codec..For.more.details.on.subjective.
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and.objective.measures.for.speech.quality.assessment,.the.reader.is.referred.to.the.Appendix.and.the.
references.

Across.codecs.that.achieve.roughly.the.same.quality.at.a.specified.bit.rate,.codec.complexity.can.be.a.
distinguishing.feature..In.standards.and.in.the.literature,.the.number.of.MIPs.(million.instructions.per.
second).is.often.quoted.as.a.broad.indicator.of.implementation.complexity,.where.MIPs.numbers.gener-
ally.relate.to.implementations.on.digital.signal.processing.(DSP).chips.rather.than.CPUs..Another.quan-
tity,.called.weighted.millions.of.instructions.per.second.(WMOPS),.where.each.operation.is.assigned.a.
weight.based.on.the.number.of.DSP.cycles.required.to.execute.the.operation.is.also.used..The.relation-
ship.between.MIPS.and.WMOPS.is.determined.based.on.the.particular.DSP..We.quote.both.complexity.
indicators.in.this.chapter.as.available.in.the.literature.and.from.other.comparisons.

An.issue.of.considerable.importance.for.voice.codecs.to.be.employed.in.conversational.applications.is.
the.delay.associated.with.the.processing.at.the.encoder.and.the.decoder..This.is.because.excessive.delay.
can.cause.“talk.over”.and.an.interruption.of.the.natural.flow.of.the.conversation..ITU-T.Recommendation.
G.114. provides. specifications. for. delay. when. echo. is. properly. controlled. [4].. In. particular,. one-way.
transmission.time.(including.processing.and.propagation.delay).is.categorized.as.(a).0–150.ms:.accept-
able. for. most. user. applications;. (b). 150–400.ms:. acceptable. depending. upon. the. transmission. time.
impact;.and.(c).above.400.ms:.unacceptable.for.general.network.planning.purposes..Figure.28.1.pro-
vides.a.broader.view.of.the.estimated.impact.of.delay.on.user.preferences.as.stated.in.the.ITU-T.G.114.
standard..From.this.figure,.it.is.seen.that.up.to.150.ms.represents.the.flat.part.of.the.curve,.and.accept-
able.delay.is.sometimes.quoted.as.200.ms,.since.delays.up.to.200.ms.fall.into.the.“Users.Very.Satisfied”.
category..In.spite.of.the.implications.of.this.diagram.and.the.above.categorizations,.it.is.generally.felt.
that.once.the.round.trip.delay.is.about.300.ms,.two-way.voice.communications.is.difficult.

When.different.codecs.are.used.in.different.but.interconnected.networks,.or.when.the.speech.signal.
must.be.decoded.at.network.interfaces.or.switches,.the.problem.of.tandem.connections.of.speech.codecs.
can.arise..The.term.“asynchronous.tandeming”.originally.referred.to.a.series.connection.of.speech.cod-
ers.that.requires.digital.to.analog.conversion.followed.by.resampling.and.reencoding..Today,.and.within.
the.context.of.this.chapter,.tandeming.refers.to.where.the.speech.samples.must.be.reconstructed.and.
then.reencoded.by.the.next.codec..Tandem.connections.of.speech.codecs.can.lead.to.a.significant.loss.in.
quality,. and. of. course,. incur. additional. delays. due. to. decoding. and. reencoding.. Another. possible.
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approach.to.tandem.connections.of.different.speech.codecs.is.to.map.the.parameters.of.one.codec.into.
the.parameters.of.the.following.codec.without.reconstructing.the.speech.samples.themselves..This.is.
usually.referred.to.as.transcoding..Transcoding.produces.some.quality.loss.and.delay.as.well..Tandem.
connections. of. speech. codecs. are. often. tested. as. part. of. the. overall. codec. performance. evaluation.
process.

In.many.applications,.errors.can.occur.during.transmission.across.networks.and.through.wireless.
links..Errors.can.show.up.as.individual.bit.errors.or.bursts.of.bit.errors,.or.with.the.widespread.move-
ment.toward.IP-based.protocols,.errors.can.show.up.as.packet.losses..In.error-prone.environments.or.
during.error.events,.it.is.imperative.that.the.decoded.speech.be.as.little.affected.as.possible..Some.speech.
codecs.are.designed.to.be.robust.to.bit.errors,.but.it.is.more.common.today.that.packet.loss.concealment.
methods.are.designed.and.associated.with.each.speech.codec..Depending.upon.the.application,.robust-
ness.to.errors,.and/or.a.good.packet.loss.concealment.scheme.may.be.a.dominating.requirement.

It.is.by.now.well.known.that.speech.codecs.should.be.tested.across.a.wide.variety.of.speakers,.but.it.is.
also.important.to.note.that.speech.codecs.are.tested.across.many.different.languages.as.well..It.is.diffi-
cult.to.incorporate.multiple.languages.into.a.design.philosophy,.but.suffice.it.to.say,.since.the.character-
istics.of.spoken.languages.around.the.world.can.be.so.different,.codec.designs.must.be.evaluated.across.
a.representative.set.of.languages.to.reveal.any.shortcomings.

28.3 Speech coding Methods

The. most. common. approaches. to. narrowband. speech. coding. today. center. around. two. paradigms,.
namely,. waveform-following. coders. and. analysis-by-synthesis. methods.. Waveform-following. coders.
attempt.to.reproduce.the.time.domain.speech.waveform.as.accurately.as.possible,.while.analysis-by-
synthesis.methods.utilize.the.linear.prediction.model.and.a.perceptual.distortion.measure.to.reproduce.
only.those.characteristics.of.the.input.speech.determined.to.be.most.important..Another.approach.to.
speech.coding.breaks.the.speech.into.separate.frequency.bands,.called.subbands,.and.then.codes.these.
subbands.separately,.perhaps.using.a.waveform.coder.or.analysis-by-synthesis.coding,.for.reconstruc-
tion.and.recombination.at.the.receiver..Extending.the.resolution.of.the.frequency.domain.decomposi-
tion.leads.to.transform.coding,.wherein.a.transform.is.performed.on.a.frame.of.input.speech.and.the.
resulting. transform. coefficients. are. quantized. and. transmitted. to. reconstruct. the. speech. from. the.
inverse.transform..In.this.section,.we.provide.some.background.details.for.each.of.these.approaches.to.
lay.the.groundwork.for.the.later.developments.of.speech.coding.standards.based.upon.these.principles..
A.discussion.of.the.class.of.speech.coders.called.vocoders.or.purely.parametric.coders.is.not.included.
due.to.space.limitations.and.their.more.limited.range.of.applications.today.

28.3.1 Waveform coding

Familiar.waveform-following.methods.are.logarithmic.pulse.code.modulation.(log-PCM).and.adaptive.
differential.pulse.code.modulation.(ADPCM),.and.both.have.found.widespread.applications..Log.PCM.
at.64.kilobits/second.(kbps).is.the.speech.codec.used.in.the.long-distance.PSTN.at.a.rate.of.64.kbps.and.
it.is.the.most.widely.employed.codec.for.VoIP.applications..It.is.a.simple.coder.and.it.achieves.what.is.
called.toll.quality,.which.is.the.standard.level.of.performance.against.which.all.other.narrowband.speech.
coders.are.judged..Log.PCM.uses.a.nonlinear.quantizer.to.reproduce.low-amplitude.signals,.which.are.
important.to.speech.perception,.well..There.are.two.closely.related.types.of.log-PCM.quantizer.used.in.
the. world—μ-law,. which. is. used. in. North. America. and. Japan,. and. A-law,. which. is. used. in. Europe,.
Africa,.Australia,.and.South.America..Both.achieve.toll-quality.speech,.and.in.terms.of.the.MOS.value,.
it.is.usually.between.4.0.and.4.5.for.log-PCM.

ADPCM.operates.at.32.kbps.or.lower,.and.it.achieves.performance.comparable.to.log-PCM.by.using.
an.adaptive.linear.predictor.to.remove.short-term.redundancy.in.the.speech.signal.before.quantization..
The. most. common. form. of. ADPCM. uses. what. is. called. backward. adaptation. of. the. predictors. and.
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quantizers.to.follow.the.waveform.closely..Backward.adaptation.means.that.the.predictor.and.quantizer.
are. adapted. based. upon. past. reproduced. values. of. the. signal. that. are. available. at. the. encoder. and.
decoder..No.predictor.or.quantizer.parameters.are.sent.along.with.the.quantized.waveform.values..By.
subtracting.a.predicted.value.from.each.input.sample,.the.dynamic.range.of.the.signal.to.be.quantized.
is.reduced,.and.hence,.good.reproduction.of.the.signal.is.possible.with.fewer.bits.

28.3.2 Subband and transform Methods

The.process.of.breaking.the.input.speech.into.subbands.via.bandpass.filters.and.coding.each.band.sepa-
rately.is.called.subband.coding..To.keep.the.number.of.samples.to.be.coded.at.a.minimum,.the.sampling.
rate.for.the.signals.in.each.band.is.reduced.by.decimation..Of.course,.since.the.bandpass.filters.are.not.
ideal,.there.is.some.overlap.between.adjacent.bands.and.aliasing.occurs.during.decimation..Ignoring.the.
distortion.or.noise.due.to.compression,.quadrature.mirror.filter.(QMF).banks.allow.the.aliasing.that.
occurs.during.filtering.and.subsampling.at.the.encoder.to.be.cancelled.at.the.decoder..The.codecs.used.
in.each.band.can.be.PCM,.ADPCM,.or.even.an.analysis-by-synthesis.method..The.advantage.of.sub-
band.coding.is.that.each.band.can.be.coded.differently.and.that.the.coding.error.in.each.band.can.be.
controlled.in.relation.to.human.perceptual.characteristics.

Transform.coding.methods.were.first.applied. to.still. images.but. later. investigated. for.speech..The.
basic.principle.is.that.a.block.of.speech.samples.is.operated.on.by.a.discrete.unitary.transform.and.the.
resulting.transform.coefficients.are.quantized.and.coded.for.transmission.to.the.receiver..Low.bit.rates.
and.good.performance.can.be.obtained.because.more.bits.can.be.allocated.to.the.perceptually.important.
coefficients,.and.for.well-designed.transforms,.many.coefficients.need.not.be.coded.at.all,.but.are.simply.
discarded,.and.acceptable.performance.is.still.achieved.

Although.classical.transform.coding.has.not.had.a.major.impact.on.narrowband.speech.coding.and.
subband.coding.has.fallen.out.of.favor.in.recent.years,.filter.bank.and.transform.methods.play.a.critical.
role.in.high-quality.audio.coding,.and.several.important.standards.for.wideband,.superwideband,.and.
fullband.speech/audio.coding.are.based.upon.filter.bank.and.transform.methods..Although.it.is.intui-
tive.that.subband.filtering.and.discrete.transforms.are.closely.related,.by.the.early.1990s,.the.relation-
ships. between. filter. bank. methods. and. transforms. were. well. understood. [5].. Today,. the. distinction.
between.transforms.and.filter.bank.methods.is.somewhat.blurred,.and.the.choice.between.a.filter.bank.
implementation.and.a.transform.method.may.simply.be.a.design.choice.

28.3.3 Analysis-by-Synthesis Methods

Analysis-by-synthesis. (AbS). methods. are. a. considerable. departure. from. waveform-following. tech-
niques.and.from.frequency.domain.methods.as.well..The.most.common.and.most.successful.analysis-
by-synthesis.method. is. code-excited. linear.prediction. (CELP).. In.CELP.speech.coders,. a. segment.of.
speech.(say,.5–10.ms).is.synthesized.using.the.linear.prediction.model.along.with.a.long-term.redun-
dancy.predictor.for.all.possible.excitations.in.what.is.called.a.codebook..For.each.excitation,.an.error.
signal.is.calculated.and.passed.through.a.perceptual.weighting.filter..This.operation.is.represented.in.
Figure.28.2a..The.excitation.that.produces.the.minimum.perceptually.weighted.coding.error.is.selected.
for.use.at.the.decoder.as.shown.in.Figure.28.2b..Therefore,.the.best.excitation.out.of.all.possible.excita-
tions.for.a.given.segment.of.speech.is.selected.by.synthesizing.all.possible.representations.at.the.encoder,.
hence,.the.name.analysis-by-synthesis..The.predictor.parameters.and.the.excitation.codeword.are.sent.
to.the.receiver.to.decode.the.speech..It.is.instructive.to.contrast.the.AbS.method.with.waveform.coders.
such.as.ADPCM.where.each.sample.is.coded.as.it.arrives.at.the.coder.input.

The.perceptual.weighting.is.key.to.obtaining.good.speech.coding.performance,.and.the.basic.idea.is.
that.the.coding.error.is.spectrally.shaped.to.fall.below.the.envelope.of.the.input.speech.across.the.fre-
quency.band.of.interest..Figure.28.3.illustrates.the.concept.wherein.the.spectral.envelope.of.a.speech.
segment. is. shown,.along.with. the.coding.error. spectrum.without.perceptual.weighting. (unweighted.
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denoted.by.short.dashes).and.the.coding.error.spectrum.with.perceptual.weighting.(denoted.by.long.
dashes)..The.perceptually.weighted.coding.error.falls.below.the.spectral.envelope.of.the.speech.across.
most. of. the. frequency.band. of. interest,. just. crossing. over. around. 3100.Hz.. The. coding. error. is. thus.
masked.by.the.speech.signal.itself..In.contrast,.the.unweighted.error.spectrum.is.above.the.speech.spec-
tral.envelope.starting.at.around.1.6.kHz,.which.produces.audible.coding.distortion.for.the.same.bit.rate.

In.recent.years,.it.has.become.common.to.use.an.adaptive.codebook.structure.to.model.the.long-term.
memory.rather.than.a.cascaded.long-term.predictor..A.decoder.using.the.adaptive.codebook.approach.
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is. shown. in.Figure.28.2b..The.analysis-by-synthesis.procedure. is.computationally. intensive,.and. it. is.
fortunate.that.algebraic.codebooks,.which.have.mostly.zero.values.and.only.a.few.nonzero.pulses,.have.
been.discovered.and.work.well.for.the.fixed.codebook.[6].

28.3.4 Postfiltering

Although.a.perceptual.weighting.filter.is.used.inside.the.search.loop.for.the.best.excitation.in.the.code-
book.for.analysis-by-synthesis.methods,.there.is.often.still.some.distortion.in.the.reconstructed.speech.
that.is.sometimes.characterized.as.“roughness.”.This.distortion.is.attributed.to.reconstruction.or.coding.
error.as.a.function.of.frequency.that.is.too.high.at.regions.between.formants.and.between.pitch..harmonics..
Several.codecs.thus.employ.a.postfilter.that.operates.on.the.reconstructed.speech.to.deemphasize.the.
coding. error. between. formants. and. between. pitch. harmonics.. This. is. shown. as. “postprocessing”. in.
Figure.28.2b..The.general. frequency.response.of. the.postfilter.has.the.form.similar. to.the.perceptual.
weighting.filter.with.a.pitch.or.long-term.postfilter.added..There.is.also.a.spectral.tilt.correction.since.
the. formant-based.postfilter. results. in.an. increased. low-pass.filter.effect,.and.a.gain.correction. term.
[5,6]..The.postfilter.is.usually.optimized.for.a.single-stage.encoding.(however,.not.always),.so.if.multiple.
tandem.connections.of.speech.codecs.occur,.the.postfilter.can.cause.a.degradation.in.speech.quality.

28.3.5 Variable Rate coding

For.more.than.30.years,.researchers.have.been.interested.in.assigning.network.capacity.only.when.a.
speaker.is.“active,”.as.in.TASI,.or.removing.silent.periods.in.speech.to.reduce.the.average.bit.rate..This.
was.successfully.accomplished.for.some.digital.cellular.coders.where.silence.is.removed.and.coded.with.
a.short. length.code.and.then.replaced.at. the.decoder.with.“comfort.noise.”.Comfort.noise. is.needed.
because.the.background.sounds.for.speech.coders.are.seldom.pure.silence.and.inserting.pure.silence.
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generates.unwelcome.artifacts. at. the.decoder.and.can.cause. the. impression. that. the.call. is. lost..The.
result,.of.course,.is.a.variable.rate.speech.coder..Many.codecs.use.voice.activity.detection.to.excise.non-
speech.signals.so.that.nonspeech.regions.do.not.need.to.be.coded.explicitly..More.sophisticated.segmen-
tation.can.also.be.performed.so.that.different.regions.can.be.coded.differently..For.example,.more.bits.
may. be. allocated. to. coding. strongly. voiced. segments. and. fewer. allocated. to. unvoiced. speech.. Also,.
speech.onset.might.be.coded.differently.as.well.

When.used.over.fixed.rate.communications.links,.variable.rate.coders.require.the.use.of.jitter.buffers.
and.can.be.sensitive.to.bit.errors..However,.packet.switched.networks.reduce.these.problems.and.make.
variable.rate.coding.attractive.for.packet.networks.

28.3.6 SnR and Bandwidth Scalable Methods

SNR.or.bit.rate.scalability.refers.to.the.idea.of.coding.the.speech.in.stages.such.that.the.quality.can.be.
increased. simply.by.appending.an.additional.bit. stream..For.example,. speech.may.be.coded.using.a.
minimum.bit.rate.stream.that.provides.acceptable.quality,.often.called.a.core.layer,.along.with.one.or.
more.incremental.enhancement.bit.streams..When.the.first.enhancement.bit.stream.is.combined.with.
the.core. layer.to.reconstruct. the.speech,. improved.performance. is.obtained..SNR.or.bit.rate.scalable.
coding.is.inherently.no.better.than.single-stage.encoding.at.the.combined.rate,.so.the.challenge.is.to.
design.good.SNR.scalable.codecs.that.are.as.close.to.single-stage.encoding.as.possible..One.attraction.of.
SNR.scalable.coding. is. that. the.enhancement.bit.stream.may.be.added.or.dropped,.depending.upon.
available.transmission.bit.rate..Another.option.facilitated.by.SNR.scalable.coding.is.that.the.core.bit.
stream. may. be. subject. to. error. control. coding. whereas. the. enhancement. bit. stream. may. be. left.
unprotected.

Bandwidth.scalable.coding.is.a.method.wherein.speech.with.a.narrower.bandwidth.is.coded.as.a.base.
layer.bit.stream,.and.an.enhancement.bit.stream.is.produced.that.encodes.frequencies.above.the.base.
layer.bandwidth..Particular.applications.of.interest.might.be.having.a.base.layer.bit.stream.that.codes.
telephone.bandwidth.speech.from.200.to.3400.Hz.and.enhancement.layer.bit.streams.that.codes.speech.
in.the.additional.bands,.thus.incorporating.wideband,.superwideband,.and.fullband.audio..The.goal.is.
to.allow.flexibility.in.bit.rate.and.still.have.a.high-quality.representation.of.the.speech.at.the.low.band.
and.at.additional.bands.when.enhancement.layers.are.combined.with.the.base.layer.

28.4 Speech coding Standards

In.this.section,.we.describe.the.relevant.details.of.current.and.some.past.standardized.speech.codecs.for.
digital.cellular.and.packet.switched.VoIP.for.wireless.access.points..We.begin.the.discussion.with.ITU-T.
standardized.codecs.since.some.of.those.codecs.have.served.as.the.basis.for.cellular.codecs,.and.further.
since.some.of.these.codecs.are.used.for.VoIP.applications.

28.4.1  ITU-T Standards

Tables.28.1.and.28.2.list.some.of.the.narrowband.and.wideband/fullband.voice.codecs.that.have.been.
standardized.by.the.ITU-T.over.the.years,.including.details.concerning.the.codec.technology,.transmit-
ted.bit.rate,.performance,.complexity,.and.algorithmic.delay..Those.shown.include.G.711,.G.726,.G.728,.
G.729,.and.G.729A.for.narrowband.(telephone.bandwidth).speech.(200.to.3400.Hz),.G.722,.G.722.1.[7],.
G.722.2.[8],.and.G.718.for.wideband.speech.(50.Hz–7.kHz).[9],.and.G.719.for.fullband.audio.[10].

G.711.at.64.kbps.is.the.voice.codec.most.often.used.in.the.PSTN.and.in.VoIP.today..This.codec.is.
based.on.a.nonlinear.quantization.method.called.log-PCM,.which.allows.low-amplitude.speech.signal.
samples.to.be.quantized.with.the.same.accuracy.as.larger.amplitude.samples..This.codec.is.the.bench-
mark.for.narrowband.toll-quality.voice.transmission..G.711.is.designed.with.several.asynchronous.tan-
dems. in. mind,. since. it. was. possible. to. encounter. several. analog. switches. during. a. long-distance.
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telephone.call.prior.to.the.mid-1980s..Even.eight.asynchronous.tandems.of.G.711.with.itself.has.been.
shown.to.still.maintain.a.MOS.greater.than.4.0.when.a.single.encoding.is.4.4–4.5.

The.G.726.and.G.728.standards.not.only.were.required.to.perform.well.for.single.and.multiple.encod-
ings,.but.they.were.also.required.to.be.able.to.pass.voiceband.modem.signals.and.to.have.a.low.coding.
delay.of.less.than.5.ms..To.achieve.the.desired.bit.rate.of.8.kbps,.the.low.delay.and.voiceband.modem.
requirements.were.removed.for.G.729..The.G.729.codec.is.an.analysis-by-synthesis.codec.based.on.alge-
braic.code.excited.linear.prediction.(ACELP),.and.it.uses.an.adaptive.codebook.to.incorporate.the.long-
term. pitch. periodicity.. In. addition. to. a. lower. complexity. version. of. G.729,. called. G.729A,. there. is. a.
higher-rate.codec.based.on.G.729,.designated.G.729E..The.G.729.codec.structure.has.been.very.influen-
tial.on.subsequent.voice.coding.standards.for.VoIP.and.digital.cellular.networks.

Even. though. we. are. quite. comfortable. communicating. using. telephone. bandwidth. speech.
.(200–3400.Hz),.there.is.considerable.interest.in.compression.methods.for.wideband.speech.covering.the.
range. of. 50.Hz–7.kHz.. The. primary. reasons. for. the. interest. in. this. band. are. that. wideband. speech.
improves.intelligibility,.naturalness,.and.speaker.identifiability..The.first.application.of.wideband.speech.
coding.was.to.videoconferencing,.and.the.first.standard,.G.722,.separated.the.speech.into.two.subbands.
and.used.ADPCM.to.code.each.band..The.G.722.codec.is.relatively.simple.and.produces.good-quality.
speech.at.64.kbps,.and.lower-quality.speech.at.the.two.other.possible.codec.rates.of.56.and.48.kbps.[6]..
The.G.722.speech.codec.is.still.widely.available.in.the.H.324.videoconferencing.standard,.and.it.is.often.
provided.as.an.option.in.VoIP.systems..G.722.at.64.kbps.is.often.employed.as.a.benchmark.for.the.per-
formance.of.other.wideband.codecs.

Two.recently.developed.wideband.speech.coding.standards,.designated.as.G.722.1.and.G.722.2,..utilize.
coding.methods.that.are.quite.different.from.G.722,.as.well.as.completely.different.from.each.other..

TABLE 28.1 Comparison.of.ITU-T.Narrowband.Speech.Codecs

Standards.Body ITU ITU ITU ITU ITU

Recommendation G.711 G.726 G.728 G.729 G.729A
Coder.type Companded.PCM ADPCM LD-CELP CS-ACELP CS-ACELP
Bite.rate.(kbps) 64 16–40 16 8 8
Complexity.

(MIPS)
.<<1 .~1 .~30 .≤20 .≤11

Frame.size.(ms) 0.125 0.125 0.625 10 10
Lookahead.(ms) 0 0 0 5 5
Codec.delay.(ms) 0.25 0.25 1.25 25 25

TABLE 28.2 ITU-T.Wideband.and.Fullband.Speech.Coding.Standards

Recommendation
ITU-T.
G.722

ITU-T.
G.722.1

ITU-T.G.722.2.
3GPP.AMR-WB

ITU-T
G.718

ITU-T
G.719

Coder.type Subband.
ADPCM

MLT ACELP ACELP,.MDCT Adaptive.resolution.
MDCT,.FLVQ

Audio.bandwidth.(Hz) 50–7000 50–7000 50–7000 50–7000 20–20,000
Bit.rate(s).(kbps) 48,.56,.64 24,.32 6.6,.8.85,.12.65,.

14.25,.15.85,.
18.25,.19.85,.
23.05,.23.85

8,.12,.16,.24,.32,.and.
12.65.(G.722.2,.

AMR-WB,.
VMR-WB.Interop.

Mode)

32. . .128.steps.of.
4.kbps.up.to.

96.kbps,.steps.of.
8.kbps.up.to.

128.kbps
Frame.length.(ms) 0.125 20 20 20 20
Algorithmic.delay.(ms) 1.625 40 25 32.875–43.875 40
Computational.

complexity
10.MIPS .<5.5.

WMOPS
27.2–39.0.
WMOPS

57.WMOPS 15.39–21.WMOPS
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The. G.722.1. standard. employs. a. filter. bank/transform. decomposition. called. the. modulated. lapped.
.transform.(MLT).and.operates.at. the.rates.of.24.and.32.kbps..The.coder.has.an.algorithmic.delay.of.
40.ms,.which.does.not.include.any.computational.delay..Since.G.722.1.employs.filter.bank.methods,.it.
performs.well.for.music.and.less.well.for.speech.

G.722.2. is. actually. an. ITU-T. designation. for. the.adaptive.multirate.wideband. (AMR-WB). speech.
coder.standardized.by.the.3GPP.[11]..This.coder.operates.at.rates.of.6.6,.8.85,.12.65,.14.25,.15.85,.18.25,.
19.85,.23.05,.and.23.85.kbps.and.is.based.upon.an.ACELP.analysis-by-synthesis.codec..Since.ACELP.
utilizes.the.linear.prediction.model,.the.coder.works.well.for.speech.but.less.well.for.music,.which.does.
not.fit.the.linear.prediction.model..G.722.2.achieves.good.speech.quality.at.rates.greater.than.12.65.kbps.
and.performance.equivalent.to.G.722.at.64.kbps.with.a.rate.of.23.05.kbps.and.higher.

G.718.is.a.newer.wideband.speech.codec.that.has.an.embedded.codec.structure.and.that.operates.at.
8,. 12,. 16,. 24,. and. 32.kbps,. plus. a. special. alternate. coding. mode. that. is. bit. stream. compatible. with.
AMR-WB..G.719.is.a.fullband.audio.codec.that.has.relatively.low.complexity.and.low.delay.for.a.full-
band.audio.codec,.and.the.complexity.is.approximately.evenly.split.between.the.encoder.and.decoder..
This.codec.is.targeted.toward.real-time.communications.such.as.in.videoconferencing.systems.and.the.
high-definition.telepresence.applications.

28.4.2 Digital cellular Standards

The.rapid.deployment.of.digital.cellular.communications.was.facilitated.by.the.development.of.effi-
cient,.high-quality.voice.codecs..Digital.cellular.applications.impose.a.stringent.set.of.requirements.
on.voice.codecs.in.addition.to.rate.and.quality,.such.as.complexity,.robustness.to.background.impair-
ments,.and.the.ability.to.perform.well.over.wireless.channels..Over.the.years,.standards.have.been.set.
by.different.bodies. for.different.segmentations.of. the.market,.particularly.according.to.geographic.
regions.and.wireless.access.technologies..More.specifically,.digital.cellular.standards.were.produced.
in. the. late. 1980s. and. early. 1990s. in. Europe,. Japan,. and. North. America.. The. competing. North.
American. standards. then. led. to. standards. efforts. more. pointed. toward. each. of. the. competing.
technologies.

Table.28.3.lists.some.of.the.codecs.standardized.for.the.North.American.digital.cellular.systems.in.the.
1990s..All.of.the.voice.codecs.shown.are.analysis-by-synthesis.linear.prediction-based.codecs..The.excita-
tion.codebooks.differ.somewhat.across.the.standards,.although.there.is.considerable.similarity.between.
IS-641.and.IS-127,.both.being.based.on.ACELP,.and.there.is.also.commonality.between.IS-96.and.IS-133.
in.their.variable.rate.structure..There.are.two.prominent.access.technologies.in.Table.28.3,.namely.time.
division.multiple.access.(TDMA).and.code.division.multiple.access.(CDMA)..These.two.access.technolo-
gies.interact.with.voice.coding.in.different.ways..CDMA.is.an.interference.limited-access.technology.and.
so.a.variable.rate.voice.codec,.as.represented.by.IS-96,.IS-133,.and.IS-127,.increases.capacity.by.adjusting.

TABLE 28.3 North.American.Digital.Cellular.Standardized.Voice.Codecs

Standard.Body TIA TIA TIA TIA TIA

Recommendation IS-54 IS-641 IS-96 IS-127 IS-133
System TDMA TDMA CDMA CDMA CDMA
Coder.type VSELP ACELP QCELP ACELP CELP
Dates 1990 1995 1993 1997 1997
Bit.rate.(kbps) 7.95 7.4 0.8–8.5 0.8–8 0.8–13
Complexity.

(MIPS)
20 20 20 20 20

Frame.size.(ms) 20 20 20 20 20
Lookahead.(ms) 5 5 5 5 5
Codec.delay.(ms) 45 45 45 45 45
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the.transmission.rate.according.to.the.needs.indicated.by.the.input.source..TDMA.can.also.benefit.from.
a.variable.rate.codec,.but.by.reallocating.transmission.time.slots.in.the.physical.layer..Thus,.the.IS-54.and.
IS-641.codecs.operate.at.a.single.fixed.rate..However,.variable.rate.codecs.were.soon.incorporated.into.
non-CDMA.access.systems.

The.GSM.standards.developed.in.Europe.were.the.basis.of.perhaps.the.first.widely.implemented.digi-
tal.cellular.systems..Table.28.4.lists.voice.codecs.standardized.for.GSM.systems,.wherein.FR.stands.for.
“full.rate”.and.HR.stands.for.“half.rate.”.The.terms.“FR”.and.“HR”.refer.to.the.total.transmitted.bit.rate.
for.combined.voice.coding.and.error.correction.(or.channel).coding,.and.FR.is.always.22.8.kbps.and.HR.
is.always.11.4.kbps..By.subtracting.the.rate.of.the.voice.codec.from.either.22.8.or.11.4,.one.obtains.the.
bit.rate.allocated.to.error.control.coding.

The.first.GSM.FR.voice.codec.standardized.in.1989.was.not.an.analysis-by-synthesis.codec.but.
used. a. simpler. regular. pulse. excited. linear. predictive. structure. with. a. long-term. predictor.. As. a.
result,.the.codec.had.to.be.operated.at.13.kbps.to.achieve.the.needed.voice.quality,.but.it.had.very.low.
complexity..The.first.GSM.HR.codec.used.the.same.vector.sum.excited.linear.prediction.analysis-by-
synthesis.structure.that.originated.with.the.North.American.IS-54.TDMA.voice.codec..The.enhanced.
full.rate.GSM.voice.codec.moved.over.to.the.ACELP.structure.and.that.has.persisted.in.later.codecs..
An. important. and. somewhat. dominant. voice. codec. today. is. the. Adaptive. Multirate. Codec,. both.
narrowband.and.wideband.versions..Note.that.AMR-NB.has.multiple.rates.and.can.be.operated.as.a.
FR.or.HR.codec,.depending.upon.the.rates..For.GSM,.the.AMR-NB.codec.rates.are.not.source-con-
trolled.as.the.IS-96.and.IS-133.codecs.were,.but.the.rates.are.switchable.and.usually.adjusted.by.the.
network..The.AMR.codec.maintains. compatibility.with.other. systems.by. incorporating. the.GSM.
EFR. codec. at. 12.2.kbps. and. IS-641. at. 7.4.kbps. as. two. of. its. selectable. rates.. The. AMR. wideband.
codec,.AMR-WB,.also.based.upon.ACELP.is.also.a.very.important.codec.today;.however,.note.how.
the.complexity.has.grown.

A. few. other. standardized. codecs. are. not. shown. in. any. of. the. tables.. One. is. the. TIA-EIA/IS-893.
cdma2000.standard.Selectable.Mode.Vocoder.(SMV),.which.has.six.different.modes.that.produce.differ-
ent.average.data.rates.and.voice.quality..The.highest-quality.mode,.Mode.0,.can.achieve.a.higher.MOS.
than.the.IS-127.EVRC.at.an.average.data.rate.of.3.744.kbps,.and.Mode.1.is.theoretically.equivalent.to.
IS-127..Another.codec.not.shown.is.the.cdma2000®.Variable-Rate.Multimode.Wideband.(VMR-WB).
speech.coding.standard.that.shares.the.same.core.algorithm.as.AMR-WB,.and.was.standardized.by.the.
3GPP2.in.March.2003.[12]..The.codec.has.five.modes,.and.the.rate.can.be.varied.by.the.speech.signal.

TABLE 28.4 Selected.GSM.Voice.Codecs

Codec
Year.of.

Standard
Speech.Coding.Bit.

Rate.(in.kbps)
System/Traffic.

Channel
Speech.Coding.

Algorithm
Complexity.

WMOPS

FR.codec 1989 13.0 GSM.FR Regular.pulse.
excitation–.long-
term.prediction.
(RPE-LTP)

3.0

HR.codec 1995 5.6 GSM.HR Vector-sum.excited.
linear.prediction.
(VSELP)

18.5

EFR.codec 1996 12.2 GSM.FR ACELP 15.2
AMR.codec 1999 12.2,.10.2,.7.95,.

7.4,.6.7,.5.9,.5.15,.
4.75

GSM.FR.(all.eight.
modes),.GSM.HR.(six.
lowest.modes),.3G.
WCDMA.(all.modes).

ACELP 16.8

AMR-WB.
codec

2001 23.85,.23.05,.
19.85,.18.25,.
15.85,.14.25,.

12.65,.8.85,.6.60

GSM.FR.(seven.lowest.
modes),.EDGE.(all.
modes),.3G.
WCDMA.(all.modes)

ACELP 35.4
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characteristics,.called.source-controlled,.or.by.the.traffic.conditions.on.the.network,.called.network-
controlled.. One. mode. is. fully. interoperable. with. AMR-WB. at. 12.65,. 8.85,. and. 6.6.kbps. and. since.
AMR-WB.is.standardized.for.GSM/WCDMA,.this.could.support.some.cross-system.applications..In.
addition.to.cdma2000®,.the.VMR-WB.codec.was.targeted.for.a.wide.range.of.applications,.including.
VoIP,. packet-switched. mobile-to-mobile. calls,. multimedia. messaging,. multimedia. streaming,. and.
instant.messaging..If.appropriate.signaling.is.available,.there.is.also.the.goal.of.end-to-end.tandem-free.
operation.(TFO).or.transcoder-free.operation.(TrFO).for.some.mobile-to-mobile.calls..The.VMR-WB.
codec.has.a.narrowband.signal.processing.capability.in.all.modes.that.is.implemented.by.converting.the.
narrowband.input.sampling.rate.of.8.kHz.to.the.internal.sampling.frequency.of.12.8.kHz.for.process-
ing,.and.then.after.decoding,.converting.the.sampling.rate.back.to.8.kHz.

Table.28.5.shows.available.results.for.multiple.tandem.encodings.for.a.few.of.the.codecs.discussed,.
including.results.from.tandem.connections.of.these.codecs.with.G.729.used.in.VoIP..It.is.clear.that.tan-
dem.encodings.result.in.a.drop.in.performance.as.seen.in.the.lower.MOS.values..Furthermore,.tandem.
encodings.add.to.the.end-to-end.delay.because.of.the.algorithmic.delays.in.decoding.and.reencoding..
Tandem.encodings.often.occur.today.on.mobile-to-mobile.calls..Tandem.connections.with.PSTN/VoIP.
codecs.are.not.discussed.often.within.digital.cellular.applications.since.the.codec.for.the.backbone.wire-
line.network.is.often.assumed.to.be.G.711..However,.it.is.recognized.that.calls.connecting.through.the.
wired.backbone.may.require.tandem.encodings.with.codecs.other.than.G.711,.which.can.lead.to.a.loss.
in.performance,.and.that.tandem.encodings.constitute.a.significant.problem.for.end-to-end.voice.qual-
ity..In.particular,.transcoding.at.network.interfaces.and.source.coding.distortion.accumulation.due.to.
repeated.coding.has.been.investigated.with.the.goal.of.obtaining.a.transparent.transition.between.cer-
tain.speech.codecs..Some.system-wide.approaches.have.also.been.developed.for.specific.networks..The.
general.tandeming/transcoding.problem.remains.open.

28.4.3 VoiP Standards

VoIP.for.wireless.access.points.involves.many.of.the.same.issues.as.for.wireline.VoIP,.such.as.voice.qual-
ity,.latency,.jitter,.packet.loss.performance,.and.packetization..One.new.challenge.that.arises.is.that.since.
the.physical.link.in.Wi-Fi.is.wireless,.bit.errors.commonly.occur.and.this,.in.turn,.affects.link.protocol.
design.and.packet.loss.concealment..A.second.challenge.is.that.congestion.can.play.a.role,.thus.impact-
ing.real-time.voice.communications..The.way.these.two.issues.relate.to.voice.codecs.are.that.packet.loss.
concealment.methods.are.more.critical.and.that.codec.delay.should.be.more.carefully.managed.for.such.
wireless.access.points.

We.do.not.discuss.protocols.for.these.access.points.here,.but.in.recent.years,.considerable.effort.has.
been. expended. to. try. and. adjust. prior. data-centric. approaches. to. accommodate. VoIP. applications..
There.have.been.quite.a.few.studies.concerning.the.number.of.calls.that.can.be.supported.by.the.various.
wireless.access.points,.including.both.physical.layer.and.access.protocol.issues..One.of.the.points.that.
comes.out.of.these.studies.is.that.a.reduction.in.transmitted.bit.rate.for.the.voice.codecs.may.not.result.

TABLE 28.5 Representative.Asynchronous.Tandem.
Performance.of.Selected.Digital.Cellular.Codecs

Voice.Codec Mean.Opinion.Score.(MOS)

IS-641.×.2 3.62
GSM-EFR.×.2 4.13
IS-641.+.G.729 3.48
GSM-FR.+.G.729 3.05
GSM-EFR.+.G.729 3.53
GSM-EFR.+.G.729.+.G.729 3.21
IS-641.+.G.729.+.G.729 3.10
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in.an.equivalent.increase.in.capacity.because.of.the.access.protocols.and.packetization.issues..Therefore,.
anyone.selecting.voice.codecs.for.these.applications.should.familiarize.themselves.with.the.trade-offs.
involved.

Turning.our.attention.to.the.voice.codecs.normally.implemented.in.VoIP.solutions,.we.find.that.at.
this. point. in. time,. almost. all. codecs. are. borrowed. from. other. standards. bodies.. Specifically,. G.711,.
G.729,. and. G.722. are. commonly. offered. in. VoIP. products.. Additionally,. AMR-NB. and. perhaps.
AMR-WB.are.optional.voice.codecs..All.of.these.codecs.have.well-developed.packet.loss.concealment.
methods,.which.make.them.quite.compatible.with.wireless.applications..One.thing.to.notice.is.that.the.
AMR.codecs.are.the.only.ones.that.are.common.with.any.digital.cellular.standards,.and.this.can.lead.to.
tandem.coding.penalties.when.digital.cellular.and.wireless.VoIP.are.used.for.portions.of.the.same.con-
nection.for.a.voice.call..The.need.to.support.multiple.codecs.can.also.be.an.issue.as.cell.phones.morph.
into.handheld.devices.that.support.both.digital.cellular.and.wireless.access.point.connectivity.

28.5 next-Generation Standards

Standardization.efforts.for.new.voice.codecs.are.continuing.in.several.bodies,.with.some.codecs.being.
developed.specifically.for.digital.cellular.and.others.being.standardized.that.will.be.ported.to.wireless.
applications..We.discuss.a.few.of.these.here.

The.ITU-T.standardization.efforts.have.already.resulted.in.G.711.1.and.G.729.1,.both.of.which.are.
extensions.of.existing.standards.to.wider.bands.and.different,.higher.rates..A.superwideband.version.of.
G.722.is.also.expected.soon.[13]..These.codecs.could.easily.appear.in.future.offerings.of.VoIP.for.wireless.
applications.

The.dominant.standard.in.going.forward.apparently.worldwide.in.digital.cellular.is.3GPP.Long.Term.
Evolution.(LTE),.which.is.based.on.Orthogonal.Frequency.Division.Multiple.Access.(OFDMA).in.the.
downlink.and.Single.Carrier.Frequency.Division.Multiple.Access.(SC-FDMA).in.the.uplink..The.initial.
releases.of.LTE.relied.upon.the.AMR.voice.codecs. for.voice.coding,.but.now.there. is.a.new.effort. to.
develop.a.voice.codec.for.Enhanced.Voice.Services.(EVS)..The.objectives.of.the.EVS.voice.codec.for.LTE.
are.summarized.in.Table.28.6.[14]..Here,.we.see.that.there.is.a.desire.to.maintain.interoperability.with.
the.AMR.codecs.while.adding.a.superwideband.capability.and.giving.more.attention.to.in-call.music..
High-quality.audio.codecs.for.nonconversational.services.such.as.streaming,.broadcasting,.and.multi-
casting.have.been.standardized.by.3GPP..These.codecs.are.AMR-WB+.and.aacPlus,.but.their.high.algo-
rithmic.delay.restrict.their.importance.for.two-way.conversational.voice.

One.way.to.achieve.the.desired.interoperability.with.AMR.codecs.would.be.to.use.the.AMR.codecs.as.
a.core.layer.in.an.embedded.structure.as.suggested.in.Reference.14..The.codec.structure.then.might.take.
the.form.shown.in.Figure.28.4..This.codec.structure.reflects.many.of.the.characteristics.of.the.integrated.
codecs.developed.to.code.both.voice.and.audio.as.well.or.better.than.existing.standards.in.each.area..
Examples.of.such.integrated.codecs.include.G.718.which.combines.ACELP.and.MDCT.technologies,.
but.only.covers.50.Hz–7.kHz,.and.the.recently.standardized.USAC.(Unified.Speech.and.Audio.Coding).

TABLE 28.6 Summary.of.the.Main.Objectives.for.the.EVC.Codec

EVS.Codec.Development.Objectives

Enhanced.quality.and.coding.efficiency.for.narrowband.(NB:.200–3400.Hz).and.wideband.(WB:.50–7000.Hz).speech
Enhanced.quality.by.the.introduction.of.super.wideband.(SWB:.50–14,000.Hz).speech
Enhanced.quality.for.mixed.content.and.music.in.conversational.applications.(e.g.,.in-call.music)
Robustness.to.packet.loss.and.delay.jitter.leading.to.optimized.behavior.in.IP.environments
Backward.interoperability.to.AMR-WB.by.EVS.modes.supporting.the.AMR-WB.codec.format
The.AMR-WB.interoperable.operation.modes.of.the.EVS.codec.may.be.either.identical.to.those.in.the.AMR-WB.

codec.or.different.but.bit-stream.interoperable.with.them..They.may.become.an.alternative.implementation.of.the.
AMR-WB.codec,.provided.that.the.enhancements.are.consistently.significant
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.architecture.shown.in.Figure.28.5,.which.covers.the.entire.range.from.20.Hz.to.20.kHz,.with.the.goal.of.
coding.voice.and.fullband.audio.well.[15]..These.structures.can.be.viewed.as.merely.bolting.together.
successful.codecs.for.different.bands,.but.the.USAC.effort.notes.that.it.is.the.handling.of.the.transitions.
between.different.coding.paradigms.that.requires.innovation.beyond.a.simple.combination.of.known.
schemes.

A.key.difference.between.the.USAC.effort.and.the.ongoing.LTE.work.is.the.emphasis.of.the.latter.
on.conversational.services,.which.require.low.encoding.delay..This.target.application.was.apparently.
not.specified.for.the.USAC.codec.standardization..However,.there.is.another.codec.standardization.
effort. that.has. the.goal.of.coding.narrowband.voice.all. the.way.up.to. fullband.audio.and.with.the.
constraint.of.low.delay..The.Opus.Audio.Codec.is.being.designed.for.interactive.voice.and.audio.and.
has.three.modes:.(a).a.linear.prediction-based.mode.for.low.bit.rate.coding.up.to.8.kHz.bandwidth,.
(b).a.hybrid.linear.prediction.and.MDCT.mode.for.fullband.speech/audio.at.medium.bit.rates,.and.
(c) an.MDCT-only.mode.for.very.low.latency.coding.of.speech.and.audio..Details.of.this.codec.can.be.
found.in.Reference.16.

The.combination.of. linear.prediction.for.voice-only.coding.and.the.discrete. transform/filter.bank.
approaches.for.music.is.evident.in.each.of.these.codecs..There.are.differences.in.the.applications.of..interest,.
and.so. latency,.complexity,.and.how.the.complexity. is.distributed.between. the.encoder.and.decoder.
should.be.an.important.consideration.in.wireless.applications.

28.6 outstanding issues and Future challenges

It.is.indeed.extraordinary.to.recognize.the.large.number.of.voice/audio.codecs.standardized.for.a.host.
of.applications.covering.an.exhaustive.range.of.desired.audio.bandwidths.and.a. long. list.of.possible.
transmitted.bit.rates..For.the.most.part,.these.codecs.produce.the.quality.and.intelligibility.needed.for.
the.targeted.applications..However,.there.are.significant.issues.remaining..For.wireless.applications,.the.
codecs.are.being.used.in.public.and.perhaps.very.noisy.environments..While.great.strides.have.been.
attained.in.the.robustness.of.the.codecs.and.in.the.noise.preprocessing.algorithms,.there.is.much.work.
left.to.be.done.here.
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FIGURE 28.4 Embedded.codec.for.EVS.(Adapted.from.K..Jarvinen.et.al.,.Computer Communication,.1916–1927,.2010).
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Another.very. significant. remaining.challenge. is. that. tandem.connections.of. codecs.are.not.being.
extensively.tested.prior.to.standardization.and.that.tandeming.is.not.given.a.high.priority.during.the.
standardization.processes..However,.one.way.this. is.being.addressed.within.the.setting.of.particular.
standards.is.to.maintain.interoperable.modes..This.is.seen.in.the.new.EVS.for.LTE.effort.wherein.some.
AMR.mode.interoperability.is.being.retained..The.issue.is.primarily.the.tandeming.of.codecs.in.differ-
ent.networks.or.with.different.input.bandwidths.and.codec.designs..A.second.way.this.is.being.addressed.
within.homogeneous.networks,.say.within.a.GSM.network,.is.to.implement.a.codec.negotiation.process..
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This.is.not.an.option.for.heterogeneous.connections,.however..A.third.way.is.to.have.each.handset.con-
tain. implementations. of. a. wide. variety. of. codecs.. If. the. transmitted. packets. are. then. appropriately.
marked,.the.handset.can.make.the.appropriate.decoder.selection..This.approach.appears.to.be.prohibi-
tively.complicated,.and.expensive.

One.might.be.tempted.to.dismiss.this.problem.out.of.hand.since.networks.are.evolving.toward.all.
packet.transmissions,.but.the.issue.is.not.the.transmission.technology,.the.issue.is.what.decoder.is.avail-
able.at.the.other.end.of.the.call..When.a.digital.cellular.user.makes.a.call.to.another.mobile.or.to.a.VoIP.
user,.the.codecs.at.the.far.end.are.not.known.in.general..Plus,.the.usual.approach.today.in.digital.cellular.
is.to.decode.at.the.base.station.or.mobile.switching.center.and.reencode.using.a.backbone.codec..At.the.
other.end,.it.may.be.necessary.to.decode.and.reencode.using.a.codec.supported.in.the.handset.at.the.far.
end..These. tandem.encoding/decoding.steps. incur.additional. latency.and.a. loss. in.voice.quality.and.
intelligibility..A.critical.issue.is.the.tandem.connections.of.commercial.voice.codecs.with.military/DoD.
codecs.and/or.with.the.codecs.used.by.emergency.first.responders..These.tandem.connections.are.not.
well.tested.or.analyzed.

As. one. reads. this. chapter,. two. trends. are. evident. in. the. new. standards. receiving. attention. today..
There.is.a.desire.for.the.capability.to.code.narrowband.speech.to.fullband.music.inputs,.and.the.end.
result.is.more.complexity.and.increasing.latency..The.LTE.and.the.Opus.Codec.attempt.to.satisfy.the.
former. while. avoiding. the. increased. complexity. and. latency.. It. will. be. interesting. to. track. their.
success.

28.7 Summary and conclusions

Speech.coding.is.an.integral.part.of.all.wireless.communications.networks.today,.and.much.is.being.
done.to.extend.the.capabilities.in.terms.of.quality.and.types.of.signals.supported..This.chapter.has.
touched.on.a.host.of.standardized.voice.and.audio.codecs,.highlighting.their.strengths.and.limita-
tions..Future.standards.have.also.been.discussed.and.their.proposed.roles.outlined..Given.the.increas-
ing.demands.for.wireless.communications.and.the.apparent.dominance.of.the.wireless.paradigm.in.
future. communications. systems,. voice. and. audio. coding. are. sure. to. continue. to. be. of. critical.
importance.

Appendix: Speech Quality and intelligibility

To.compare.the.performance.of.two.speech.coders,.it.is.necessary.to.have.some.indicator.of.the.intelli-
gibility.and.quality.of. the.speech.produced.by.each.coder..The.term.“intelligibility”.usually.refers. to.
whether.the.output.speech.is.easily.understandable,.while.the.term.“quality”.is.an.indicator.of.how.natu-
ral.the.speech.sounds..It.is.possible.for.a.coder.to.produce.highly.intelligible.speech.that.is.low.quality.in.
that.the.speech.may.sound.very.machine-like.and.the.speaker.is.not.identifiable..On.the.other.hand,.it.
is.unlikely.that.unintelligible.speech.would.be.called.high.quality,.but.there.are.situations.in.which.per-
ceptually.pleasing.speech.does.not.have.high.intelligibility..We.briefly.discuss.here.the.most.common.
measures.of. intelligibility.and.quality.used. in. formal. tests.of.speech.coders..We.also.highlight.some.
newer.performance.indicators.that.attempt.to.incorporate.the.effects.of.the.network.on.speech.coder.
performance.in.particular.applications.

MoS

The.mean.opinion.score.(MOS).is.an.often-used.performance.measure.[2,.Chapter.13]..To.establish.
a.MOS.for.a.coder,. listeners.are.asked. to.classify. the.quality.of. the.encoded.speech. in.one.of.five.
categories:.excellent.(5),.good.(4),.fair.(3),.poor.(2),.or.bad.(1)..The.numbers.in.parentheses.are.used.
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to.assign.a.numerical.value.to.the.subjective.evaluations,.and.the.numerical.ratings.of.all.listeners.
are.averaged.to.produce.a.MOS.for. the.coder..A.MOS.between.4.0.and.4.5.usually. indicates.high.
quality.

It.is.important.to.compute.the.variance.of.MOS.values..A.large.variance,.which.indicates.an.unre-
liable.test,.can.occur.because.participants.do.not.know.what.categories.such.as.good.and.bad.imply..
It.is.sometimes.useful.to.present.examples.of.good.and.bad.speech.to.the.listeners.before.the.test.to.
calibrate.the.5-point.scale..Sometimes.the.percentage.of.poor.and.bad.votes.may.be.used.to.predict.
the.number.of.user.complaints..MOS.values.can.and.will.vary.from.test.to.test.and.so.it.is.important.
not.to.put.too.much.emphasis.on.particular.numbers.when.comparing.MOS.values.across.different.
tests.

DRt

The.diagnostic.rhyme.test.(DRT).was.devised.to.test.the.intelligibility.of.coders.known.to.produce.
speech.of.lower.quality..Rhyme.tests.are.so.named.because.the.listener.must.determine.which.con-
sonant.was. spoken.when.presented.with.a.pair.of. rhyming.words;. that. is,. the. listener. is. asked. to.
distinguish.between.word.pairs.such.as.meat–beat,.pool–tool,.saw–thaw,.and.caught–taught..Each.
pair.of.words.differs.on.only.one.of.six.phonemic.attributes:.voicing,.nasality,.sustention,.sibilation,.
graveness,.and.compactness..Specifically,.the.listener.is.presented.with.one.spoken.word.from.a.pair.
and.asked.to.decide.which.word.was.spoken..The.final.DRT.score.is.the.percent.responses.computed.
according. to. P.=.(R.–.W).×.100/T,. where. R. is. the. number. correctly. chosen,. W. is. the. number. of.
incorrect.choices,.and.T.is.the.total.of.word.pairs.tested..Usually,.75.≤.DRT.≤.95,.with.a.good.being.
about.90.

DAM

The.diagnostic.acceptability.measure.(DAM).developed.by.Dynastat.is.an.attempt.to.make.the.measure-
ment.of. speech.quality.more.systematic..For. the.DAM,. it. is.critical. that. the. listener.crews.be.highly.
trained.and.repeatedly.calibrated.in.order.to.get.meaningful.results..The.listeners.are.each.presented.
with.encoded.sentences.taken.from.the.Harvard.1965.list.of.phonetically.balanced.sentences,.such.as.
“Cats.and.dogs.each.hate.the.other”.and.“The.pipe.began.to.rust.while.new.”.The.listener.is.asked.to.
assign.a.number.between.0.and.100.to.characteristics. in.three.classifications—signal.qualities,.back-
ground.qualities,.and.total.effect..The.ratings.of.each.characteristic.are.weighted.and.used.in.a.multiple.
nonlinear.regression..Finally,.adjustments.are.made.to.compensate.for.listener.performance..A.typical.
DAM.score.is.45–55%,.with.50%.corresponding.to.a.good.system.

PeSQ

An.important.objective.measure.is.the.perceptual.evaluation.of.speech.quality.(PESQ).method.in.ITU.
Recommendation.P.862,.which.attempts.to.incorporate.more.than.just.speech.codecs.but.also.end-to-
end.network.measurements.[3]..The.PESQ.has.been.shown.to.have.good.accuracy.for.the.factors.listed.
in.Table.28.7..There.are.parameters.for.which.the.PESQ.is.known.to.provide.inaccurate.predictions.or.is.
not. intended.to.be.used.with,.such.as. listening. levels,. loudness. loss,.effect.of.delay. in.conversational.
tests,.talker.echo,.and.two-way.communications..The.PESQ.also.has.not.been.validated.to.test.for.packet.
loss.and.packet.loss.concealment.with.PCM.codecs,.temporal.and.amplitude.clipping.of.speech,.talker.
dependencies,.music.as.input.to.a.codec,.CELP,.and.hybrid.codecs.<4.kbps..There.is.also.a.wideband.
PESQ.standard,.and.it.has.been.improved.from.an.earlier.version.and.is.used.for.evaluating.quality.for.
inputs.in.the.50.Hz.to.7.kHz.range.
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29.1 introduction

Video.compression.has.been.a.key.enabling.technology.for.a.variety.of.consumer.electronics.devices.and.
applications.such.as.camera.phones,.DVD.players,.personal.media.players,.digital.camcorders,.stream-
ing.video,.video.conferencing,.and.etc..This.chapter.provides.an.overview.of.video.compression.basics.
and.video.coding.standards.developed.by.ITU-T.and.ISO/IEC.MPEG.

Video.sequences.contain.a.lot.of.redundancies.and.removing.these.redundancies.is.the.fundamental.
objective.of. video. compression.. There.are. several. different. types.of. redundancies. that. exist. in. video.
sequences.and.techniques.for.removing.them.are.presented.first.in.this.section..Early.video.coding.stan-
dards.including.H.261,.MPEG-1/2,.H.263,.and.MPEG-4.are.briefly.introduced.as.well..Sections.29.2,.
29.3,.and.29.4.provide.an.overview.of.H.264/AVC.(advanced.video.coding),.the.scalable.extensions.of.
H.264/AVC,.and.the.multiview.extension.of.H.264/AVC,.respectively..Finally,.high-efficiency.video.cod-
ing.(HEVC),.which.is.the.next-generation.video.coding.standard.currently.being.developed,.is.briefly.
introduced.in.Section.29.5.

29.1.1 Digital Video and need for compression

Digital.video.data.consist.of.a.series.of. images.captured.using.a.camera.or.artificially.generated.(e.g.,.
computer-generated.movies)..Figure.29.1a.shows.four.images.of.a.color.video.sequence.captured.at.30.
frames.per.second.(fps)..Each.image.of.color.video.consists.of.a.luminance.(also.referred.to.as.luma.and.
denoted.by.Y).component.and.two.chrominance.components.(also.referred.to.as.chroma.and.denoted.by.
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U.and.V)..Since.the.human.eye.is.more.sensitive.to.luma.than.chroma,.the.chroma.components.are.typi-
cally.subsampled.to.lower.the.data.rate..Figure.29.1b.shows.YUV.4:2:0.format.image.where.the.U.and.V.
chroma.components.are.quarter.the.size.of.luma.component..Consumer.video.is.predominantly.in.the.
4:2:0.format.with.8.bits.per.pixel..Higher.chroma.resolution.(no.chroma.subsampling).and.higher.bit.
depth.(10-bits.or.more).are.typically.used.in.production.quality.video.generated.in.studios..Video.can.be.
captured.in.one.of.two.formats—progressive.or.interlaced..In.progressive.format.all.lines.in.the.image.are.
scanned.from.top.to.bottom,.whereas.in.interlaced.format.odd.lines.in.the.image.are.scanned.first.fol-
lowed.by.even.lines..The.odd.lines.are.called.the.top.field.and.the.even.lines.are.called.the.bottom.field.

Raw.digital.video.requires.a. lot.of.data. to.be.stored.or. transmitted..For.example,.a.1920.×.1080.
(1080p). high-definition. (HD). YUV. 4:2:0. video. sequence. with. 8. bits. per. pixel. at. 60. fps. generates.
around.1.5.Gbps.data.which.are.an.order.of.magnitude.more.than.the.bandwidth.currently.supported.
on. broadband. networks. (~1–10.Mbs).. A. movie. of. 90.min. would. generate. around. 1.Tbyte. of. data.
which.are.again.an.order.of.magnitude.more.than.the.capacity.available.on.common.storage.discs.
such.as.Blu-ray.(50.GB.capacity)..Hence,.video.compression.is.essential.for.transmitting.or.storing.
digital.video.

29.1.2 Video compression Basics

The.goal.of.video.compression.is.to.encode.digitized.video.using.as.few.bits.as.possible.while.maintain-
ing.acceptable.visual.quality..Video.compression. is.achieved.by.removing.redundancies. in. the.video.
signal..Several.types.of.redundancies.exist.in.video.signals;.spatial,.perceptual,.statistical,.and.temporal.
redundancies.

29.1.2.1 Spatial Redundancy Removal

Most.of. the. time,.video.data.within.an. image.vary.smoothly.and. there. is.high.correlation.between.
spatially. adjacent. pixels.. Spatial. redundancy. can. be. removed. by. spatial. prediction. and/or. by. using.
decorrelating.transforms..Figure.29.2.shows.an.example.of.spatial.prediction.where.current.block.is.
horizontally.predicted.from.the.left.block..The.difference.block.in.this.case.has.less.energy.than.the.
original.block.and.requires.fewer.bits.to.encode.than.the.original.block..Figure.29.3.shows.the.effect.of.
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FIGURE 29.1 Digital.video.data..(a).Video.sequence.and.(b).video.image.with.luma.and.chroma.components.
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using.a.2D.discrete.cosine.transform.(DCT).on.an.8.×.8.region.in.the.cheek.area.of.the.person.in.image..
The.2D.DCT.compacts.energy.in.the.input.block.and.renders.a.lot.of.transform.coefficient.values.to.
become.zero..These.zeros.can.be.efficiently.coded.using.techniques.such.as.run.length.coding.

29.1.2.2 Perceptual Redundancy Removal

Not.all.video.data.are.equally.significant.from.a.perceptual.point.of.view..For.example,.in.the.transform.
domain,.the.low-frequency.components.are.perceptually.more.important.than.high-frequency.compo-
nents.. By. sending. only. the. perceptually. significant. information,. data. compression. can. be. achieved..
Figure.29.4.shows.an.example.where.only.36.low.frequency.DCT.coefficients.(out.of.a.total.of.64.DCT.
coefficients).for.each.8.×.8.block.of.data.are.retained..Also,.the.most.significant.bits.(MSB).of.transform.
coefficients.are.perceptually.more.important.than.the.least.significant.bits.(LSB)..Quantization.which.
reduces.the.number.of.bits.used.to.represent.a.value.also.helps.in.perceptual.redundancy.removal.since.
it.leads.to.discarding.of.LSB.information.
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FIGURE 29.2 Example.of.spatial.prediction.
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29.1.2.3 Statistical Redundancy Removal

Not.all.video.data.in.an.image.occurs.with.equal.probability..Entropy.coding.can.be.used.to.reduce.
this.statistical.redundancy..For.example,.by.using.variable.length.coding.(VLC),.one.can.use.shorter.
code.words.to.represent.frequent.values.and.longer.code.words.to.present.less.frequent.values..On.the.
average.this.will.require.less.number.of.bits.to.code.video.data.than.using.fixed.length.coding.to.code.
the.values..Table.29.1.shows.an.example.of.VLC..Assume.that.there.are.four.types.of.symbols.that.
need.to.be.transmitted—A,.B,.C,.and.D—with.probability.of.occurrence.shown.in.Table.29.1..If.one.
were.to.use.fixed.length.coding.to.transmit.these.symbols,.2.bits.per.symbol.would.be.required..So.to.
transmit.a.sequence.of.A,.A,.B,.D,.A,.A,.A,.A,.one.would.require.16.bits..If.a.variable.length.code.as.
shown.in.Table.29.1.were.to.be.used,.the.number.of.bits.required.for.transmission.would.be.1.+.1.+.2.+.
3.+.1.+.1.+.1.+.1.=.11.bits.

Figure.29.5a.shows.the.effect.of.using.entropy.coding.on.an.example.image..The.original.image.uses.
8.bits/pixel..If.the.image.were.directly.coded.using.variable.length.code.consisting.of.256.alphabets,.only.
7.14.bits.will.be.required.to.represent.a.pixel..Alternatively,.when.VLC.is.applied.on.transformed.and.
quantized.image.(Figure.29.5b),.only.1.82.bits.will.be.required.to.code.a.pixel.

29.1.2.4 temporal Redundancy Removal

Significant.amount.of.temporal.redundancy.exists.in.video.sequences.as.can.be.seen.from.Figure.29.1a.
where.most.of. the.background.remains.static. from.one. image. to. the.next..There.are.several.ways. in.
which.temporal.redundancy.can.be.exploited.to.reduce.data.rate.

29.1.2.4.1  Conditional Replenishment

This.technique.encodes.only.the.blocks.that.have.changed.from.previous.picture.as.shown.in.Figure.
29.6a..The.advantage.of.conditional.replenishment.is.that.it.requires.no.additional.frame.buffers..The.
received.blocks.can.be.directly.written.into.the.display.frame.buffer.

29.1.2.4.2  Frame Difference Coding

This. technique. encodes. frame. differences. as. shown. in. Figure. 29.6b.. Difference. blocks. typically.
.consume. fewer. bits. than. original. blocks. leading. to. frame. difference. coding. providing. better.

(a) (b)

FIGURE 29.4 Perceptual.redundancy.removal..(a).Original.frame.and.(b).image.obtained.by.retaining.36.low.
frequency.DCT.coefficients.for.each.8.×.8 block.

TABLE 29.1 Example.of.Variable.Length.Coding

Symbol Probability.of.Occurrence Fixed.Length.Coding Variable.Length.Coding

A 0.5 00 0
B 0.25 01 10
C 0.125 10 110
D 0.125 11 111



563Video Compression

.compression.performance.than.conditional.replenishment..However,.unlike.conditional.replenish-
ment,.frame.difference.coding.requires.a.previous.frame.buffer.to.be.stored.in.decoder.to..reconstruct.
current.frame.

29.1.2.4.3  Motion-Compensated Prediction (MCP)

Frame.difference.coding.works.well.when.there.is.no.significant.motion.between.pictures..When.there.
is.motion.as.shown.in.example.of.Figure.29.7,.frame.difference.coding.will.lead.to.large.differences..The.
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FIGURE 29.5 Effects.of.statistical.redundancy.removal.on.(a).original.image:.8.bpp,.entropy.coding.of.original.
image:.7.14.bpp.and.(b).transformed.and.quantized.image:.1.82.bpp.

Frame 1(a) (b)

Frame 2 Frame 4

Frame 2 blocks Frame 3 Frame 4 – Frame 3

FIGURE 29.6 Temporal.redundancy.removal.by.(a).conditional.replenishment.and.(b).frame.difference.coding.
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motion.between.the.frames.needs.to.be.compensated.for.before.differencing..A.popular.way.of.doing.
this.is.to.use.block.motion.estimation.(ME)/compensation..The.frame.is.divided.into.blocks.and,.for.
each.block.in.current.picture,.the.relative.motion.between.the.current.block.and.a.matching.block.of.the.
same.size.in.the.previous.frame.is.determined.through.ME..A.motion.vector.(mvx,.mvy).is.transmitted.
for.each.block.to.indicate.the.relative.motion.

29.1.3 Basic Video coding Architecture

A.common.approach.in.video.coding.is.to.combine.motion.estimation/compensation,.spatial.predic-
tion,.transform,.quantization,.and.entropy.coding.into.a.hybrid.scheme.to.exploit.all.forms.of.redun-
dancies.in.video.sequences..A.video.coding.architecture.that.forms.a.basis.of.most.of.the.existing.video.
coding.standards.is.shown.in.Figure.29.8.

Pictures.are.coded.in.either.of.the.two.modes—INTER.or.INTRA..In.INTRA-coding,.the.current.
picture.is.encoded.without.any.relation.to.the.previous.picture..Spatial.prediction.can.be.used.to.predict.
blocks.of.pixels.from.neighboring.pixel.values..In.INTER.coding,.the.current.image.is.predicted.from.
neighboring.pictures.using.block.motion.compensation.and.the.difference.between.the.current.image.
and.the.predicted.image.is.encoded..Note.that.INTER.coding.requires.that.a.copy.of.the.neighboring.
pictures.be.stored.in.the.frame.buffer..The.first.picture.in.the.video.sequence.is.coded.in.the.INTRA-

Frame t – 1

mv

Frame t

FIGURE 29.7 Example.of.MCP.
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FIGURE 29.8 Basic.video.coding.architecture.
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mode.to.initialize.the.frame.buffer..There.are.two.types.of.INTER.pictures—P.picture.and.B.picture.as.
shown.in.Figure.29.9..P.pictures.are.coded.with.respect.past.pictures.where.as.B.pictures.are.coded.with.
respect.to.both.past.and.future.pictures.

The. basic. unit. of. data. operated. on. is. called. a. macroblock. (MB). and. are. the. data. (both. luma. and.
chroma.components).corresponding.to.a.block.of.16.×.16.pixels..The.input.image.is.split.into.disjoint.
MBs.and.the.processing.is.done.on.an.MB.basis..In.INTER.MBs,.ME.is.performed.on.the.MB.to.be.
encoded.and.motion.vector.(MV).is.estimated.between.the.current.picture.and.neighboring.picture.for.
the.MB.to.be.encoded..ME.is.typically.done.using.only.the.luma.component.of.the.video.images..For.
chroma.components,.the.luma.MV.is.appropriately.scaled.to.take.care.of.the.different.spatial.resolutions.
of. the. luma.and.chroma.components.before. it. is.used..The.motion.compensation.prediction.error. is.
calculated.by.subtracting.each.pixel.in.the.MB.with.its.motion-shifted.counterpart.in.the.neighboring.
picture..In.INTRA-MBs,.when.spatial.prediction.is.used,.the.prediction.error.is.calculated.by.subtract-
ing.each.pixel.in.MB.from.its.spatial.prediction.from.neighboring.pixel.values.

2D.DCT.is.applied.on.prediction.error.(if.spatial.prediction.or.ME.is.used).or.on.original.MB.(if.no.
prediction.is.used)..The.resulting.DCT.coefficients.are.then.quantized..Depending.on.the.quantization.step.
size,.this.will.result.in.a.significant.number.of.zero-valued.coefficients..To.efficiently.encode.the.DCT.coef-
ficients.which.remain.nonzero.after.quantization,.the.DCT.coefficients.are.typically.zig-zag.scanned.and.
run-length.encoded..The.run-length-encoded.DCT.coefficients.and.the.MVs.are.variable.length.encoded.
before.transmission..Arithmetic.coding.can.also.be.used.instead.of.VLC.

The.decoder.uses.a.reverse.process.to.reproduce.the.MB.at.the.receiver..After.entropy.decoding.the.
received.video.bitstream,.the.pixel.values.of.the.prediction.error.are.reconstructed.by.inverse.quantiza-
tion.and.inverse.DCT..The.spatially.predicted.pixels.or.the.motion-compensated.pixels.from.the.neigh-
boring.picture.contained.in.the.frame.buffer.are.added.to.the.prediction.error.to.reconstruct.the.particular.
MB.transmitted..All.MBs.of.a.given.picture.are.decoded.and.the.whole.picture.is.reconstructed.

29.1.4 early Video coding Standards

29.1.4.1 H.261

H.261.was.standardized.by.ITU.for.videoconferencing.over.ISDN..H.261.supports.two.standard.pic-
ture. formats—the. Common. Intermediate. Format. (CIF–352.×.288). or. the. Quarter-CIF. (QCIF,.
176.×.144)..The.luma.and.chroma.resolutions.of.the.CIF.and.QCIF.formats.are.summarized.in.Table.
29.2..Pictures. in.H.261.are.coded.either. in.INTRA-mode.or. in.INTER.modes..Only.P.pictures.are.
supported.and.a. single.MV.at. integer-pixel. resolution. is.used. for.each.MB..The.MBs.of. either. the.
image.or.the.residual.image.are.split.into.blocks.of.size.8.×.8.which.are.then.transformed.using.DCT..
The.resulting.DCT.coefficient.levels.are.quantized.and.run-length.coded..The.run-level.pairs.are.vari-
able.length.encoded..H.261.is.typically.operated.at.a.bit.rate.of.p.×.64.kbps,.where.p.is.an.integer.from.
1.to.30.[1].

PB B BBI P

FIGURE 29.9 P.and.B.pictures.in.IBBP.GOP.structure.
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29.1.4.2 MPeG-1

MPEG-1.video.standard.was.developed.by.ISO/IEC..It.was.designed.to.provide.a.digital.equivalent.of.
the.popular.VHS.video.tape..It.is.used.in.Video.CD.(VCD).with.data.rates.of.around.1.5.Mbps..Its.sup-
ports.YUV.4:2:0.video.of.SIF.format.(352.×.240.at.30.fps.or.352.×.288.at.25.fps)..Compared.to.H.261,.
MPEG-1.uses.MVs.at.half-pixel.resolution.and.supports.both.P.and.B.pictures..It.also.introduced.adap-
tive.perceptual.quantization.where.the.step.size.used.during.quantization.of.various.DCT.coefficients.
can.be.adapted.based.on.human.visual.perception.considerations.[2].

29.1.4.3 MPeG-2

MPEG-2.was.developed.for.digital.TV.applications..It.was.built.on.top.of.MPEG-1.and.introduced.sup-
port.for.interlaced.video.which.is.used.in.TVs..MPEG-2.has.become.a.very.widely.used.standard.and.is.
used.in.DVDs,.cable.and.satellite.television,.HDTVs,.and.Blu-ray.discs..It.supports.higher.resolution.than.
MPEG-1,.for.example,.standard.definition.TV.(SDTV).resolution.of.720.×.480.for.NTSC.and.720.×.576.
for.PAL,.1080i.resolution.of.1920.×.1080.interlaced.etc..MPEG-2.is.used.at.around.4–8.Mbps.for.SDTV.
applications. and. 10–20.Mbps. for. HDTV. applications.. Interlaced. video. coding. tools. introduced. in.
MPEG-2. include:. field. pictures,. field/frame. motion. compensation,. MVs. for. 16.×.8. blocks,. frame/field.
DCT..MPEG-2.also.introduced.tools.for.scalable.video.coding.but.these.are.not.widely.used.[3].

29.1.4.4 H.263

H.263.was.developed. for.videoconferencing.over.plain.old. telephone. system.(POTS).at.data. rates.of.
28.8.kbps.. The. video. resolution. targeted. was. sub-QCIF. (128.×.96). and. QCIF.. Video. conferencing. at.
28.8.Kbps. ended. up. being. very. difficult. and. H.263. started. getting. used. for. video. conferencing. over.
ISDN.and.Internet.since.it.provides.better.quality.than.H.261..Most.of.the.improvements.in.H.263.come.
from.using.MVs.with.half-pixel.resolution.and.from.using.improved.VLC.to.encode.DCT.coefficients..
DCT.coefficients.are.coded.using.a.3D.variable.length.code.table.that.jointly.codes.DCT.level,.runs.of.
zeros,.and.signaling.of.the.last.coefficient.in.the.block..The.core.of.H.263.specification.is.called.the.base-
line.profile..Several.other.optional.modes.were.introduced.in.subsequent.versions.of.H.263..These.end.
up. being. called. H.263+. and. H.263++.. Several. of. these. options. get. used. in. the. subsequent. MPEG-4.
simple.profile.and.AVC/H.264.standard..Some.of.the.options.are.[4]:

•. Unrestricted.MV.mode:.In.this.mode,.MVs.are.allowed.to.point.to.pixels.outside.the.picture..
The.values.used.for.the.nonexistent.“outside”.pixels.are.simply.the.values.of.the.corresponding.
pixels.on.the.nearest.edge.of.the.picture..This.mode.is.found.to.improve.the.picture.quality.
when.there.is.significant.motion.at.the.edges.of.the.image.

•. MVs.for.8.×.8.blocks.
•. Syntax-based.arithmetic.coding.
•. Multiple.reference.frames.for.motion.compensation.

29.1.4.5 MPeG-4

MPEG-4.was.designed.to.be.a.broad.standard.to.cover.various.traditional.and.emerging.applications.
areas:.TV,.film,.wireless.communications,.3D.models,.and.so.on..It.has.several.parts:.object-based.cod-
ing,.synthetic.video.coding,.wavelet-based.still.texture.coding,.and.natural.video.coding..Of.all.these,.

TABLE 29.2 QCIF.and.CIF.Resolutions

Luma Chroma

QCIF 176.×.144 88.×.72
CIF 352.×.288 176.×.144
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only.the.parts.that.cover.coding.of.traditional.video.get.used.mainly.in.digital.cameras,.camcorder,.and.
streaming.video..The.parts.that.get.used.are:.MPEG-4.simple.profile.tools.and.advanced.simple.profile.
tools.[5].

MPEG-4.Simple.Profile.is.a.superset.of.H.263.baseline.profile..Additional.tools.include:

•. DCT.coefficient.prediction.from.neighboring.block.for.intra.coded.MBs.
•. Unrestricted.MV.mode.and.MVs.for.8.×.8.blocks.
•. Tools.for.improving.error.resilience.of.bitstreams.

•. Resync markers:.Resync.markers.help.in.resynchronization.of.the.bitstream.in.case.of.bit-
stream.errors..Video.data.between.resync.markers.is.called.a.video.packet.and.contains.
enough. information. to. carry. out. decoding. independent. of. neighboring. video. packet.
information..Because.of.the.use.of.variable.length.encoding,.bitstream.errors.can.cause.a.
loss.of.synchronization.in.entropy.decoding.and.thereby.lead.to.incorrect.reconstruction.
of.video.pictures..Resync.markers.are.unique.and.do.not.occur.in.the.bitstream.other.than.
in.the.video.packet.header.so.a.decoder.that.encounters.bitstream.errors.can.search.for.the.
next.resync.marker.to.achieve.synchronization.

•. Data partitioning:.In.data.partitioning,.video.data.are.split.into.two.partitions.with.their.
own.headers..The.first.partition.consists.of.perceptually.more.significant.information.such.
as.mode.information.and.MVs..The.second.partition.consists.of.coefficient.data..In.case.
the.second.partition.is.lost,.the.information.in.the.first.partition.can.be.used.to.perform.
error. concealment.. Also. channel. coding. techniques. such. as. unequal. error. protection.
(UEP).can.be.used.with.data.partitioning..UEP.protects.the.more.significant.information.
at.a.higher.level.than.the.less.significant.information..So.using.UEP.techniques,.the.first.
partition.can.be.error.protected.more.than.the.second.partition.

•. Reversible VLC:.These.can.be.decoded.in.both.the.forward.direction.and.the.reverse.direc-
tion..In.the.case.of.bitstream.errors.one.could.go.to.the.end.of.the.video.packet.and.start.
decoding.in.reverse.direction.to.try.to.salvage.more.information.from.the.bitstream.

MPEG-4.advanced.simple.profile.includes.support.for.B.pictures.and.interlaced.tools..It.also.intro-
duces.MVs.at.quarter-pixel.resolution.and.global.motion.compensation,.which.allows.for.signaling.of.
motion.parameters.for.the.whole.frame.

29.2 H.264/AVc

H.264/AVC.(MPEG-4.Part.10).is.the.video.coding.standard.developed.by.the.joint.efforts.from.ITU-T.
VCEG.and.ISO/IEC.MPEG.[6,7]..There.was.a.call.for.proposal.for.H.26L.in.1998,.on.which.the.start.of.
H.264/AVC.was.based,.and.the.joint.video.team.(JVT).was.formed.in.2001.to.start.the.standardization.
work.jointly.between.VCEG.and.MPEG..Since.the.issuance.of.final.draft.international.standard.(FDIS).in.
2003,.H.264/AVC.has.been.the.state-of-the-art.video.coding.standard.that.has.been.successfully.deployed.
in.various.fields.of.industry.including.HDTV.broadcasting,.mobile.and.internet.video.services,.digital.
cameras.and.camcorders,.security.systems,.video.conferencing.systems,.Blu-ray.Disc,.and.so.on.[8].

Design.of.H.264/AVC.codec.inherits.that.of.the.previous.standards.such.as.MPEG-2.and.H.263++..
It uses.block-based.processing.with.motion.prediction.and.transform.coding..However,.each.traditional.
coding.tool.is.optimized.and.new.coding.tools.are.introduced.to.achieve.coding.efficiency.improvement..
It.has.been.reported.that.H.264/AVC.can.reduce.bit.rate.by.half.at.the.same.quality.compared.to.its.pre-
vious.international.standards.[9].

The.overview.of.H.264/AVC.coding.algorithm.is.given.in.Section.29.2.1..Section.29.2.2.discusses.how.
optimal.performance.can.be.achieved.at.the.encoder.side.in.terms.of.coding.efficiency..Usage.of.supple-
mental. enhancement. information. (SEI). is. also. described.. Finally,. in. Section. 29.2.3,. profile. and. level.
information.is.given.along.with.visual.quality.analysis.
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29.2.1 coding tools in H.264/AVc

The.structure.of.H.264/AVC.codec.is.similar.to.one.shown.in.Figure.29.8..However,.every.coding.block.
in.H.264/AVC.is.improved.by.adopting.new.coding.tools..This.subsection.highlights.some.of.those.tools.

29.2.1.1 High-Level Syntax and Data Structure

High-level.syntax.defines.bitstream.format.and.network.abstraction.layer.(NAL).unit.types..NAL.unit.
types.defined.in.H.264/AVC.are.shown.in.Table.29.3..Sequence.parameter.set.(SPS).and.picture.param-
eter.set.(PPS).NAL.units.contain.common.information.needed.at.the.sequence.level.and.picture.level,.
respectively..SEI.NAL.unit.is.an.optional.NAL.unit.and.can.be.included.to.provide.additional.informa-
tion.that.will.be.useful.for.decoding.or.display.processing..Coded.slice.NAL.unit.contains.compressed.
video.information..As.shown.in.Figure.29.10,.these.form.access.units.(i.e.,.decoded.picture).and.each.
access.unit.consists.of.single.or.multiple.slices.

29.2.1.2 intra Prediction

One.of.important.tools.introduced.in.H.264/AVC.is.the.intra.and.inter.prediction.at.MB.level.in.variable.
block.size.partitions..The.partitioned.block.sizes.available.for.intra.and.inter.predictions.are.different..
When.an.MB.is.intra-coded,.the.MB.is.divided.into.the.block.sizes.from.4.×.4.to.16.×.16.and.the.original.
pixels.in.each.block.are.predicted.from.the.reconstructed.pixels.in.neighboring.blocks.to.remove.spatial.
correlation..Available.prediction.modes.depend.on.color.component.and.block.size..For.4.×.4.and.8.×.8.
luma.block,.9.modes.(1.DC.+.8.directional).are.defined.as.illustrated.in.Figure.29.11..For.16.×.16.luma,.
only.4.modes.(1.DC.+.3.directional).are.defined..For.chroma.sample,.only.8.×.8.intra.prediction.with.the.
same.modes.as.16.×.16.luma.prediction.is.allowed..However,.the.mode.indices.used.for.signaling.16.×.16.
luma.and.8.×.8.chroma.prediction.directions.are.slightly.different.as.shown.in.Tables.29.4.and.29.5.

29.2.1.3 inter Prediction (McP)

An.MB.has.more.flexibility.in.its.partition.size.when.it.is.inter-coded..Figure.29.12.shows.the.partitions.
available.for.inter-coded.MBs..The.luma.component.can.be.partitioned.into.the.smaller.blocks.of.16.×.16,.
16.×.8,.8.×.16,.or.8.×.8,.and.each.8.×.8.partition.(i.e.,.sub-MB).can.be.partitioned.again.into.the.blocks.
of.8.×.8,.8.×.4,.4.×.8,.or.4.×.4..The.chroma.component.follows.the.luma.partition.after.scaling.according.
to.the.chroma.format..Every.partition.in.an.inter-coded.MB.is.predicted.using.its.own.reference.picture.
and.MV.to.remove.temporal.correlation.as.much.as.possible.

TABLE 29.3 H.264/AVC.NAL.Units.(Nonshaded.Rows).and.Additional.NAL.Units.for.H.264/SVC.
(Shaded.Rows)

nal_unit_type Content Symbol

1,.5 Coded.slice.of.non-IDR.or.IDR.pictures SLICE
6 Supplemental.enhancement.information.(SEI) SEI
7 SPS SPS
8 PPS PPS
14 Prefix.NAL.unit PRE
15 Subset.SPS subSPS
20 Coded.slice.extension svcSLICE

SPS PPS SEI SLICE SLICE SLICE SLICE SLICE . . . . . .

Access unitAccess unitAccess unit

SEI SEI

FIGURE 29.10 H.264/AVC.NAL.units.and.syntax.structure.
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More.than.one.previously.coded.picture.can.be.employed.for.MCP.in.H.264/AVC..The.maximum.
number.of.reference.pictures.that.one.picture.can.use.is.16..However,.since.all.the.blocks.in.an.8.×.8.
partition.have.the.same.reference.picture,.it.is.possible.for.one.MB.to.have.up.to.4.reference.pictures..To.
realize.MCP.with.multiple.reference.pictures,.the.decoded.picture.buffer.(DPB).is.introduced,.in.which.

Mode 0

Mode 4 Mode 5 Mode 6 Mode 7 Mode 8

Mode 1 Mode 2 Mode 3

FIGURE 29.11 Intra.prediction.modes.for.luma.4.×.4.and.8.×.8.blocks.

TABLE 29.4 Available.Intra.16.×.16.Prediction.Modes

Intra.16.×.16.PredMode Name.of.Intra.16.×.16.PredMode

0 Intra_16.×.16_Vertical
1 Intra_16.×.16_Horizontal
2 Intra_16.×.16_DC
3 Intra_16.×.16_Plane

TABLE 29.5 Available.IntraChroma.Prediction.Modes

Intrachroma_pred_mode Name.of.intra_chroma_pred_mode

0 Intra_Chroma_DC
1 Intra_Chroma_Horizontal
2 Intra_Chroma_Vertical
3 Intra_Chroma_Plane

MB type

Sub-MB
type

0

0
0

0
0

2 3

1

4 × 44 × 88 × 48 × 8

1
1

16 × 16 16 × 8 8 × 16 8 × 8

0

1
0 1

0 1

32

FIGURE 29.12 Available.MB.partitions.and.sub-MB.partition.for.inter.coded.MB.
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previously.decoded.pictures.are.stored..DPB.provides.ways.to.store.and.remove.decoded.pictures.flexi-
bly.at.any.time..For.example,.decoded.pictures.can.stay.for.a.long.time.in.DPB.so.that.they.can.be.used.
as.a.reference.for.successive.pictures..By.doing.so,.an.H.264/AVC.encoder.can.exploit.both.short-term.
and.long-term.dependencies.between.pictures.

MCP.is.performed.using.MVs.at.quarter-pixel.resolution.in.H.264/AVC..Temporal.prediction.sam-
ples.at.finer.fractional.positions.improve.the.performance.of.MCP.significantly..For.luma,.the.prediction.
samples.at.half-pixel.positions.are.derived.by.filtering.integer.samples.in.horizontal.and.vertical.direc-
tion.separately.using.a.1-D.6-tap.filter..The.prediction.samples.at.quarter-pixel.positions.are.obtained.by.
averaging.adjacent.integer.sample.and.half-pixel.sample..Fractional.prediction.samples.for.chroma.are.
derived.using.bilinear.interpolation..Because.chroma.resolution.is.half.of.luma.resolution.in.the.4:2:0.
format,.a.MV.at.quarter-pixel.position.in.luma.points.to.one-eighth.sample.in.chroma.

When.there.are.brightness.changes.between.two.pictures,.that.is,.current.and.reference.pictures,.the.
residual.signal.after.MCP.will.still.have.high.energy.even.though.there.is.no.motion.between.pictures..
Weighted.prediction.is.introduced.to.improve.coding.efficiency.in.such.cases,.for.example,.fade-in.and.
fade-out..By.the.weighted.prediction.technique,.the.prediction.signal.is.modulated.using.scaling.factor.
and.offset,.which.is.signaled.in.the.bitstream,.so.that.the.brightness.change.between.two.pictures.can.be.
compensated.[10,11].

The.spatial.direct.mode.in.B.picture.in.addition.to.temporal.direct.mode,.which.is.already.supported.
in. the. previous. coding. standards,. is. another. source. of. coding. efficiency. improvement.. With. spatial.
direct.mode,.the.forward.and.backward.MVs.of.an.MB.are.inferred.from.those.of.adjacent.blocks,.which.
is.more.efficient.than.temporal.direct.mode.in.many.cases..The.improvement.of.coding.efficiency.in.
H.264/AVC.is.also.achieved.by.allowing.B.picture.to.be.used.as.a.reference.for.other.pictures.[12]..This.
change.results.in.the.use.of.hierarchical.group.of.picture.(GOP).structure..By.applying.finer.quantiza-
tion.(i.e.,.higher.quality).to.lower.layers.that.are.used.as.references.for.higher.layer,.the.coding.efficiency.
can.be.improved.when.compared.to.the.conventional.IBBP.structure.of.Figure.29.9..Since.in.H.264/AVC.
bi-predicted.picture.can.be.further.used.as.a.reference.picture,.a.different.notation.is.used.to.indicate.
bi-prediction.picture—small. letter.b.is.used.to.indicate.a.bi-prediction.picture.that.is.not.a.reference.
picture.and.capital. letter.B. is.used.to. indicate.a.bi-prediction.picture. that. is.a.reference.picture..The.
conventionally.used.notation.of.IBBP.coding.of.Figure.29.9.becomes.IbbP.coding.in.the.new.notation..It.
is.worth.noting.that,.as.will.be.presented.in.detail.in.the.next.section,.temporal.scalability.is.supported.
without.any.changes.by.the.hierarchical.GOP.structure.

29.2.1.4 transform coding and Quantization

H.264/AVC.defines.4.×.4.and.8.×.8.block.transforms..Both.transforms.are.approximation.of.2-D.DCT.
[13].and.can.be.applied.by.the.use.of.adaptive.block.size.transform.(ABT).[14]..Note.that.only.the.inverse.
transform.is.the.normative.part.defined.by.the.standard..These.transforms.are.integer.transforms.by.
means.of.shifting.and.multiplication.operations,.and.the.quantization.is.combined.with.transforms.to.
avoid.division.operation..Therefore,. they.have.very. low.computational.complexity..Hadamard. trans-
form.is.also.adopted.into.H.264/AVC.for.DC.components.in.intra.16.×.16.mode.and.chroma.coding.

29.2.1.5 context-Adaptive entropy coding

Two.context-adaptive.entropy.coding.methods.are.supported:.context-adaptive.variable.length.coding.
(CAVLC).and.context-adaptive.binary.arithmetic.coding.(CABAC).[15]..CAVLC.is.applied.only.to.the.
coding.of. transform.coefficients.while.normal.VLC. is.used. for. the.coding.of.other. syntax.elements..
CAVLC.encodes.transform.coefficients.using.VLC.tables.that.adapt.based.on.the.number.of.nonzero.
coefficients.of.neighboring.blocks..CABAC.is.applied.to.the.coding.of.all.the.MB-level.syntax.elements,.
including.MB.header.and.transform.coefficients..CABAC.is.the.combination.of.binary.arithmetic.cod-
ing.technique.with.context.modeling,.which.consists.of.three.operations.of.binarization,.context.model-
ing,. and. binary. arithmetic. coding.. A. syntax. element. is. first. converted. to. binary. symbols. called. bin.
string.and.each.bin.is.arithmetic.coded.with.an.updated.context.model..The.context.modeling.is.the.key.
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to.high.coding.efficiency.of.CABAC..Based.on.the.statistics.of.previously.coded.syntax.elements,.the.
probability.model.of.binary.symbols. is.updated.and.used.to.encode. them..CABAC.improves.coding.
efficiency.by.around.9–14%.over.CAVLC.at.the.cost.of.increased.complexity.

29.2.1.6 in-Loop Deblocking Filter

Deblocking. filter. has. been. widely. used. as. a. postprocessing. tool. to. remove. blocking. artifacts. due. to.
block-based.processing.used.in.video.codecs..In.H.264/AVC,.deblocking.filter.is.included.inside.the.cod-
ing.loop..A.benefit.of.doing.this.is.that.coding.efficiency.improvement.can.be.achieved.by.using.the.fil-
tered.reconstructed.frame.as.reference.frame..Both.MB.boundary.and.4.×.4.block.boundary.are.filtered.
with.different.filter.strength.according.to.properties.such.as.prediction.type,.quantization.parameter.
(QP).and.so.on..Figure.29.13.shows.an.example.of.output.of.H.264/AVC.deblocking.filter,.which.provides.
improved.visual.quality.

Various.other.coding.tools.are.supported.including.interlaced.coding,.picture.adaptive.frame/field.
coding.(PICAFF),.MB.adaptive.frame/field.coding.(MBAFF),.lossless.coding,.RGB.coding,.switching.
pictures,.and.so.on.

29.2.2 encoder optimization and Sei

The.H.264/AVC.standard.defines.only.the.decoding.process.as.normative.part..However,.it.also.provides.
a. guideline. and. reference. software. for. the. encoder. [16],. which. describes. optimized. mode. selection.
scheme,.adaptive.rounding.control,.and.so.on..In.addition,.SEI.can.be.used.to.improve.the.performance,.
especially.for.error.resilience.coding.

H.264/AVC.provides.various.coding.modes..For.example,.each.MB.can.have.intra.or.inter.prediction.
type.. Each. prediction. type. consists. of. several. modes. as. described. in. Section. 29.2.1.. Therefore,. it. is.
important.to.choose.the.optimal.coding.mode.to.improve.coding.efficiency,.that.is,.to.achieve.less.dis-
tortion.at.lower.bitrate..The.optimal.solution.can.be.found.by.using.the.Lagrangian.optimization.[17,18]..
In.general,.an.H.264/AVC.encoder.tries.to.calculate.the.actual.bitrate.and.distortion.incurred.by.each.
prediction.mode,.and.calculates.the.rate-distortion.(RD).cost.as

. L.=.D.+.λR,

where.L.and.λ.are.Lagrange.cost.and.Lagrange.multiplier,.respectively,.D.denotes.sum.of.squared.error.
(SSE),.and.R.represents.bitrate..The.optimal.Lagrange.multiplier.can.be.selected.by.taking.derivative.of.
distortion.and.bitrate.of.the.compressed.video.as.a.function.of.quantization.step.size.[19,20]..By.exactly.
measuring.bitrate.and.distortion.for.each.prediction.mode,.the.optimal.coding.mode.can.be.selected.

(a) (b)

FIGURE 29.13 Visual.quality.comparison.between.decoded.frames.(a).without.and.(b).with.deblocking.filter.
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Adaptive.rounding.control.[21].is.another.encoding.tool.that.improves.coding.efficiency.by.selecting.
a.rounding.offset.value.during.the.quantization.process..The.rounding.offset.value.can.be.selected.to.
adjust.a.deadzone.size,.and.the.adaptive.rounding.control.accumulates.statistics.to.find.optimal.offset.
value..This.provides.additional.compression.when.the.operating.bitrate.is.very.high..Various.fast.ME.
and.fast.mode.decision.algorithms.are.supported.as.well.in.the.reference.software.

SEI.can.also.be.used.to.improve.the.performance.of.H.264/AVC.in.different.environments..SEI.is.a.
nonnormative.part,.which.means.that.it.is.not.mandatory.for.a.decoder.to.support..However,.an.encoder.
can.transmit.information.in.the.SEI,.so.that.a.decoder.can.support.additional.features..For.example,.
spare. picture. SEI. defines. alternative. reference. frame. to. increase. error. resilience.. Subsequence. SEI.
enables.UEP.by.defining.hierarchical.picture.structure..Film.grain.SEI.provides.information.to.emulate.
film.grain.noise.in.an.input.sequence,.so.that.similar.noise.can.be.reproduced.at.the.decoder.after.cod-
ing.the.sequence.without.noise.

29.2.3 Profile information and Performance Analysis

Profiles.are.defined.to.specify.sets.of.coding.tools.used.in.different.applications..A.decoder.can.then.
conform.to.a.particular.profile.without.supporting.all.tools.in.H.264/AVC..In.the.first.version.of.the.
standard,.three.profiles.were.defined;.baseline,.main,.and.extended.profiles..Figure.29.14.shows.the.tools.
included. in. these. profiles.. Baseline. profile. includes. less. complex. tools,. for. applications. with. limited.
resources,.such.as.mobile.applications.

Later,.Fidelity.Range.Extension.work.[22,23].was.added,.which.results.in.High,.High.10,.High.4:2:2,.High.
4:4:4.profiles..High.profile,.which.includes.ABT.and.quantization.matrix.in.addition.to.the.tools.in.main.
profile,.is.provided.for.the.applications.with.less.restriction.in.computation,.memory,.and.power,.such.as.
HD.broadcasting.and.storage.like.Blu-ray.Disc..The.other.profiles.are.for.applications.requiring.very.high.
quality.by.supporting,.for.example,.10.bit.per.pixel,.4:2:2.and.4:4:4.or.RGB.color.formats,.lossless.coding.

Similarly,.levels.are.also.specified.for.different.application.by.defining.maximum.bitrate,.buffer.size,.
frame.size,.memory.bandwidth,.maximum.MV.range,.and.so.on..For.example,.level.1.can.only.support.
resolutions.up.to.128.×.96.at.30.9.fps.with.8.stored.reference.frames,.and.level.5.1.can.support.up.to.
4096.×.2048.at.30.fps.with.5.stored.reference.frames.

Various.studies.have.also.been.conducted.to.assess.the.performance.of.H.264/AVC.compared.to.pre-
vious.standards.such.as.MPEG-2.and.MPEG-4.in.terms.of.bitrate.reduction.and.visual.quality..The.veri-
fication.test.performed.inside.MPEG.[9].reveals.that.H.264/AVC.can.achieve.more.than.50%.of.bitrate.
savings.with.better.subjective.quality..Figure.29.15.shows.an.example,.where.the.Crew.sequence.is.com-
pressed.using.MPEG-2.at.10.Mbps,.and.H.264/AVC.at.6.Mbps..H.264/AVC.provides.significantly.better.

Main profile
High profile

Adaptive
block size
transform

P slices, I slices, deblocking filter,
multiple reference pictures,

CAVLC, and so on

FMO, ASO,
redundant

slicesQuantization
matrix Baseline profile

Extended profile
SP/SI slices,

data partition

B slices, interlace,
weighted prediction CABAC

FIGURE 29.14 H.264/AVC.profiles.and.coding.tools.
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subjective.quality.compared.to.MPEG-2.with.reduced.blocking.artifact.and.preservation.of.details.in.
the.scene..Another.evaluation.of.H.264/AVC.visual.quality.is.also.available.in.[24].

29.3 Scalable Video coding

Scalable.video.coding.is.regarded.as.an.attractive.technique.because.of.its.potential.advantages.in.pro-
viding.a.variety.of.transmission.solutions.over.heterogeneous.network.environment.to.end-users.with.
different.sizes.of.display.devices..By.encoding.an.input.video.with.scalable.video.coding.techniques,.a.
single.scalable.bitstream.can.be.partially.decoded.at.different.levels.of.temporal.and.spatial.resolution.
and.fidelity.depending.on.transmission.channel.bandwidth,.display.size,.end-users’.preference,.and.so.
on..For.this.reason,.scalable.coding.has.drawn.attentions.in.the.applications.such.as.personal.media.
display,.video.streaming,.and.surveillance.

Simulcast.is.an.alternative.approach.to.scalable.video..Multiple.streams.at.various.bitrates.and.resolu-
tions.are.generated.to.accommodate.different.bandwidths.and.display.sizes,.and.end-users.select.one.of.
them.depending.on.their.conditions..However,.this.approach.is.inefficient.in.several.aspects.including.
poor.coding.efficiency..The.size.of.multiple.streams.required.to.satisfy.various.network.conditions.may.
be.large..Furthermore,.it.may.not.provide.enough.flexibility.to.switch.among.streams.adaptively.based.
on.end-users’.conditions..Once.one.stream.is.selected,.switching.to.others.on.the.fly.might.be.restricted.
or.there.could.be.significant.drift.errors.due.to.switching.

The.standardization.effort. for. scalable.video.began. from.ISO/IEC.MPEG-2. [3]. and.continued. in.
MPEG-4. [5]..Scalable.video.coding.has.not.been.deployed. successfully.on.a. large. scale. in.practical.
video.coding.systems.mainly.due.to.insufficient.coding.gain,.flexibility.and.complexity.issues..However,.
with.availability.of.more.powerful.computing.devices.and.improved.coding.efficiency.by.new.coding.
techniques.introduced.in.H.264/AVC.[6],.there.has.been.an.emerging.interest.again.in.scalable.video.
coding..Recently,.H.264/SVC.has.been.standardized.as.a.scalable.extension.of.H.264/AVC..H.264/SVC.
aims.to.offer.efficient.scalable.video.coding.at.low.complexity.when.compared.with.single-layer.coding.
and.simulcast.while.providing.flexible.formats.of.temporal,.spatial,.and.SNR..scalability..In.this.section,.
H.264/SVC.is.covered.in.detail.with.focus.on.its.features.and.techniques.adopted.

(a) (b)

FIGURE 29.15 Visual.quality.comparisons.between.coded.frames.by.MPEG-2.and.H.264/AVC.encoders..(a).is.a.
coded.frame.using.MPEG-2.at.10.Mbps.and.(b).is.a.coded.frame.using.H.264/AVC.at.6.Mbps.
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29.3.1 H.264/SVc overview

H.264/SVC. inherits.all. the. features.of.H.264/AVC,.which.enable. the.production.of.a.highly.efficient.
video.bitstream..Moreover,.it.is.equipped.with.added.features.that.support.scalability.by.taking.advan-
tage.of.lower-layer.signals.in.the.higher.layer.encoding.to.minimize.the.redundant.signal.included.in.a.
compressed.stream..There.are.mainly.three.types.of.scalability.supported.in.the.H.264/SVC.standard:.
Temporal,.spatial,.and.SNR.scalability..In.addition,.they.can.be.combined.flexibly.to.provide.multiple.
forms.of.scalability.in.a.single.stream..The.coding.efficiency.of.each.scalable.coding.can.be.found.in.[25].
and.[26].

29.3.1.1 temporal Scalability

Temporal.scalability.enables.decoders.to.decode.and.display.coded.streams.at.variable.frame.rates.with-
out.any.drift.error..It.can.be.achieved.by.conventional.IbbP.GOP.structure.shown.in.Figure.29.16,.where.
b.picture.is.not.used.as.a.reference.for.other.pictures..In.this.case,.a.decoder.can.display.at.reduced.frame.
rates.by.decoding.only.I,.or.I.and.P.pictures..In.H.264/SVC,.the.temporal.scalability.is.usually.imple-
mented.by.hierarchical.GOP.structure,.in.which.pictures.cannot.use.higher.temporal-layer.pictures.as.
reference.MC..Depending.on.the.delay.constraint,.a.GOP.can.be.structured.with.hierarchical.B.or.P.
pictures.as.shown.in.Figure.29.17,.where.the.pictures.at.the.lowest.temporal.layer,.that.is,.T.=.0,.are.called.
key.pictures..It.should.be.noted.that.the.picture.at.temporal.layer.T.=.k.use.only.reference.picture.whose.
T.is.smaller.than.or.equal.to.k..Hierarchical.B.structure.is.realized.by.generalized.B.picture.[12].that.is.
used.as.reference.as.well.for.other.pictures..While.hierarchical.B.structure.introduces.a.coding.delay.
equal.to.the.distance.between.two.key.pictures,.there.is.no.coding.delay.with.hierarchical.P.structure..
Suppose.that.the.maximum.frame.rate.is.60.fps.when.all.pictures.are.decoded.and.displayed..With.the.
GOP.structures.shown.in.Figure.29.17,.a.decoder.can.display.at.four.different.frame.rates,.for.example,.
7.5,.15,.30,.and.60 fps.by.decoding.T.=.0,.T.=.0,.1,.T.=.0,.1,.2,.and.T.=.0,.1,.2,.3,.respectively..As.stated.in.
Section.29.2,.the.hierarchical.GOP.structure.also.improves.coding.efficiency,.and.temporal.scalability.
can.be.realized.as.well.in.a.H.264/AVC.single-layer.stream.

29.3.1.2 Spatial Scalability

The.spatial.scalability.of.H.264/SVC.is.based.on.the.conventional.layered.coding.approach.with.several.
inter-layer.prediction.techniques..Figure.29.18.demonstrates.a.two-layered.spatial.scalable.video.encod-
ing.process..Each.picture.of.original.input.video.in.higher.resolution.is.spatially.decimated.into.a.smaller.
resolution..Then.the.decimated.picture.is.encoded.by.a.base-layer.(BL).encoder,.which.produces.a.bit-
stream.fully.compatible.with.the.H.264/AVC.standard..The.original.picture.is.encoded.by.an.enhance-
ment-layer.(EL).encoder..The.spatial.scalable.layer.is.identified.by.a.dependency.ID,.D..Each.EL.picture.
can.exploit.the.coded.information.of.the.previously.coded.BL.picture.at.the.same.time.instant.by.means.
of.the.following.inter-layer.prediction.techniques..Note.that.the.layer.employed.for.inter-layer.predic-
tions.is.called.a.reference.layer.of.the.layer.that.exploits.inter-layer.predictions.

Coding order 0

I B B P B B P B B I

T0 T2 T2 T1 T2 T2 T1 T2 T2 T0

2 3 1 5 6 4 8 9 7
Temporal layer

FIGURE 29.16 Temporal.scalable.coding.by.the.conventional.IbbP.coding.structure..Numbers.and.arrows.repre-
sent.the.coding.order.and.reference.frames,.respectively.
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29.3.1.2.1  Inter-Layer Intra Prediction

This.method.is.used.for.intra-MB.coding..When.collocated.blocks.in.a.reference.layer.are.intra.coded,.
the.reconstructed.samples.of.collocated.blocks.can.be.up-sampled.and.used.as.the.prediction.signal.for.
intra.coding.of.the.corresponding.EL.MB..This.technique.reduces.bits.of.EL.intra.picture.significantly.

29.3.1.2.2  Inter-Layer Motion Prediction

In.the.AVC.base.layer,.MVs.are.predicted.from.neighboring.blocks’.MVs.(e.g.,.median.of.neighboring.
MVs).and.their.differences.are.coded..In.H.264/SVC,.when.collocated.blocks.in.a.reference.layer.are.
inter.coded,.the.corresponding.EL.MB.can.reuse.their.reference.indices.and.scaled.MVs.for.inter.coding.
to.reduce.bits.required.to.signal.them.

29.3.1.2.3  Inter-Layer  Residual Prediction

Residual.signal.still.accounts.for.a.significant.portion.of.the.bits.at.high.bit.rates.and.reference-layer.resid-
ual signal.can.be.utilized.effectively. to.reduce.bits. to.encode.EL.residual.signal..The.inter-layer.residual.
.prediction makes.use.of.the.up-sampled.inverse-transformed.residual.signal.as.the.prediction.signal.for.the.

Coding order
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(b)
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Temporal layer

Coding order 0 1 2 3 4 65 7 8
Temporal layer
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FIGURE 29.17 Temporal.scalable.coding.by.(a).hierarchical.B.picture.and.(b).hierarchical.P.pictures.
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FIGURE 29.18 Two-layer. spatial. scalable.video.encoding.process.. (Adapted. from.H..Schwarz,.D..Marpe,. and.
T. Wiegand,.IEEE Trans. Circuits and Syst. Video Technol.,.17(9),.2007.)
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.corresponding.EL.MB.and.encodes.only.the.difference.signal..The.inter-layer.residual..prediction.is.employed.
only.for.EL.inter.MB.coding.when.the.collocated.blocks.in.a.reference.layer.are.also.inter.coded.

29.3.1.2.4  Base Mode

Base.mode.is.introduced.to.fully.reuse.MB.mode.information,.MB.partitions,.MVs,.and.intra-informa-
tion.from.the.collocated.blocks.in.a.reference.layer..If.the.collocated.blocks.are.inter.coded,.base.mode.
results.in.EL.inter.MB.and.its.partitions,.as.well.as.MVs.including.reference.indices,.to.be.inferred.from.
those.of.the.collocated.blocks..It.means.that.the.inter-layer.motion.prediction.is.switched.on.automati-
cally.with.base.mode.flag..Inter-layer.residual.prediction.can.be.switched.on.or.off.independently.of.base.
mode.flag..In.general,.the.residual.signals.in.reference.and.enhancement.layers.are.highly.correlated.to.
each.other.when.base.mode.is.enabled.since.MVs.point.to.the.same.area.in.both.layers..As.a.result,.base.
mode.works.effectively.along.with.inter-layer.residual.prediction..If.the.collocated.blocks.are.intra.coded,.
the.base.mode.MB.becomes.intra-MB,.which.is.called.I_BL.mode,.and.its.samples.are.coded.through.the.
inter-layer.intra.prediction..Base.mode.is.also.quite.effective.in.reducing.intra.coded.MB.bits.

29.3.1.3 SnR Scalability

H.264/SVC. defines. two. types. of. SNR. scalability,. coarse-grain. SNR. (CGS). and. medium-grain. SNR.
(MGS).scalability..Fine-grain.scalable.coding.was.initially.proposed,.but.it.was.not.included.finally.in.
the.standard.

In.general,.the.CGS.scalability.is.achieved.by.using.different.QP.values.across.layers..The.CGS.design.
follows.the.same.layered.coding.approach.with.the.spatial.scalability.and.the.CGS.layer.is.also.identified.
by.a.dependency.ID,.D..CGS.scalability.is.regarded.as.a.special.type.of.spatial.scalability.that.does.not.
involve.any.spatial.resolution.change.between.BL.and.EL..To.be.more.specific,.the.input.picture.does.not.
need.to.be.decimated.and.all.the.inter-layer.predictions.are.used.without.up-sampling.of.reference.lay-
er’s.reconstructed.samples.and.residual.signal.and.up-scaling.of.reference-layer’s.MVs..The.only.differ-
ence.with.spatial.scalability.is.that.the.residual.prediction.in.SNR.scalability.(i.e.,.both.CGS.and.MGS).
is.performed.in.the.transform.domain.before.inverse.transform.

The.MGS.layer. is.distinguished.from.CGS.layers.by. its.quality.ID,.Q..Multiple.MGS.layers.can.be.
added.on.top.of.the.spatial.or.CGS.layers,.in.which.MGS.layers.should.have.different.Q.values..MGS.
scalability.provides.more.flexible.and.dynamic.ways.for.quality.scalable.coding..First.of.all,.it.supports.
DCT.coefficient.partitioning.as.well.as.all.the.scalable.coding.methods.in.CGS..All.DCT.coefficients.are.
allowed.to.be.divided.into.up.to.16.partitions.and.each.partition.is.sent.in.different.layers..Second,.it.
provides.an.improved.method.to.trade-off.coding.efficiency.and.drift.error,.which.is.caused.when.the.
MCP.processes.at.encoder.and.decoder.are.not.synchronized..Unlike.spatial.and.CGS.enhancement.
layers,.bitstream.switching.between.MGS.layers.is.allowed.at.any.picture..Under.such.a.scenario,.the.
trade-off.between.coding.efficiency.and.drift.error.is.an.important.design.issue.and.several.control.con-
cepts.have.been.proposed.[25].

29.3.1.4 combined Scalability

In.common.applications.of.scalable.video,.it.is.expected.that.a.scalable.global.bitstream.will.contain.all.
types.of.scalability..The.H.264/SVC.standard.is.designed.to.support.any.combination.of.temporal,.spa-
tial,.and.SNR.scalability.[27]..Accordingly,.an.H.264/SVC.bitstream.can.provide.great.adaptation.to.the.
display.resolution,.channel.bandwidth,.quality.level,.and.frame.rate.in.various.applications..Figure.29.19.
shows.an.example.of.combined.scalability.in.the.T-D-Q.space.(the.values.of.D,.Q,.and.T.represent.spa-
tial,.quality,.and.temporal.resolution.of.a.slice),.where.each.block.in.the.space.specifies.an.extractable.
layer.representation..The.desired.layer.is.extracted.and.decoded.with.DQ.ID..In.H.264/SVC.streams,.all.
pictures.are.identified.by.distinct.DQ.ID,.which.is.computed.as.(D.<<.4.+.Q),.and.all.pictures.also.have.
reference-layer.DQ.ID.when.any.inter-layer.prediction.method.is.employed..It.should.be.noted.again.
that.T.is.not.necessary.to.identify.a.layer,.since.the.temporal.scalability.is.achieved.within.a.layer..In.
general,.a.decoder.needs.to.decode.only.one.target.layer,.which.is.specified.by.the.target.values.of.T,.D,.
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and.Q..Target.T,.D,.and.Q.determine.not.only.the.target.layer.but.also.all.reference.layers.required.to.
decode.the.target.layer.

29.3.2 other H.264/SVc Features

There.are.other.improvements.for.EL.encoding.in.H.264/SVC.besides.inter-layer.prediction.methods..
Some.of.them.are.briefly.covered.in.this.subsection.

29.3.2.1 inter-Layer Deblocking Filter

In.H.264/SVC,.the.inter-layer.deblocking.filter.is.proposed.to.improve.inter-layer.intra.prediction.for.
spatial.scalable.coding.in.addition.to.the.existing.deblocking.filter..The.new.filter.is.intended.to.remove.
blocking.artifacts.in.intra-MBs.that.are.used.as.references.for.inter-layer.intra.prediction.in.spatial.EL.

29.3.2.2 Skipped Slice

It.is.allowed.to.skip.a.whole.slice.in.EL,.for.which.only.the.number.of.MBs.in.the.slice.is.signaled..When.
a.slice.is.skipped,.base.mode.and.inter-layer.residual.prediction.are.used.for.all.MBs.inside.it.

29.3.2.3 intra–inter Prediction combination

In.spatial.scalable.coding.with.the.scaling.factor.other.than.2,.when.base.mode.is.enabled.for.an.EL.MB,.
the.collocated.blocks.in.a.reference.layer.can.contain.both.intra-.and.interblocks..When.this.occurs,.the.
area.mapped.to.the.inter.blocks.in.a.reference.layer.is.inter.coded.while.other.area.is.intra.coded.with.
inter-layer.intra.prediction.

29.3.3 H.264/SVc Bitstream Structure

Table.29.3.shows.the.important.NAL.units.in.H.264/SVC.with.their.NAL.unit.types..In.addition.to.the.
NAL.units.(1,.5,.7,.and.8).in.H.264/AVC,.the.H.264/SVC.standard.defines.new.NAL.units.to.distinguish.
EL.and.BL.and.provides.necessary.information.for.scalable.video.decoding..They.include.prefix.NAL.
unit,.subset.SPS,.and.coded.slice.extension..The.coded.slice.extension.has.all.MB.parameters.and.data.in.the.
EL.slice.and.the.subset.SPS.has.sequence-level.parameters.specific.to.EL..The.prefix.NAL.unit.is.appended.
to.the.coded.slices.of.BL,.so.that.the.information.necessary.for.scalable.video.decoding.can.be.assigned.even.
to.BL.slices..Figure.29.20.illustrates.the.structures.of.NAL.units..The.NAL.units.of.H.264/AVC.consist.of.
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FIGURE 29.19 Combined.scalability.in.T-D-Q.space..(Adapted.from.H..Schwarz.et.al.,.In.Proc. ICME,.2005.)
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1-byte.header,.which.signals.the.NAL.unit.type.and.NAL.unit.payload..However,.the.prefix.NAL.unit.
and.the.coded.slice.extension.have.3-byte.NAL.unit.header.extension.between.NAL.unit.header.and.
payload,.in.which.D,.Q,.and.T.IDs.of.a.slice.are.signaled..The.values.of.D,.Q,.and.T.represent.spatial,.
quality,.and.temporal.resolution.of.a.slice.and.make.it.easy.for.a.decoder.to.detect.and.extract.the.target.
layer.that.the.decoder.wants.to.display..It.should.be.noted.that.the.coded.slice.extension.includes.the.
payload.of.prefix.NAL.unit.inside.its.payload.

With.the.NAL.units.introduced.in.H.264/SVC,.the.generation.of.a.SVC.stream.from.multiple.AVC.
streams.and.an.AVC.stream.from.one.SVC.stream.can.be.completed.simply.by.adding.and.removing.
new. NAL. units.. For. example,. Figure. 29.21. shows. AVC,. SVC,. and. extracted. AVC. stream. formats..
Suppose.that.a.SVC.stream.is.generated.from.two.simulcast.AVC.streams..It.can.be.done.by.adding.the.
Prefix.NAL.units.to.coded.slices.of.one.AVC.stream,.converting.SPS.and.coded.slice.of.the.other.AVC.
stream.to.the.subset.SPS.and.coded.slice.extension,.respectively.and.finally.arranging.them.in.the.cor-
rect.order..The.AVC.stream.can.be.recovered.again.by.identifying.and.removing.SVC.NAL.units.

29.3.4 H.264/SVc Profiles

Three. profiles. are. defined. for. H.264/SVC;. Scalable. Baseline,. Scalable. High,. and. Scalable. High. Intra.
profile..Scalable.Baseline.profile.is.defined.on.top.of.AVC.Baseline.profile..AVC.base.layers.in.the.bit-
streams.conforming.to.this.profile.should.be.compliant.to.AVC.baseline.profile..For.ELs,.several.coding.
tools. allowed. in. AVC. High. profile,. such. as. B. picture,. CABAC. and. 8.×.8. transform,. are. supported..
However,. interlaced,. picture-adaptive. field/frame. (PICAFF). and. MB. adaptive. field/frame. (MBAFF).
coding.are.not.allowed..The.biggest.constraint.for.ELs.is.the.scaling.factor.in.spatial.scalable.coding..The.
scaling.factor.in.SVC.Baseline.profile.is.limited.to.2.and.1.5..However,.there.is.no.restriction.to.SNR.and.
temporal.scalable.coding.

Scalable.High.profile.is.defined.on.top.of.AVC.High.profile..AVC.base.layers.in.the.bitstreams.con-
forming.to.this.profile.are.compliant.to.AVC.High.profile..Most.of.the.coding.tools.in.AVC.High.profile.
are.supported.for.ELs..Most.importantly,.arbitrary.scaling.factors.other.than.2.and.1.5.are.supported.
for spatial.scalable.coding.in.SVC.High.profile..Scalable.High.Intra.profile.is.defined.for.professional.

SPS
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FIGURE 29.21 AVC.bitstream.extraction.from.SVC,.(a).AVC.bitstream,.(b).SVC.bitstream,.and.(c).extracted.AVC.
bitstream.from.(b).
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FIGURE 29.20 H.264/SVC.NAL.unit.structures.
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applications.such.as.high-quality.movies..The.difference.with.Scalable.High.profile.is.that.it.uses.only.
IDR.coding.for.all.layers.

29.4 Multiview Video coding

The.recent.advances.in.camera.and.display.technologies.to.capture.and.display.multiple.view.signals,.
along. with. the. desire. for. enhanced. visual. experiences,. have. brought. about. new. video. applications,.
namely,.free.viewpoint.video.(FVV).and.stereo.3D.video..FVV.allows.viewers.to.select.any.view.point.
interactively,.by.which.viewers.can.have.sense.of.presence.as.if.they.are.in.the.displayed.scene..Stereo.3D.
video.bring.a.new.dimension.of.visual.experience.by.showing.left.and.right.views.to.left.and.right.eyes,.
respectively..The.depth.perceived.in.stereo.3D.not.only.improves.sense.of.presence.but.also.makes.the.
displayed.scene. look.more.natural..Stereo.3D.video. is.now.penetrating. into.daily. life.with. the.rapid.
development.of.consumer.electronics.such.as.TV,.mobile.phone,.and.tablet.with.stereo.3D.support.

Due.to.huge.raw.bit.rates.of.multiple.views,.the.efficient.coding.of.multiview.video.is.key.to.the.success.
of.FVV.and.stereo.3D.video..Accordingly,.there.have.been.several.studies.on.compression.techniques.of.
multiview.video..The.simplest.way.is.Simulcast.that.encodes.all.the.views.independently.using.any.exist-
ing.single-view.encoder..However,.this.results.in.poor.coding.efficiency.as.expected..Recent.standardiza-
tion. efforts. for. multiview. video. coding. have. extended. the. H.264/AVC. standard.. H.264/AVC. has.
introduced.stereo.video.information.and.frame.packing.arrangement.SEI.messages.to.support.stereo.3D.
video..And.the.multiview.extension.of.H.264/AVC,.H.264/MVC,.has.been.standardized.for.highly.effi-
cient.multiview.coding..There.is.also.another.activity.toward.a.new.3D.video.standard.under.the.ISO/IEC.
MPEG.organization..This.section.introduces.these.multiview.and.3D.video.coding.techniques.

29.4.1 H.264/MVc overview

H.264/MVC,.which.is.extended.from.the.H.264/AVC.standards,.has.been.designed.to.support.efficient.
coding.of.multiple.views.into.a.single.bitstream..Figure.29.22.shows.the.overall.structure.of.a.H.264/
MVC.system..The.temporally.synchronized.videos.from.multiple.cameras.are.fed.into.the.H.264/MVC.
encoder.to.be.coded.into.a.single.bitstream..Based.on.the.fact.that.spatially.neighboring.pictures.are.
correlated,.the.encoder.saves.bits.required.to.encode.additional.views.using.so-called.interview.predic-
tion..The.coded.stream.is.decoded.and.displayed.by.the.H.264/MVC.decoder.in.several.ways.depending.
on.application..For.FVV.applications,.the.decoder.decodes.the.desired.view.only,.that.is,.target.view,.
among.multiple.views.and.can.switch.the.target.view.whenever.necessary..For.3D.video.application,.it.is.
also.possible.to.decode.stereo.views.

H.264/MVC
encoder

H.264/MVC
decoder

Channel/
storage

3DTV

Free
viewpoint

TV

FIGURE 29.22 Multiview.video.system.using.H.264/MVC.encoder/decoder.
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Multiple.camera.sources.can.be.encoded.using.various.prediction.structures,.which.might.depend.on.
camera.array.size.and.structures,.for.example,.parallel.or.circular..Figure.29.23.depicts.an.exemplary.
prediction.structure.in.the.case.of.stereo-view.encoding,.where.left.view.is.an.AVC.base.view.that.is.
always.encoded.independently..Figure.29.23a.is.the.simplest.way.that.encodes.all.views.independently.
without. interview. prediction.. However,. as. shown. in. Figure. 29.23b. and. (c),. the. coding. efficiency. is.
improved.by.allowing.nonbase.views.to.be.predicted.from.neighboring.views.for.anchor.(I.or.P).pic-
tures,.or.both.anchor.and.nonanchor.pictures.(B),.respectively..In.general,.the.interview.prediction.is.
more.effective.for.anchor.pictures.than.for.nonanchor.picture..The.performance.of.interview.prediction.
is.well.studied.in.[28].

The.same.NAL.units.in.Table.29.3.are.used.for.H.264/MVC.as.well,.although.their.contents.are.quite.
different.from.those.for.H.264/SVC..For.example,.the.prefix.NAL.unit.and.coded.slice.extension.stream.
have.NAL.unit.header.extension.between.NAL.unit.header.and.payload..However,.the.NAL.unit.header.
extension.in.MVC.has.different.syntax.elements.such.as.view.ID.and.interview.flag.as.shown.in.Figure.
29.24..The.coded.slice.extension.in.MVC.is.the.same.to.the.coded.slice.(nal_unit_type.=.1.or.5).except.
for.the.reference.picture.list.generation.process.due.to.interview.prediction..It.means.that.there.is.no.
MB-level.change.like.inter-layer.prediction.in.SVC.for.enhancement.view.encoding..The.interview.pre-
diction.is.simply.realized.by.adding.reconstructed.neighboring.view.pictures.in.the.reference.list.of.the.
current.view..Therefore,.the.H.264/AVC.encoder.can.be.easily.extended.to.support.multiview.coding.

There.are.two.profiles.defined.for.in.H.264/MVC,.namely,.Multiview.High.profile.and.Stereo.High.
profile..The.main.difference.between.two.profiles.is.the.number.of.views.in.a.stream..Multiview.High.
profile,.which.allows.more.than.two.views,.is.defined.on.top.of.the.AVC.High.profile.with.some.restric-
tions..For.example,.the.interlaced.picture.coding.tools.including.PICAFF.and.MBAFF.are.not.supported.
in.this.profile..The.AVC.base.view.in.the.Stereo.High.profile.is.compliant.to.the.AVC.High.profile.as.well..
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FIGURE 29.23 Prediction.structure.in.H.264/MVC.encoder.for.stereo-view.coding,.(a).simulcast,.(b).interview.
prediction.for.anchor.frames,.and.(c).interview.prediction.for.all.frames.
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However,.the.interlaced.picture.coding.tools.can.be.supported.in.the.Stereo.High.profile,.which.allows.
only.up.to.two.views.

29.4.2 Stereo 3D Video coding via H.264/AVc Sei Messages

There.are.two.H.264/AVC.SEI.messages.for.stereo.3D.video,.stereo.video.information.SEI.and.frame.
packing.arrangement.SEI..They.are.used.to.support.stereo.3D.video.in.H.264/AVC.without.any.change.
of.actual.encoding.and.decoding.process..Specifically,.they.inform.a.decoder.how.the.decoded.picture.is.
generated.from.two.pictures,.and.the.decoder.rearranges.the.decoded.picture.based.on.this.information.
for.display.purpose.

Figure.29.25.describes.the.overall.structure.of.a.3D.video.system.of.H.264/AVC.with.SEI.messages..In.
the.encoder.side,.temporally.synchronized.left.and.right.view.sequences.go.through.the.down.converter,.
by.which.each.picture.of.left.and.right.view.sequences.is.down-sized.by.2.based.on.the.SEI.message..The.
down-sized.left.and.right.views.are.composed.into.a.single.picture.and.coded.by.an.H.264/AVC.encoder..
In.the.decoder.side,. the.decoded.picture.by.an.H.264/AVC.decoder. is.decomposed.into. left.and.right.
views.and.both.views.are.up-converted.into.the.original.size.based.on.the.SEI.message..The.stereo.infor-
mation.and.frame.packing.arrangement.SEI.messages.are.similar.as.both.follow.the.structure.in.Figure.
29.25;. however,. they. define. different. down-. and. up-conversion. formats.. One. of. formats. in. the. stereo.
information.SEI.message.is.illustrated.in.Figure.29.26,.for.which.the.interview.prediction.can.be.realized..
As.shown.in.Figure.29.27,.by.encoding.each.field.separately.and.allowing.bottom.field.to.refer.top.field,.
we.can.have.the.same.effect.as.the.interview.prediction.in.H.264/MVC,.with.the.reduced.resolution.

The.disadvantage.of.3D.video.by.the.SEI.messages.is.that.it.reduces.the.resolutions.of.both.views.by.half..
However,.it.is.very.attractive.because.it.is.compatible.to.existing.H.264/AVC.codecs.and.infrastructures..
Using.the.SEI.messages,.stereo.3D.video.can.be.brought.to.home.via.existing.devices.like.DVD.and.Blu-ray.
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FIGURE 29.25 3D.video.system.using.H/264/AVC.with.side-by-side.frame.packing.SEI.messages.
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FIGURE 29.26 Rearrangement.and.up-conversion.of.interleaved.picture.using.stereo.information.SEI.message.
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players.and.3D.display.with.minimal.efforts..There.is.also.standardization.activity.to.support.full.resolu-
tion.stereo.3D.video.with.the.similar.approach.[29].

29.4.3 MPeG 3D Video

Although.the.H.264/MVC.standard.reduces.the.redundancy.by.using.interview.prediction,.the.amount.
of.data.to.be.stored.or.transmitted.is.still.very.large.especially.when.many.views.are.captured.and.coded..
Improvements.to.the.interview.prediction.in.H.264/MVC.are.currently.being.studied..For.instance,.the.
illumination.and.focus.mismatch.compensation.method.was.proposed.in.[30],.by.which.the.different.
illumination.conditions.and.focal.lengths.between.a.target.view.and.a.reference.view.are.compensated.
for.improved.interview.prediction..In.[31].and.[32],.the.interview.prediction.methods.using.view.inter-
polation.were.proposed..In.these.methods,.a.target.view.is.synthesized.first.based.on.neighboring.views.
and.this.estimated.target.view.is.used.as.a.reference.for.interview.prediction.while.encoding.the.target.
view..The.differential.signal.between.the.target.view.and.the.estimated.target.view.is.coded.in.a.stream.

The.idea.of.view.interpolation.is.also.applied.to.a.new.3D.video.format.of.view.plus.depth.[33]..Figure.29.28.
illustrates.the.overall.structure.of.a.3D.system.with.a.view-plus-depth.format..The.encoder.encodes.two.
views.and.depths.into.the.view-plus-depth.format..The.decoder.not.only.decodes.coded.views.and.depths.
but. also. synthesizes. any. intermediate. view. using. depth. image-based. rendering. (DIBR). technique. [34]..
Additional.data.could.also.be.sent.in.a.stream.so.that.the.decoder.can.have.better.quality.of.synthesized.
intermediate.view..This.3D.video.representation.is.expected.to.be.the.most.efficient.way.for.multiview.video.
application..However,.there.are.several.issues.to.be.addressed.for.this.system.

First,.in.the.case.that.a.ground-truth.depth.map.is.not.available,.the.generation.of.high-quality.depth.
map.is.the.most.fundamental.issue..While.there.exist.many.depth.map.estimation.methods.in.the.litera-
tures.[35,36],.these.methods.need.to.be.evaluated.in.terms.of.synthesized.views’.quality.to.develop.the.
best.depth.map.estimation.method.for.this.system..Regardless.of.whether.depth.map.is.ground.truth.or.
not,. an. efficient. coding. method. for. depth. map. should. be. developed.. Since. depth. map. has. different.
.characteristic. from. view. picture,. conventional. video. compression. techniques. may. not. be. efficient..
Exploiting. the. specific. characteristics. of. depth. map. can. enable. higher. coding. efficiency.. Second,. it.
should.be.guaranteed.that.a.view.synthesis.method.employed.always.generates.acceptable.intermediate.
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FIGURE 29.27 Stereo.video.coding.of.interleaved.picture.using.stereo.information.SEI.message.
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views..The.quality.of.synthesized.views.will.depend.on.the.quality.of.coded.views.and.depth.maps,.and.
the.quality.of.coded.and.synthesized.views.should.have.similar.quality..However,.when.there.are.large.
occluded.areas.between.two.coded.views,.it.is.not.easy.to.synthesize.intermediate.views.as.good.as.coded.
views..To.resolve.this.issue,.the.study.on.the.additional.data.and.its.transmission.method.to.improve.
synthesized.views’.quality.at.minimum.overhead.is.also.essential.[37].

The.standardization.effort.for.the.3D.video.coding.with.view-plus-depth.format.is.being.led.by.the.ISO/
IEC.MPEG.organization..They.recently. issued.call. for.proposal. [38].with.common. test. sequences.and.
environment..The.primary.goal.is.to.define.the.data.format.and.coding.technology.to.enable.high-quality.
reconstruction.of.coded.and.synthesized.views. for.both. stereoscopic.3D.display.and.auto-stereoscopic.
multiview.displays..All.the.issues.mentioned.in.the.above.are.expected.to.be.addressed.in.the.standard.

29.5 High-efficiency Video coding

High-efficiency.video.coding.is.the.next-generation.video.coding.standard.currently.being.developed.by.
the.Joint.Collaborative.Team.on.Video.Coding.(JCT-VC).of.ITU-T.WP3/16.and.ISO/IEC.JTC.1/SC.29/
WG.11.[39]..It.is.expected.to.provide.around.50%.improvement.in.coding.efficiency.compared.with.its.
predecessor.H.264/AVC..The.call. for.proposals.occurred.in.January.2011.and.the.final.draft.interna-
tional.standard.(FDIS). is.expected.to.be.completed.in.January.2013..In.this.section,.the.various.new.
tools.that.have.been.adopted.into.the.working.draft.(WD).of.HEVC,.based.on.the.outcome.of.the.sixth.
JCT-VC.meeting.held.in.July.2011,.are.discussed.and.the.differences.from.H.264/AVC.are.highlighted.

29.5.1 coding Block Structure

HEVC.is.intended.for.larger.resolutions.and.higher.frame.rates..Accordingly,.HEVC.uses.larger.“macro-
blocks.(MB)”.compared.to.H.264/AVC..In.HEVC,.the.largest.coding.unit.(LCU).is.64.×.64.pixels,.which.
is. 16. times. larger. than. the. 16.×.16. pixel. MB. used. in. H.264/AVC.. Using. a. large. coding. unit. helps. to.
improve.coding.efficiency,.particularly.for.high.resolutions.where.many.pixels.may.share.the.same.char-
acteristics..The.largest.coding.unit.can.be.divided.into.smaller.coding.units.(CU).using.a.quadtree.struc-
ture.as.shown.in.Figure.29.29..A.split.flag.is.transmitted.to.indicate.whether.a.CU.should.be.divided.into.
four.smaller.CUs..The.smallest.coding.unit.(SCU).allowed.in.HEVC.is.8.×.8.pixels..An.additional.feature.
in.HEVC.is.that.within.an.LCU,.there.can.be.a.mixture.of.inter.and.intra.coding.units..The.CU.can.be.
further.divided.into.prediction.units.(PU)..The.PU.within.a.coding.unit.will.undergo.the.same.form.of.
prediction.(either.all.inter.or.all.intra)..The.allowed.PU.sizes.within.a.CU.depend.on.whether.the.CU.is.
inter-.or.intra.predicted..Asymmetric.motion.partitions.(AMP).are.allowed.for.inter.predicted.PU.

CU quad-tree

(a) (b)

CU divided into PU

AMP

FIGURE 29.29 Coding.block.structure.in.HEVC,.(a).shows.how.an.LCU.is.partitioned.into.CU.with.a.quadtree.
structure.and.a.mixture.of.inter.predicted.(gray).and.intra.predicted.(white).CUs.are.allowed.and.(b).shows.how.CU.
are.further.divided.into.PUs.
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29.5.2 inter Prediction

Similar.to.H.264/AVC,.quarter-pixel.resolution.MVs.are.supported.in.HEVC..HEVC.uses.a.larger.8-tap.
DCT.interpolation.filter.(DCTIF).that.operates.directly.on.the.integer.pixels.rather.than.the.two.step.
6-tap.approach.used.in.H.264/AVC..In.addition,.advanced.motion.vector.prediction.(AMVP).is.used.to.
signal.the.MV.data..Compared.to.H.264/AVC,.more.neighbors.are.used.for.MV.prediction..To.signal.
skip.or.direct.mode,.merge.mode.is.used,.where.multiple.neighbors.are.used.to.predict.the.MVs.and.
reference.index.

29.5.3 intra Prediction 

Depending.on.the.PU.size,.up.to.34.directional.modes.are.used.for.intra.prediction.of.luma.pixels..In.
addition,.there.are.separate.planar.and.DC.modes..Depending.on.the.prediction.mode,.intrasmoothing.
is.applied.to.the.reference.pixels..For.chroma.pixels,.four.directional.modes.can.be.used,.one.of.which.
can.be.the.same.as.the.luma.mode..In.addition,. luma-based.chroma.prediction.(LM.chroma).can.be.
used.where.chroma.intra.prediction.is.performed.using.the.reconstructed.luma.pixels.

29.5.4 transform

To.support.the.larger.resolutions,.HEVC.uses.transforms.from.4.×.4.up.to.32.×.32..For.a.given.coding.
unit,.the.transform.sizes.are.signaled.using.a.residual.quadtree.(RQT)..For.example,.a.CU.of.size.16.×.16.
can.be.split.into.16.4x4.transforms.using.a.quadtree.of.depth.2.

For.4.×.4,.based.on.intramode,.a.discrete.sine.transform.(DST).is.used.for.certain.prediction.modes..
Nonsquare.transforms.(NSQT).with.sizes.4.×.16/16.×.4,.8.×.32/32.×.8.are.allowed.for.residual.of.inter.
prediction..An.adaptive.scan.order. is.used.for. intrapredicted.coefficients. to.map.them.from.the.2-D.
transform.to.the.1-D.set.of.coefficients.to.be.coded.by.the.entropy.coder.

29.5.5 Loop Filters

A.deblocking.filter.is.applied.to.the.8.×.8.edges..Similar.to.H.264/AVC.there.is.both.a.strong.filter,.which.
is.applied.to.3.pixels.on.either.side.of.the.edge,.and.a.weak.filter,.which.is.applied.to.2.pixels.on.either.side.
of.the.edge..The.chroma.filter.affects.1.pixel.on.either.side.of.the.edge.

Two.additional.loop.filters.shown.in.Figure.29.30.are.used.in.HEVC:.sample.adaptive.offset.(SAO).and.
adaptive.loop.filter.(ALF)..After.the.deblocking.filter,.SAO.is.applied.on.a.pixel.basis.based.on.the.neigh-
boring.information..There.are.two.methods.of.determining.the.offset.with.SAO:.band.offset.and.edge.
offset..In.band.offset,.the.size.of.the.offset.is.determined.based.on.the.magnitude.of.the.pixel..In.edge.
offset,.a.two-point.gradient.is.taken.around.the.pixel.and.the.difference.dictates.the.offset.that.is.to.be.
added.to.the.pixel..SAO.can.be.enabled.and.disabled.on.an.LCU.basis,.and.is.signaled.using.a.quadtree.

Video decoder loop
(Entropy decoding, inverse quantization, inverse transform,

intra prediction, motion compensation)
Input
bitstream

Output
video

Reference
frame buffer ALF SAO Deblocking

filter

FIGURE 29.30 In-loop.filters. in.HEVC..Adaptive. loop.filter. (ALF). and. sample.adaptive.offset. (SAO).are. two.
additional.filters.highlighted.in.red.
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ALF.is.an.adaptive.FIR.Wiener.filter,.which.is.applied.after.SAO..The.number.of.filters.taps.in.ALF.can.
change.for.each.slice;.within.each.slice,.there.are.sixteen.sets.of.coefficients..There.are.two.methods.of.
selecting.the.coefficients:.region-based.and.block-based..Region-based.ALF.involves.breaking.a.frame.
into.sixteen.regions.(i.e.,.dividing.the.frame.into.four.in.both.vertical.and.horizontal.directions)..A.coef-
ficient.set.can.be.assigned.to.each.region.and.all.pixels.within.each.region.will.use.the.same.coefficient.
set..In.block-based.ALF,.the.coefficient.set.is.selected.based.on.the.local.characteristics.of.a.given.block.
of.pixels..A.separate.filter.is.used.for.the.chroma.components..ALF.can.be.enabled.and.disabled.using.
the.existing.CU.quadtree.of.the.coding.block.structure.

29.5.6 entropy coding

Similar. to. H.264/AVC,. HEVC. uses. context. adaptive. binary. arithmetic. coding. (CABAC).. However,.
improvements.have.been.made.to.CABAC.to.enable.higher.throughput..This.includes.changes.to.the.
binarization. and.context. selection.of.various. syntax.elements. such.as. coefficient. level,. to. reduce. the.
number.of.context.coded.bins.as.well.as.overall.number.of.bins..Bins.are.also.reordered.such.that.context.
coded.bins.with.similar.contexts.are.grouped.together.to.enable.parallel.context.processing,.and.bypass.
bins.are.grouped.together.to.enable.higher.throughput.
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Internet.access.has.been.declared.a.human.right.in.some.countries,.ahead.of.reaching.a.consensus.on.
this.issue.at.the.United.Nations..Prior.to.the.Internet,.speech.telephony.provided.the.most.widely.avail-
able. form.of. instant.worldwide.connected. interactivity..Speech.communication.does.not. require. the.
user.to.be.literate,.that.is,.having.the.ability.to.read.and.write..Speech.naturally.conveys.human.touch.in.
numerous.ways:.conveying.identity.and.emotions,.enabling.interactivity,.and.so.on..With.relatively.low.
bandwidth.requirement,.speech.communication.can.have.greater.geographical.reach.and.can.be.sup-
ported.even.when.resources.are.scarce..Thus,.speech.communication.will.always.remain.an.essential.
component. of. the. global. communication. network.. The. burgeoning. growth. of. the. global. network. is.
accomplished.by.many.rapid.trials.and.deployments.of.new.networks.and.network.technology..In.such.
activities,. the. ability. to. rapidly. and. accurately. assess. end-to-end. speech. communication. quality. is.
needed.to.ensure.that.new.network.connections.perform.to.customer.expectations..“Rapid”.can.only.be.
obtained.with.machines..Speech-processing.algorithms.that.can.run.on.machines.have.matured.to.the.
point.of.being.able.to.accurately.assess.subjective.listening.quality..This.chapter.provides.a.study.of.up-
to-date.speech.quality.assessment.algorithms.and.methods,.aiming.to.enable.communication.engineers.
to.use.them.effectively.

30.1 telephone Speech communication

The.ideal.telephone.service.enables.distantly.located.participants.to.communicate.with.one.another.as.
if.they.were.collocated..While.evolving.teleconferencing.technologies.are.moving.closer.to.that.ideal,.
conventional.telephone.services.still.provide.only.voice.communication..Telephony.speech.communica-
tion.typically.involves.two.persons.conversing.with.each.other.using.terminals.(“telephones”)..connected.
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to. a. (tele)communication. network.. Normal. speaking. produces. speech. sounds,. which. are. acoustic.
.signals..Telephones.serve.to.convert.between.speech.as.an.acoustic.signal.and.speech.as.an.electrical.
signal..The. latter. can.be.manipulated.by.and. transmitted. through. the.network..Telephone. users.are.
accustomed.to.the.loss.of.visual.contacts;.however,.they.would.prefer.their.conversations.to.be.unim-
peded.by.the.telephone.equipment.and.network,.as.if.they.were.conversing.with.one.another.through.an.
opaque.but.acoustically.transparent.wall..This.imagined.ideal.scenario.can.serve.as.a.reference.for.gaug-
ing.the.effectiveness.of.telephone.network-mediated.conversations..When.conversing.over.the.network,.
if.the.acoustic.signals.that.arrive.at.the.two.ears.of.each.talker.are.identical.to.those.arriving.in.the.ideal.
scenario,.the.network.is.“transparent”.to.the.signals.exchanged.in.the.conversation..The.acoustic.signals.
could.be.a.mixture.of.signals.from.different.sources:.the.talker,.the.third-party.talker,.and.sounds.from.
the.surrounding.background.

Realistic.telephone.communication.deviates.from.the.above.ideal.scenario.in.a.number.of.ways..First,.
for.economy,.the.talker’s.acoustic.speech.signal.is.captured.monaurally.by.a.single.microphone..In.natu-
ral.settings,.humans.listen.binaurally,.with.their.left.and.right.ears..A.faithful.binaural.capture.of.speech.
sounds. would. require. using. two. microphones,. either. set. inside. the. ear. canals. of. a. head-and-torso.
(dummy).model.of.the.listener,.or.with.the.duo-microphone.captured.free-field.signals.postprocessed.to.
replicate.the.effect.of.immersing.the.listener’s.(upper).body.in.the.sound.field..Second,.telephones.and.
network.equipment.cannot.preserve.the.fidelity.of.the.electrical.speech.signal.captured.by.the.micro-
phone..Processing.of.the.electrical.signal.for.transmission.and.the.physical.act.of.transmission.degrade.
the.speech.signal..The.degradations.may.appear.to.the.ear.as.speech.distortions,.dropouts,.extraneous.
signals,.noise,.and.so.on..Third,.the.speech.signal.takes.longer.to.reach.the.receiving.end.through.a.net-
work. than. the. acoustic. speech. signal. propagating. through. the. ambience. to. the. third-party. talker..
Fourth,.the.talker.may.hear.his/her.own.voice.differently.from.when.speaking.free.of.the.presence.of.the.
telephone.and.transmission.network..A.telephone.handset.may.block.or.otherwise.modify.the.talker’s.
mouth-to-ear.propagation.path..Moreover,.the.network.may.reflect.the.talker’s.speech.back.to.his/her.
telephone.earpiece.or.loudspeaker..The.reflected.signal.is.heard.as.an.annoying.“echo”.when.the.reflected.
signal.is.delayed.by.more.than.about.50.ms.relative.to.the.talker’s.own.speech.signal..A.properly.engi-
neered.transmission.network.would.attenuate.echoes.to.a.nonperceptible.level.before.the.echoes.reach.
the.talker.

30.2 e-Model

Telecommunication.engineers.have.developed.models.to.quantify.the.severity.of.the.above.impediments.
to.carrying.out.a.conversation..These.models.may.serve.one.or.more.of.the.following.functions:.plan-
ning,.research.and.development,.benchmarking,.monitoring,.and.maintaining.speech.telephony.equip-
ment.and.services..Among.existing.models,.the.ITU-T.G.107.standard.(ITU-T.Rec..G.107,.2005),.often.
called.the.“E-model,”.was.originally.developed.for.provisioning.(planning).network.equipment..Here,.
we.introduce.the.E-model.as.it.captures.the.major.conversation.impairment.factors.and.has.wider.usage.
than.planning,.as.we.shall.show.later..Moreover,.E-model.updates.that.track.emerging.technology.trends.
are.being.developed,.and.the.model.has.even.served.as.a.paradigm.for.quantifying.the.quality.of.other.
communication.modalities.such.as.audio-visual.conferencing.

The.E-model.specifies.the.computation.of.a.quality.measure.called.“transmission.rating”.for.a.conver-
sational.connection.between.two.talkers..The.quality.rating.R.is.expressed.as.a.function.of.“impairment.
factors”.as.follows:

. R R I I I A= − − − +0 s d e eff, . (30.1)

where.R0.is.a.basic.rating.determined.by.the.signal-to-noise-ratio.of.the.connection..The.three.I-factors.
quantify.impairments,.with.subscript.“s”.denoting.“simultaneous”.(with.the.speech.signal),.“d”..denoting.
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“delayed,”.and.“e,eff”.denoting.“equipment,.effective.”.Factor.Is.encapsulates.the.effect.of..impairments.
occurring.at.the.same.time.as.the.speech.signal,.such.as.an.inappropriate.sidetone.level,.quantization.
noise.produced.by.mu-law.and.A-law.quantizers.used.on.64/56.kilobits.per.second.(kbps).digital.con-
nections..Sidetone.is.the.talker’s.speech.signal.picked.up.by.the.telephone.mouthpiece.and.fed.back.
attenuated.to.the.earpiece,.in.order.to.give.the.talker.the.sensation.of.hearing.his.own.voice..Quantizers.
provide.the.key.function.of.converting.the.analog.amplitudes.of.signal.samples.to.discrete.amplitudes,.
which.are.then.encoded.into.bits.to.form.a.digital.representation..Factor.Id.captures.rating.reduction.
caused.by.echoes.and.other.impairments.that.arise.later.(greater.than.50.ms).than.the.time.point.in.the.
speech.signal.that.triggered.the.impairment..Echoes.may.occur.inside.the.network,.commonly.across.
four-wire-two-wire.interfaces.called.“hybrids”.(Gibson.2002),.or.outside.the.network,.such.as.due.to.
acoustic.coupling.between.loudspeakers.and.microphones.that. terminate.the.telephone.connection..
Factor. Ie,eff. accounts. for. degradations. related. to. nonlinear. and/or. time-varying. phenomena. such. as.
distortions.caused.by. low-bit-rate.(LBR).speech.codecs,.packet. loss.concealment.(PLC),.and.dejitter.
buffers.. LBR. speech. codecs. and. PLC. are. deployed. in. mobile. wireless. links. and. some. voice-over-
Internet-.protocol. (VoIP).connections..An.essential.component.of.VoIP.connections,.dejitter.buffers.
serve.to.reduce.dropouts.and.distortions. in.the.decoded.speech.signal.caused.by.randomly.varying.
intervoice-packet.arrival.times.at.the.receiving.end..Factor.“A,”.denoting.“advantage.factor,”.is.used.to.
adjust.the.baseline.connection.quality.rating.to.reflect.variation.of.user.utility.expectation.with.the.
service.setting..“A”.measures.the.amount.of.rating.loss.users.are.willing.to.sacrifice.in.order.to.acquire.
the. additional. convenience. offered. by. the. service.. For. instance,. LBR. speech. codes. used. in. mobile.
phones.deliver.lower.speech.quality.than.64/56.kbps.wireline.connections..Mobile.phone.users.gain.
the.convenience.of.mobility.and.are.willing.to.accept.somewhat.lower.speech.quality.than.a.wired.con-
nection..“A”.can.be.set.to.the.amount.of.quality.rating.mobile.phone.users.are.willing.to.give.up.to.
exchange.for.mobility.

Equation.30.1.embodies.the.idea.that.transmission.impairments.can.be.quantified.on.the.same.per-
ceptual. scale,. and. can. be. combined. additively. on. the. scale. to. form. an. overall. quality. measure..
Numerically,.“R”.ranges.from.0.to.100..A.“toll.quality”.wireline.connection.would.have.an.R.value.of.
around.93..Note.that.the.quality.of.an.R.=.100.connection.falls.far.short.of.our.imagined.ideal.conver-
sational.setting..The.E-model.is.for.conventional.telephone.connections,.which.convey.monaural.speech,.
cut.out.speech.signal.frequencies.above.3300.Hz.(“narrowband.speech”),.and.provide.a.smaller.loudness.
range.than.possible.with.spoken.speech.and.normal.hearing..With.rapidly.expanding.new.technologies.
and.increasing.quality.expectations,.new.rating.scales.are.being.considered..They.can.extend.the.upper.
limit.to.above.100,.or.redefine.the.scale.so.that.100.corresponds.to.a.more.enriched.quality.of.experience.
than.conventional.telephone.conversation.

The.E-model.offers.a.methodology.for.rating.the.quality.of.conversations.held.over.telephone.connec-
tions..The.model.covers.quality.factors.related.to.listening,.speaking,.and.interaction..For.instance,.long.
transmission.delay.increases.Id.through.two.phenomena..First,.for.a.given.intensity.of.heard.echoes,.its.
annoyance.level.increases.with.the.delay..Second,.large.delay.inhibits.interaction..Talkers.may.become.
more.hesitant.and.confused.as.they.find.it.harder.to.promptly.exchange.turn.to.speak.and.to.interrupt.
one.another.

From.the.E-model,.we.see.that.in.order.to.estimate.the.conversational.quality.of.a.telephone.connec-
tion,.a.number.of.connection.parameters.have.to.be.measured,.such.as.delay,.noise.level,.echo.attenua-
tion,.and.so.on..This.can.be.done.using. in-service.nonintrusive.measurement.devices.(INMDs)..The.
ITU-T.P.561.standard.specifies.requirements.that.INMDs.on.the.telephone.network.have.to.satisfy.but.
does.not.specify.any.measurement.algorithm.(ITU-T.Rec..P.561,.2002).

30.3 Listening Quality and tests

A.critical.component.of.conversational.quality.is.listening.quality,.which.refers.to.how.telephone.users.
rate. the.quality.of. the. speech. signals. they.hear..A.common. practice. to.assess. listening.quality. is.by.
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.conducting.listening.tests..These.are.done.by.assembling.a.panel.of.human.subjects.to.listen.to.samples.
of.speech.signals.that.have.been.either.recorded.in.the.network.or.processed.to.simulate.speech.signals.
received. under. specific. transmission. conditions.. Each. listener. is. asked. to. assess. the. quality. of. each.
sample.heard.using.an.absolute.category.rating.(ACR),.that.is,.by.selecting.one.descriptor.out.of.five:.
excellent,.good,.fair,.poor,.and.bad..For.analysis.of.the.test.results,.each.rating.is.assigned.an.integer.
value.from.5.to.1,.with.5.for.excellent.and.1.for.bad..The.numerical.scores.can.then.be.averaged.to.obtain.
statistics,. such.as.averaging.over.all. the. listener. ratings. for. the. speech.samples. in.each. transmission.
condition,. to.obtain.a.mean.opinion. score. (MOS). for. each.condition..MOS.values. are. real.numbers.
between.1.and.5.and.are.treated.as.estimates.of.the.opinion.of.a.“typical.user”.from.the.user.population.
on.the.listening.quality.of.the.speech.signals.provided.by.a.particular.(set.of).transmission.condition(s)..
To.facilitate.interpreting.MOSs,.the.ITU-T.P.800.standard.provides.guidelines.on.conducting.MOS.lis-
tening. tests. (ITU-T.Rec..P.800,.1996)..The.MOSs.obtained. from.such. tests.are. sometimes.written.as.
MOS–LQS,.where.“LQS”.stands.for.“listening.quality.subjective.”.(Note:.“MOS”.is.often.used.synony-
mously. with. “ACR”.even. though. ACR. is. a. discrete. scale. and. MOS. is. obtained. from. averaging. ACR.
scores.obtained.from.tests.performed.according.to.P.800..The.ACR.scale.may.in.other.occasions.be.used.
in.other.kinds.of.subjective.tests.)

A.prominent.application.of.MOS.listening.tests.is.assessment.of.speech.codec.algorithms..By.aver-
aging.the.listener.ratings.obtained.for.each.codec.algorithm.under.a.judiciously.selected.set.of.trans-
mission. conditions,. one. obtains. a. figure. of. merit. for. the. speech. quality. provided. by. each. codec..
Subjective.listening.tests.have.played.a.pivotal.role.in.the.development.and.selection.of.speech.codecs.
used.in.successive.generations.of.mobile.phone.networks..These.tests.are.nevertheless.labor.intensive,.
time.consuming,.and.costly.(e.g.,.$100K+.per.test)..These.drawbacks.mean.that.subjective.tests.were.
done.sparingly,.at.critical.junctures.during.codec.development.and.selection.competition..With.rapid.
introduction.of.new.mobile.and.VoIP.networks.and.services,.there.is.a.great.need.to.assess.the.voice.
quality.of.newly.deployed.connections,.some.of.which.may.comprise.a.tandem.of.links,.with.some.
links.using.legacy.and.others.new.technologies,.that.is,.combination.of.wireless,.digital.wireline,.ana-
log.wireline,.and.VoIP.links.

MOS.is.just.one.of.a.variety.of.quality.measures.that.have.been.proposed.and/or.used;.interested.read-
ers.can.refer.to.(Deller.et al..1999).and.(Quackenbush.et al..1988).for.other.measures..However,.rightly.
or.wrongly,.MOSs.have.been.commonly.treated.as.a.currency.of.telephone.speech.quality,.and.MOSs.
have.often.been.used.to.discriminate.between.different.speech.transmission.equipment.and.services..
The.MOS.measure.is.popular.enough.that.a.mapping.from.the.E-model.R-rating.to.MOS.is.provided.
(ITU-T.Rec..G.107,.2005)..The.popularity.of.MOS.has.led.to.the.ACR.scale.being.used.in.other.contexts..
For.instance,.ITU.standard.P.835.recommends.using.the.ACR.scale.to.rate.three.different.quality.aspects.
(background.only,.speech.only,.and.overall).of.noise.corrupted.and.noise-reduction.processed.speech.
signals.(ITU-T.Rec..P.835,.2003)..P.835.embodies.a.multidimensional.quality.measure..The.diagnostic.
acceptability.measure.(DAM).(Deller.et al..1999).is.a.well-known.multidimensional.measure.(though.
the.assessment.scale.of.DAM.is.distinct. from.ACR)..DAM.provides.altogether.16.perceptual.quality.
attributes,.covering.the.speech.signal,.background,.and.overall.quality..Each.attribute.is.assessed.on.a.
sliding.scale.to.indicate.how.severe.is.a.specific.perceptual.element.(e.g.,.“thin”.or.“nasal”.sounding)..As.
a.result,.multidimensional.measures.can.more.precisely.“diagnose”.quality.degradations.and.pinpoint.
system.problems..MOS-like.measures.have.also.been.used.to.rate.image.(Wang.et al..2004).and.video.
quality.(Winkler.and.Mohandas.2008).

Quality.measurement.may.need.to.be.done.when.connections.are.in-service,.out-of-service,.during.
installation,.or.undergoing.development.in.the.lab..For.such.needs.as.line.monitoring,.the.measurement.
must.be.done.in.real.time..Subjective.listening.tests,.however,.cannot.provide.real-time.and.low-cost.
assessments..Thus,.there.has.been.great.interest.in.developing.machine.algorithms.for.estimating.sub-
jective.listening.quality..This.can.be.viewed.as.a.MOS.estimation.problem,.and.the.MOSs.estimated.by.
machines.are.denoted.MOS–LQO,.where.the.suffix.“O”.stands.for.“objective.”
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30.4 Machine-Based Quality Measurement

Today,.sophisticated.and.standardized.algorithms.are.available.for.measuring.listening.quality..These.
algorithms.are.implemented.in.software.to.compute.MOS–LQO.values.from.input.speech.signals..With.
such.capability,.MOS–LQO.values.can.be.made.available.instantly.if.the.speech.signals.were.recorded.
beforehand,.or.in.the.case.of.real-time.monitoring,.immediately.after.a.sufficient.amount.of.speech.sig-
nals.(and.other. information.that.may.be.required.by.the.algorithm).has.transpired..After.decades.of.
development,.recent.algorithms.can.provide.accurate.estimates.of.MOS–LQS,.when.the.algorithms.are.
applied.to.transmission.conditions.that.have.been.validated..“Accurate”.can.be.taken.to.mean.that.the.
statistical.error.of.the.computed.MOS–LQO.is.roughly.of.the.same.extent.as.the.statistical.uncertainty.
of.the.MOS–LQS.obtained.from.P.800-guided.MOS.listening.tests..Recent.standards.often.provide.a.
computer.source.code.realization.of.the.algorithm,.though.running.and/or.commercializing.the.code.
might.require.licensing.from.intellectual.property.rights.holders.

Quality.measurement.algorithms.can.be.classified.by.the.type.of.their.inputs:.signal-based,.parametric,.
and.hybrid..Signal-based.algorithms.require.the.input.of.one.or.more.speech.signals..Parametric.algo-
rithms.input.only.parameter.values.and.no.signals..Hybrid.algorithms.need.both.signal.and.parameter.
inputs..Signal-based.algorithms.can.be.further.divided.into.reference-free,.reference-based,.and.partial-
reference..A.reference-free.algorithm.needs.only.input.the.(“target”).speech.signal.whose.listening.qual-
ity.is.to.be.determined..A.reference-based.algorithm.needs.to.input.two.signals:.the.target.itself.and.the.
original. nondegraded. (“clean”). version. of. the. target.. A. partial. reference. algorithm. inputs. the. target.
signal.as.well.as.parameters.that.characterize.the.clean.signal..Reference-free.algorithms.are.also.char-
acterized.as.“no-reference,”.“single-ended,”.or.“nonintrusive”;.reference-based.algorithms.are.charac-
terized.as.“full-reference,”.“double-ended”.or.“intrusive”;.and.partial.reference.as.“reduced-reference.”.
A.nonintrusive.algorithm.can. listen. in.on. the. target. speech.signal. in.order. to.determine. its.quality,.
whereas.an.intrusive.algorithm.relies.on.injecting.a.clean.reference.speech.signal.into.a.connection.to.
produce.the.target.speech.signal..Taking.a.connection.out.of.service. in.order.to.inject.a.clean.signal.
disrupts. (intrudes. on). network. service.. Note. that. it. is. possible. for. the. computation. of. one. or. more.
parameters.of.a.parametric.algorithm.to.require.reference.signal.knowledge.

To. illustrate,. suppose.an.application.based.on. the.E-model. is. to.be.developed. to.monitor. speech.
quality.at.the.receiving.end.of.a.VoIP.connection..Each.of.the.parameters.in.Equation.30.1.is.computed.
using.formulas.or.algorithms.which.require.their.own.input.parameters.(“subparameters”).or.signals..
The.application.may.be.able. to.obtain.parameter.values. from.devices. it.can.communicate.with.and.
information.carriers.it.can.assess,.such.as.the.speech.decoder,.dejitter.buffer,.packet.headers,.INMDs,.
and.so.on..In.such.cases,.the.application.is.purely.parametric..If.in.addition.to.acquiring.parameters,.
the.application.has.to.process.the.received.speech.signal.(e.g.,.the.encoded.speech.in.the.packet.pay-
loads),. then. the.application.embodies.a.hybrid.of. signal-based.and.parametric.measurement.. If. the.
application.needs.to.input.the.clean.speech.signal.or.parameters.that.rely.on.it,.the.application.is.refer-
ence.based.or.partial-reference.based,.respectively..The.application.may.be.developed.to.measure.lis-
tening. or. conversational. quality.. For. the. latter,. the. application. needs. to. be. able. to. calculate. the.
delay-related.impairment.factor.Id.using.parameters.measured.by.INMDs.and.other.network.devices..
For.listening-quality-only.measurement,.the.E-model.is.operated.by.nulling.unused.impairment.(sub)
parameters.such.as.Id.in.Equation.30.1.

In.MOS.listening.tests,.human.subjects.rate.the.quality.of.degraded.speech.signals.without.listening.
to. their. clean. versions.. The. listener. compares. the. heard. speech. signal. with. his/her. listening-quality.
expectation.established.over.years.of.telephone.use..A.signal-based.algorithm.can.mimic.human.judg-
ment.by.comparing.the.target.signal.with.an.expectation.model..While.reference-free.algorithms.do.
provide.such.a.function,.building.an.algorithm.that.closely.mimics.human.perceptual.and.cognitive.
processes. is. beyond. the. state. of. current. knowledge. about. these. processes.. Instead,. state-of-the-art.
.reference-free.algorithms.are.designed.to.detect.abnormal.signal.behaviors,.gauge.their.severity,.and.
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map.the.severities.of.the.abnormalities.to.a.quality.estimate..These.algorithms.thus.rely.on.knowledge.
of..perceptually.relevant.abnormalities,.and.signal.and.statistical.models.to.represent.such.knowledge..
Though.there.are.numerous.ways.of.transforming.a.speech.signal.that.can.change.its.perceived.quality,.
the.types.of.degradation.that.telephony.transmission.can.impart.on.speech.signals.are.known.to.a.great.
extent.and.can.be.modeled..Moreover,.apart.from.telephony,.a.multitude.of.signal.models.exists.emulat-
ing.the.production.and.auditory.perception.of.speech.signals..These.can.be.deployed.to.build.models.of.
normative.behaviors,.complementing.models.of.abnormal.behaviors..As.we.shall.see.below,.a.variety.of.
models. have. been. employed. to. build. the. existing. algorithms.. Besides. such. modeling,. double-ended.
algorithms.are.provided.with.a.clean.version.of. the. target.speech.signal..The.clean.signal.provides.a.
precise.description.of.normative.behavior.for.the.target.speech.signal..Double-ended.algorithms.that.
exploit.this.well.can.offer.more.accurate.estimates.of.subjective.quality.than.single-ended.algorithms..
Thus,.much.effort.has.been.invested.in.developing.standard.double-ended.algorithms,.the.most.widely.
deployed. being. ITU. P.862. (PESQ). (ITU-T. Rec.. P.862,. 2001).. The. recently. standardized. successor. of.
PESQ,.ITU-T.P.863.(ITU-T.Rec..P.863,.2011),.also.known.as.POLQA.for.“Perceptual.Objective.Listening.
Quality.Assessment,”.caters.to.a.wider.range.of.application.conditions,.and.has.been.reported.to.provide.
more.accurate.quality.estimates.

30.5 Reference-Based Algorithms

Reference-based. algorithms. (RBAs). rely. on. having. the. clean. original. speech. signal. x(t). on. hand..
Usually,.we.think.of.this.signal.as.being.processed.and/or.transmitted.to.produce.the.target.speech.
signal.y(t).whose.listening.quality.is.to.be.estimated..However,.as.we.describe.below,.the.ITU-T.P.563.
reference-free.algorithm.estimates.a.pseudoreference.signal,.in.lieu.of.a.“clean”.signal,.from.the.dis-
torted.target.speech.signal..The.idea.underlying.RBAs.is.simple:.the.more.dissimilar.is.y(t).from.x(t),.
the.greater.is.the.distortion.and.hence.greater.quality.degradation.relative.to.the.quality.of.x(t)..If.one.
takes.care.to.ensure.that.the.x(t).used.is.chosen.to.have.high.quality,.for.example,.Q.=.4.4.(MOS–LQS),.
an.RBA.can.estimate.the.degradation.d(x(t),.y(t)).and.the.estimated.MOS–LQO.of.y(t).can.be.taken.as.
Q.−.d..The.notation.d(x(t),.y(t)).denotes.a.mapping.of.two.signals.to.a.nonnegative.real.value..A.com-
mon.measure.of.distortion. is.signal-to-noise-ratio.(SNR).which.can.be.written.as. ∣∣x(t)∣∣^2/∣∣e(t)∣∣^2,.
where.the.notation.∣∣s(t)∣∣^2.denotes.calculating.the.energy.of.signal.s(t)..The.“noise”.signal.e(t).is.in.fact.
the.“error”.signal.e(n).=.x(t).−.y(t)..Thus,.SNR.measures.how.much.y(t).differs.from.x(t).in.terms.of.the.
power.of.the.error.signal.relative.to.the.power.of.the.reference.signal..Depending.on.how.x(t).is.dis-
torted.to.produce.y(t),.SNR.can.be.a.very.poor.measure.of.degradation..For.instance,.the.two.signals.
y_1(t).=.2.x(t).and.y_2(t).=.x(t.−.0.2).would.have.(nearly).identical.listening.quality.to.x(t).but.the.SNR.
is.0.dB.for.y_1(t).and.below.0.dB.for.y_2(t)..Thus,.the.RBA.mapping.d(x(t),.y(t)).should.only.be.sensitive.
to.differences.between.x(t).and.y(t).that.contribute.to.the.subjective.listening.quality.judgment.process..
As.such,.many.existing.algorithms.map.the.signals.x(t).and.y(t).into.a.perceptual.domain.which.mim-
ics.the.processing.done.by.the.human.auditory.system..A.psychoacoustically.motivated.degradation.
measure.is.then.used.to.characterize.perceptually.relevant.distortions.and.mapped.to.a.final.quality.
rating..It.is.interesting.to.observe.that.in.MOS.tests,.the.listeners.do.not.hear.x(t),.so.that.no.precise.
differencing.between.x(t).and.y(t). is.available. to. form.the. subjective. rating..Despite. this,. the. recent.
standard.RBAs.demonstrate.that.there.exist.strong.correlations.between.the.measured.differences.and.
MOS.degradation.

To.get.an.idea.of.RBA.processing,.we.now.examine.the.ITU-T.P.862.PESQ.algorithm..At.the.time.
of.writing.(2011),.PESQ.has.been.the.most.widely.employed.double-ended.algorithm.for.narrowband.
(up.to.4.kHz.speech.content).speech.codecs.and.networks..PESQ’s.algorithm.structure.is.similar.to.
that.of. the.newly. standardized. ITU-T.P.863.POLQA.algorithm,.whose.new. features.are.also.high-
lighted.below.

PESQ.was.standardized.in.2001.and.developed.by.a.consortium.of.British,.Dutch,.and.German.com-
panies. (ITU-T. Rec.. P.862,. 2001).. PESQ. developed. around. the. time. packet-based. transmission. was.
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increasing.in.popularity.and.its.predecessor.standard.quality.measurement.algorithm,.PSQM.(for.per-
ceptual.speech.quality.measure).(ITU-T.Rec..P.861,.1996).failed.at.predicting.the.quality.of.such.variable.
delay.communication.systems..A.key.advancement.of.PESQ.over.PSQM.was.the.introduction.of.con-
stant.and.variable.delay.estimation.techniques.between.the.clean.(original).input.x(t).and.the.degraded.
output.y(t).(Rix.et al..2002)..Since.RBAs.depend.on.distortion.parameters.extracted.by.comparing.the.
two.signals.frame-by-frame,.even.the.smallest.frame.misalignment.(in.the.order.of.1.ms).can.result.in.
erroneous.quality.estimates.(Rix.et al..2002)..It.is.thus.critical.that.the.delays.in.y(t).relative.to.x(t).be.
detected.and.accounted. for.before. the.degradation.measure.d(x(t),y(t)). is.computed..The.PESQ.algo-
rithm.assumes.that.the.delay.of.the.system.is.piecewise.constant,.a.reasonable.assumption.for.a.wide.
range.of.systems,.including.VoIP,.and.introduces.a.two-stage.constant.delay.estimation.procedure..First,.
a.crude.delay.estimation.step.is.used.based.on.the.location.of.the.maximum.cross.correlation.between.
the.original.and.processed.signal.envelopes..It.is.argued.that.if.the.speech.signals.contain.at.least.500.ms.
of.speech.content,.the.crude.delay.estimate.could.be.accurate.to.within.±8.ms.(Rix.et al..2002)..Once.a.
crude.delay.estimate.is.found,.it.is.further.refined.via.a.weighted.histogram.method.of.the.estimated.
frame-by-frame.delays.

To.estimate.varying.delay,.a. similar. two-stage.process. is.performed.on.speech.utterances,.which.
correspond.to.300+.millisecond.speech.bursts.containing.no.silent.period.longer.than.200.ms..Crude.
delay. estimates. are. obtained. for. each. utterance. and. further. refined. using. the. weighted. histogram.
approach..To.compensate.for.continuous.varying.delays.during.speech,.an.utterance.splitting.method.
is. also. used.. Each. utterance. is. divided. in. two. and. the. crude/fine. delay. estimation. procedures. are.
applied.. If. there. is.evidence.supporting.a.delay.change.(e.g.,.an.absolute.change. in.delay.of.4.ms.or.
greater),. subutterance. splitting.proceeds. in.a. recursive.manner. to.each.new.“half”.until.no. further.
delay.changes.are.seen..A.last.time.alignment.step.incorporated.in.PESQ.consists.of.a.bad.frame.iden-
tification. procedure. in. the. perceptual. domain. (more. on. this. topic. to. follow).. More. specifically,. it.
assumes. that. bad. frame. alignment. will. result. in. abnormally. high. perceptual. disturbances.. In. such.
instances,.realignment.is.performed.

Once. the. original. and. degraded. speech. signals. are. time-aligned,. a. perceptual. auditory. mapping.
(Beerends.et.al..2002).is.performed.to.map.the.signals.into.an.internal.representation.of.perceived.loud-
ness.both.in.time.and.in.frequency..This.step.has.been.borrowed.from.PSQM.and.consists.of.Bark-scale.
frequency.bin.grouping.and.loudness.mapping.using.frequency-dependent.thresholds.and.exponents..
The.difference.in.internal.representations.of.the.degraded.and.reference.speech.signals.is.then.calcu-
lated,.representing.the.audible.difference.between.the.two.signals..A.positive.difference.indicates.that.
(power-)additive.components.are.present.such.as.background.noise;.a.negative.difference.indicates.that.
(power-)components.were.lost,.such.as.in.VoIP.networks.with.packet.losses..The.last.processing.stage.
consists.of.the.so-called.cognitive.modeling.step.where.disturbances.are.evaluated.and.aggregated.using.
cognitive.“insights”.to.form.a.final.PESQ.quality.estimate..For.example,.positive.disturbances.and.those.
occurring.during.active.speech.periods.are.thought.to.be.more.objectionable.than.negative.disturbances.
and.those.occurring.during.silent.intervals,.respectively,.thus.receive.higher.weights..Additionally,.dis-
turbance.integration.is.performed.in.three.steps,.first.over.frequency,.then.over.short-time.utterance.
intervals,.and.finally.over.the.whole.speech.signal..Different.p.values.are.used.in.the.Lp.norm.integra-
tions.of.the.three.steps.to.maximize.the.correlation.with.subjective.quality.ratings..It.was.later.observed.
that.an.additional.mapping.was.needed.in.order.to.fit.the.PESQ.raw.scores.onto.the.five-point.MOS–
LQO.scale;.this.mapping.is.described.in.ITU.standard.P.862.1.(ITU-T.Rec..P.862.1,.2003).

In.its.original.form,.PESQ.can.only.be.used.with.narrowband.speech.content..Given.the.advances.in.
wideband.(up.to.8.kHz.bandwidth).technologies,.a.wideband.extension.of.PESQ.was.later.standard-
ized.in.2005.(ITU-T.Rec..P.862.2,.2005)..Despite.these.extensions,.the.PESQ.application.guide.pub-
lished. at. the. end. of. 2007. suggested. that. the. scope. of. PESQ. was. inadequate. for. burgeoning. speech.
networks.and.technologies..PESQ.did.not.cover.electroacoustic. transducers,.voice.quality.enhance-
ment.algorithms.(e.g.,.noise.reduction,.bandwidth.extension,.and.automatic.gain.control),.and.time-
warping/scaling.algorithms.(ITU-T.Rec..P.862.3,.2007)..PESQ.performance.was.also.compromised.for.
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CDMA.codecs.(e.g.,.EVRC),.strong.linear.distortions.(e.g.,.phone’s.frequency.shaping),.gain.variations,.
and.VoIP-transmitted.speech.with.variable.delays.around.1.s..In.2011,.the.new.ITU-T.P.863.POLQA.
algorithm.was.standardized.to.overcome.these.limitations.and.allow.for.the.majority.of.existing.fixed,.
mobile,.IP-based,.and.hybrid.telephone.network.scenarios.to.be.covered,.either.in.narrow-,.wide-,.or.
superwide-band.(up.to.24.kHz.speech.bandwidth).modes.

The.POLQA.RBA.is.a.joint.development.between.three.companies.from.Germany,.Switzerland,.and.
the.Netherlands,.two.of.which.were.involved.in.the.development.of.PESQ..While.the.core.of.the.POLQA.
algorithm.is.similar.to.that.of.PESQ,.two.key.modifications.have.been.introduced.to.tackle.the.PESQ.
weaknesses.described.above..First,.a.new.time.alignment.algorithm.has.been.proposed..In.superwide-
band.mode,.the.original.reference.signal.needs.to.be.sampled.at.48.kHz..The.degraded.signal,.however,.
may.have.been.downsampled.due.to.bandwidth.constraints.and.this.band.limitation.is.considered.a.deg-
radation.that.has.to.be.scored.accordingly..POLQA.is.able.to.handle.this.sampling.rate.discrepancy.in.
conjunction.with.the.delay.estimation.procedure.by.analyzing.the.histogram.of.estimated.delay.varia-
tions..Similar.to.PESQ,.the.delay.estimation.algorithm.operates.in.multiple.steps..First,.an.overall.delay.
is.estimated.based.on.using.the.cross.correlation.between.(i).the.x(t).and.y(t).signals.in.their.entirety,.and.
(ii).the.first.and.second.half.of.the.signals,.respectively..So-called.“reparse.points,”.which.correspond.to.
transition. points. between. silence. and. active. speech. (and. vice-versa),. are. then. found. using. a. complex.
procedure.involving.the.use.of.a.voice.activity.detector.(VAD).on.both.the.reference.and.degraded.speech.
signals..Once.reparse.points.are.found.in.both.signals,.their.time.difference.is.computed.as.a.coarse.esti-
mate.of.the.delay.for.a.particular.reparse.section..This.procedure.is.conceptually.similar.to.that.of.PESQ.
in.the.sense.that.it.provides.delay.estimates.for.each.“utterance.”.Unlike.PESQ,.however,.the.refinement.
of. this.coarse.estimate. involves.a.multidimensional. search. in. the.per-frame.signal.energy.and. fractal.
dimension.(used.as.a.measure.of.signal.complexity.which.is.assumed.to.be.indirectly.related.to.noise).
domains.using.two.different.frame.sizes..A.backtracking.algorithm.similar.to.Viterbi’s.algorithm.is.used.
to.estimate.a.finer.delay.estimate.for.each.speech.frame..An.additional.refinement.step.is.used.based.on.
the.cross.correlation.to.estimate.the.exact.delay.expressed.in.samples..As.can.be.expected,.this.time.align-
ment.procedure.is.fairly.complex.and.time.consuming..For.applications.in.which.fixed.or.piecewise.fixed.
delays.are.present,.POLQA.uses.a.simpler.alternative.prealignment.method..It.is.similar.to.that.in.PESQ.
in.the.sense.that.it.finds.a.coarse.estimate.based.on.the.cross.correlation.of.signal.envelopes.and.then.
refines.this.estimate.by.matching.segmentwise.parts.of.the.original.signal.with.that.of.the.degraded.sig-
nal..This.segmentwise.matching.procedure.is.also.used.to.find.missing.segments.in.the.degraded.signal.
due.to,.for.example,.packet. losses..This.fast.alternative.may.result. in.very.bad.delay.estimates.if.time-
varying.delay.is.present..As.such,.an.exclusion.criterion.is.run.to.verify.the.applicability.of.the.fast.pre-
alignment.method..If.the.criterion.is.not.met,.the.more.complex.method.described.above.is.used.

The.second.major.difference.between.POLQA.and.PESQ.is.in.the.perceptual.model.(see.Figure.30.1,.
where.shaded.blocks.represent.the.different.modules.available.with.POLQA).and.in.the.processing.of.the.
reference.and.degraded.speech.signals..More.specifically,.POLQA.introduces.the.concept.of.idealization..
Since.listeners.in.a.MOS.test.are.not.presented.with.a.reference.signal,.participants.likely.use.an.“ideal”.
reference.signal.during.their.quality. judgment.process..This. idealization.process. is.modeled.based.on.
subjective.experiments.that.measured.human.sensitivity.to.nonoptimal.presentation.levels.and.timbre,.
and.low.levels.of.noise.when.listening.to.the.reference.speech.signal..As.such,.POLQA.modifies.the.refer-
ence.signal.in.three.different.stages.(see.shaded.blocks.in.Figure.30.1).to.model.this.idealization.process..
Modifications.to.the.degraded.signal.and.its.internal.representation.are.also.performed.but.motivated.by.
higher-level. cognitive. processes.. For. example,. humans. are. relatively. insensitive. to. linear. frequency.
response.distortions.and.to.steady-state.wideband.noises,.thus.such.disturbances.are.partially.compen-
sated. for.by. the.POLQA.RBA..Additional.processing. steps.available.exclusively.with.POLQA.are. fre-
quency.dewarping.(e.g.,.in.the.case.of.speech.processed.by.bandwidth.extension.methods),.spectral.and.
temporal.masking,.and.playback-level.calibration..The.latter.is.performed.as.the.impact.of.playback.level.
on.perceived.quality.is.important,.particularly.in.superwide-band.mode,.and.needs.to.be.accounted.for..
In.essence,.these.modifications.are.performed.to.preserve.only.relevant.speech.information.and.discard.
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unwanted.signal.components..The.goal.is.to.focus.only.on.speech-related.distortions.and.have.additional.
modules.or.indicators.characterize.disturbances.related.to..frequency.response,.noise,.and.reverberation,.
as.shown.in.Figure.30.1..The.signal.processing.steps.shown.in.Figure.30.1.are.performed.four.different.
times.using.different. internal.parameters. such. that. four.variants.of. the. time–frequency. “disturbance.
densities”.are.computed..These.variants.focus.on.general.distortions,.large.general.distortions,.additive.
distortions.only,.and.large.additive.distortions..Disturbance.densities.are.aggregated.over.pitch,.short-
time.utterance.intervals,.and.time.using.different.Lp.norm.integrations..Aggregate.disturbance.densities.
are.then.combined.with.level.and.spectral.flatness.indicators.into.a.final.POLQA.raw.score..Finally,.the.
raw.score.is.mapped.to.the.MOS–LQO.scale.using.a.third-order.polynomial.mapping.that.was.optimized.
for.the.databases.used.in.the.P.863.standardization.process..In.narrow-band.mode,.the.maximum.score.
is.4.5.while.in.superwide-band.mode,.this.value.is.4.75.which.corresponds.to.the.extended.MOS-scale.
used.with.high-definition.(HD).voice.technologies.

The.combined.advancements.available.with.ITU-T.P.863.POLQA.allow.for.a.new.range.of.applica-
tions.that.could.not.previously.be.assessed.using.PESQ,.such.as.voice.quality.enhancement.algorithms.
and.terminals.using.head-and-torso.simulators.(HATS)..At.the.time.of.writing,.third-party.(i.e.,.outside.
the.standardization.process).POLQA.performance.results.under.these.special.conditions.are.not.avail-
able..ITU-T.standardization.tests.did.suggest,.however,.that.POLQA.provided.inaccurate.predictions.
when.used.with.acoustical.recordings.using.free-field.microphones.without.HATS.or.ear-canal.simula-
tors.and.with.some.enhanced.variable.rate.codec.(EVRC).speech.codecs..Moreover,.POLQA.has.not.
been.validated.for.use.with.very.LBR.coding.technologies.(<4.kilobits/s).
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 FIGURE 30.1 Block.diagram.of.perceptual.model.used.by.PESQ.and.POLQA..Shaded.blocks.are.exclusive.to.
POLQA.and.are.not.available.with.the.PESQ.RBA..(*In.PESQ,.the.bark.scale.mapping.is.followed.by.a.loudness.scale.
mapping,.which.is.omitted.in.the.block.diagram.due.to.space.constraints.)
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30.6 Reference-Free Algorithms

Unlike.RBAs,.Reference-free.algorithms.(RFAs).do.not.depend.on.a.clean.reference.signal..RFAs.have.
gained.much.attention.recently.as.they.can.be.used.while.the.network.is.in.service.and.obviate.the.need.
to.take.the.network.“offline”.to.inject.controlled.reference.signals.for.quality.measurement..RFAs.func-
tion.like.participants.in.MOS.listening.tests.who.are.only.presented.with.the.degraded.speech.signal.and.
then.rate.its.quality..Humans,.through.extensive.usage.of.telephony.services,.have.acquired.knowledge.
of.normal.and.abnormal.phenomena. in.speech.sounds.and.use. this.prior.knowledge. to. judge.signal.
quality..Unlike.the.POLQA.RBA.which.uses.an.idealization.process.to.modify.the.reference.signal.to.
take.into.account.this.prior.knowledge,.existing.RFAs.employ.models.of.normative.speech.production.
(Gray. et  al.. 2000),. speech. perception. (ANSI. Rec.. ANIQUE+. 2006),. speech. signal. feature. likelihood.
(Falk.and.Chan.2006),.or.a.combination.thereof.for.single-ended.quality.assessment..The.latter.scenario.
is.applicable.to.the.ITU-T.P.563.algorithm,.which.was.standardized.in.2004.after.a.two-year.competition.
(ITU-T.Rec..P.563,.2004)..In.this.competition,.two.systems.stood.out:.the.standardized.P.563.algorithm.
and.the.runner-up.ANIQUE+.algorithm,.which.later.became.an.American.National.Standard.Institute.
standard.(ANSI.Rec..ANIQUE+.2006)..Focus.will.be.placed.here.on.the.P.563.algorithm.due.to.its.popu-
larity.within.the.quality.assessment.community.

Since.RFAs.do.not.have.access. to. the.clean.reference.speech.signal,.assumptions.have. to.be.made.
about.the.received.signal..The.P.563.algorithm.combines.three.basic.principles,.such.that.different.dis-
tortion.types.can.be.covered.(ITU-T.Rec..P.563,.2004;.Malfait.et al..2006)..The.first.principle.focuses.on.
the.human.voice.production.system,.modeling.the.vocal.tract.as.a.series.of.acoustic.tubes.of.different.
time-varying. cross-sectional. areas.. From. the. speech. signal,. cross-sectional. areas. are. evaluated. for.
unnatural.behavior,.thus.indicating.the.presence.of.unnatural.distorted.speech..More.specifically,.pitch.
marks.and.voiced/unvoiced.classification.is.first.performed.using.a.normalized.cross-correlation.func-
tion..Pitch.synchronous.vocal.tract.modeling.is.then.applied.where.tube.section.areas.of.eight.concate-
nated.lossless.acoustic.tube.sections.are.obtained.via. linear.predictive.(LP).analysis.of.voiced.speech.
segments..The.resulting.eight.tube.sections.are.then.averaged.to.model.three.cavity.articulators.per.pitch.
cycle,. namely. the. rear,. middle,. and. front. cavities.. Due. to. human. articulatory. limitations,. temporal.
changes. in.vocal. tract.cavities.are.smooth..Unnaturally.fast.variations. in.the.acoustic.tube.model.or.
excessively.large.tube.sections.suggest.that.the.speech.signal.being.analyzed.is.distorted..In.addition.to.
vocal.tract.analysis,.LP.and.cepstral.analyses.are.performed.on.voiced.speech.segments..The.skewness.
and.kurtosis.of.the.coefficients.are.then.computed.and.investigated.to.see.if.they.lie.within.the.restricted.
range.expected.for.natural.speech..Deviations.from.this.normative.range.provide.further.evidence.of.
introduced.distortions.in.the.speech.signal..The.second.principle.used.by.P.563.is.to.reconstruct.a.pseu-
doreference.signal.from.the.degraded.signal.by.modifying.the.computed.LP.coefficients.to.fit.the.vocal.
tract.model.of.a.typical.human.speaker..This.is.achieved.by.converting.the.LP.coefficients.to.line.spectral.
frequencies. (LSFs). which. are. then. quantized. using. two. previously. trained. codebooks.. The. better. of.
the two.LSF.approximations.is.used.to.reconstruct.the.pseudoreference.signal..A.“basic.voice.quality”.
measure.is.then.computed.using.a.RBA.with.the.pseudoreference.and.degraded.signals.as.input..The.
RBA.used.is.a.simplified.version.of.PESQ.without.the.temporal.alignment.module.and.with.a.modified.
“cognitive”. mapping. function.. The. third. principle. used. by. P.563. is. to. identify. specific. distortions.
encountered. in. voice. channels,. such. as. noise. (additive. and. multiplicative),. temporal. clippings,. and.
robotization.effects.(voice.with.metallic.sounds)..Additive.noise.is.characterized.by.an.estimated.SNR.
level.which.is.obtained.using.VAD.decisions.computed.in.the.preprocessing.stage;.both.global.and.local.
(i.e.,.between.phonemes).levels.are.estimated..Other.parameters.such.as.high-frequency.spectral.flatness.
and. spectral. clarity. are. also. computed. to. characterize. the. noise. source.. Similarly,. a. segmental. SNR.
measure. is.used.to.characterize. the.multiplicative.noise.(speech-correlated.noise). introduced.by.cas-
caded.logarithmic.pulse-code.modulation.(PCM).and.adaptive.differential.PCM.systems.or.by.wave-
form.speech.codecs.(Malfait.et al..2006)..The.analysis.of.multiplicative.noise.is.based.on.the.evaluation.
of.spectral.statistics.(i.e.,.range.and.deviation).where.it.is.assumed.that.the.noise.will.have.a.flat.spectral.
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characteristic.which.forms.a.noise.floor.during.active.speech.periods..Temporal.clippings,.in.turn,.are.
commonly.encountered.in.packet-based.networks..P.563.assumes.two.types.of.clippings:.mutes/inter-
ruptions.and.front/back.clippings..Mutes.or.speech.interruptions.can.occur.when.silence.or.comfort.
noise.is.inserted.as.a.simple.PLC.strategy.during.active.speech.periods..Front.and.back.clippings.may.
occur.in.systems.that.use.VADs,.such.as.digital.circuit.multiplication.equipment.(Malfait.et al..2006)..
These.abrupt.variations.in.signal.energy.are.detected.and.estimated.by.analyzing.abrupt.variations.in.
the.signal.envelope.and.are.defined.as.signal.level.drops.of.more.than.30.dB.within.8.ms.or.rises.by.more.
than.30.dB.within.16.ms.(Malfait.et al..2006)..Lastly,.robotization.effects.often.result.from.transmission.
errors.in.mobile.radio.networks.(e.g.,.GSM).or.with.LBR.codecs,.where.voiced.speech.segments.sound.
highly.periodic.or.“robotic.”.To.detect.such.events,.P.563.monitors.signal.periodicity.in.the.2.2–3.3.kHz.
range. by. means. of. cross-correlation. analysis;. similar. periodicity. measurements. are. used. to. detect.
frame-repeat.and.unnatural.beep.impairments..The.last.step.in.the.P.563.signal.processing.chain.con-
sists.of.distortion.classification.and.distortion-dependent.perceptual.weighting..Using.a.subset.of.the.
extracted.(internal).parameters,.the.P.563.algorithm.detects.one.of.the.following.six.major.distortion.
classes,.listed.in.decreasing.order.of.“annoyance”:.high.level.of.background.noise,.signal.interruptions,.
signal-correlated.noise,.speech.robotization,.and.unnatural.male.and.female.speech..The.assumption.is.
that.human.listeners.will.focus.only.on.the.dominant.distortion.when.different.types.of.degradations.
occur.simultaneously.(Malfait.et al..2006)..For.each.dominant.distortion.class,.a.subset.of.the.extracted.
parameters.is.used.to.compute.an.intermediate.quality.rating..Once.a.major.distortion.class.is.detected,.
the. intermediate.score. is. linearly.combined.with.eleven.other.parameters. to.derive.a.final.P.563.raw.
score..During.the.standardization.process,.P.563.attained.acceptable.performance.for.a.wide.range.of.
test.factors,.coding.technologies,.and.applications..It.was.not.suitable,.however,.for.LBR.codecs.or.appli-
cations.involving.suboptimal.listening.levels,.talker.echoes,.or.sidetones.

30.7 Parametric Methods

Machine.“intelligence”.can.play.a.critical.enabling.role.in.assuring.that.customers.serviced.by.machines.
are.provided.with.satisfying.quality.of.experience.(QoE)..An.important.component.of.QoE.assurance.is.
quality. monitoring.. Network-wide. automated. connection. quality. monitoring. enables. not. only. QoE.
assurance,.but.also.diagnosis.and.amelioration.of.faults..Implementation.cost,.however,.is.a.critical.fac-
tor.in.assessing.the.viability.of.network-wide.deployment..If.a.monitoring.function.is.located.on.porta-
ble.devices,.power.consumption.also.becomes.an.issue..A.distinct.advantage.of.parametric.methods.is.
that.they.can.offer.very.low.computational.complexity,.a.key.determinant.of.implementation.cost.and.
power.consumption..Parametric.algorithms.can.derive.their.computation.economy.from.having.access.
to.or.being.able.to.compute.one.or.a.few.statistics.that.sufficiently.capture.the.degree.of.speech.degrada-
tion..As.an.example,.let.us.consider.monitoring.a.set.of.VoIP.connections.which.use.a.specific.speech.
codec..At.the.transmit.end,.the.encoder.bit.stream.is.loaded.onto.voice.packets.in.a.specific.manner,.for.
example,.every.two.10.ms.speech.frame.onto.one.voice.packet..Under.perfect.transmission.conditions,.
the.voice.packets.will.arrive.at.the.speech.decoder.with.no.errors.and.in.exactly.the.order.they.were.
generated,.and.the.difference.between.the.times.of.arrival.of.consecutive.packets.at.the.decoder.will.be.
exactly. equal. to. the. difference. of. the. time. instances. the. consecutive. packets. were. dispatched.. The.
decoded.speech.signal.would.suffer.no.transmission-related.degradation.and.would.be.identical,.except.
for.a.constant.time.delay.due.to.transit.through.the.network,.to.the.best.speech.signal.the.speech.encoder.
could.synthesize.from.the.encoded.bits..However,.due.to.network.transmission.faults.such.as.bit.errors,.
packet.discards,.and.variable.transmission.delay,.some.speech.packets.will.not.be.available.error-free.by.
the.deadlines.the.decoder.needs.to.start.decoding.the.packet.contents.in.order.to.maintain.the.integrity.
(e.g.,.time-continuity).of.the.speech.signal..In.such.cases,.the.cause.of.speech.degradation.after.speech.
encoding.is.solely.due.to.packet. losses..Without.any.packet. loss,.the.listening.quality.of.the.decoded.
speech. signal. is. identical. to. the.quality. that. can.be. synthesized.by. the.encoder.before. transmission..
Thus,. akin. to. the. E-model. wherein. the. overall. impairment. due. to. different. degradation. sources. are.
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combined.by.summing.negative.quality.ratings.corresponding.to.the.sources,.the.listening.quality.of.the.
VoIP.speech.at.the.receiving.end.can.be.estimated.by.measuring.the.quality.degradation.due.to.packet.
losses.and.then.using.the.measurement.to.adjust.the.speech.quality.estimated.at.the.encoder.

Packet.loss.events.can.be.observed.at.the.decoder.and.can.be.modeled.as.a.binary-valued.discrete-
time.random.process..A.simple.approach.to.estimate.quality.degradation.is.to.compute.statistics.of.the.
process.and.map.them.to.a.degradation.estimate..For.instance,.it.is.easy.to.see.that.the.severity.of.speech.
degradation.increases.with.the.average.rate.of.packet.loss,.and.for.a.given.loss.rate,.the.average.length.of.
loss.bursts..Thus,.it.is.reasonable.to.expect.the.severity.of.degradation.to.be.a.monotonically.increasing.
function.of.each.of.these.two.statistics..A.mapping.from.these.to.a.degradation.estimate.can.be.obtained.
by.applying.regression.or.machine-learning.methods.on.training.data..The.data.comprises.“examples”.
where.each.example.is.a.triplet.of.three.values:.the.two.loss.statistics.and.their.corresponding.amount.of.
quality.degradation..The.last.item.can.be.obtained.either.from.subjective.listening.tests.or.from.an.RBA.
such.as.PESQ.or.POLQA..Through.experimenting.with.different.choices.of.regression.function.analysis.
or.machine-learning.methods,.one.would.obtain.a.suitable.function.or.mapping.from.the.loss.statistics.
to.a.degradation.estimate..The.goal.is.to.find.mappings.that.perform.well.on.novel.data,.that.is,.data.not.
in.the.training.set..This.goal.can.be.better.met.by.selecting.from.mappings.that.have.very.few.parameters.
that.need.to.be.adjusted.by.the.training.or.regression.algorithm,.and.by.validating.the.trained.mapping.
using. novel. data.. Readers. interested. in. exploring. machine-learning. techniques. can. refer. to. (Bishop.
2007)..The.degradation.estimate.provided.by. the.mapping.can.be.combined.with. the.speech.quality.
estimated.at.the.encoder.end,.if.the.estimate.is.made.available.to.the.decoder.end,.for.example,.when.
piggybacked.onto.VoIP.packets..If.unavailable,.the.degradation.estimate.can.be.treated.as.an.amount.of.
reduction.of.the.average.speech.quality.provided.at.the.encoder.end.

An.embodiment.of. the.above.parametric.method.that.has.been.deployed.on.VoIP. links. is.VQmon.
(Clark.2001),.which.uses.a.Markov.chain.to.model.the.packet.loss.process.observed.at.the.receiving.end..
The.empirically.observed.chain.parameters.are.mapped.to.an.estimate.of.degradation.severity..The.para-
metric.method.can.also.be.applied.to.map.analog.link.parameters..For.instance,.(Karlsson.et al..1999).
reported.mapping.radio.link.quality.parameters.measured.at.GSM.radio.receivers.to.a.“speech.quality.
index”.and.obtained.more.accurate.speech.quality.estimates.than.using.PSQM,.the.best.available.RBA.at.
the.time..The.parametric.approach.can.work.well.when.the.unknown.amount.of.(additional).degradation.
can.be.attributed.to.one.phenomenon.that.can.be.readily.measured..When.the.scenario.is.complicated.by.
having.a.greater.number.and.variety.of.degradation.sources.and.interactions.among.them,.hybrid.para-
metric-cum-signal-based.methods.can.be.used..An.embodiment.of.this.approach.is.described.in.(Falk.
and.Chan.2008),.which.proposes.using.a.mapping.that.combines.a.“base.quality”.with.measurements.
made.on.the.received.speech.signal.to.obtain.a.quality.estimate..The.base.quality.can.be.obtained.from.a.
lookup.table..Discrete.attributes.(e.g.,.codec.type,.number.of.speech.frames.in.a.packet).and.discretized.
values.(e.g.,.packet. loss.rate,.average.packet-loss-burst. length).are.used. to. index. the. table.entries..The.
signal.measurements.are.then.used.to.cover.degradations.that.are.not.included.in.the.table,.for.example,.
level.of.background.noise.and.severity.of.artifacts.due.to.noise.reduction.processing.

The.above.parametric.measurement.examples.are.not.based.on.standard.algorithms..Existing.signal-
based.standard.algorithms.consume.considerably.more.computational.resources.than.the.above.paramet-
ric.algorithms..Network.and.device.design.engineers.will.have.to.decide.whether.it.is.necessary.to.conform.
to.standards,.when.nonconformance.may.garner.significant.cost.savings..Conformance.may.not.be.neces-
sary.for.measurements.done.within.“closed”.proprietary.(sub)systems..On.the.other.hand,.standard.algo-
rithms.may.be.required.to.ensure.interoperability.between.equipment.built.by.different.manufacturers..
Also,.conformance.to.standards.is.usually.demanded.by.customers.of.link.and.network.test.equipment.

30.8 Usage considerations

Speech.quality.measurement.algorithms.are.designed.and.tested.for.a.variety.of.degradation.conditions..
For.ITU.standard.algorithms,.the.conditions.in.which.the.algorithms.have.been.tested.and.the..outcomes.
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of.the.tests.are.documented..Such.information.provides.important.clues.to.users.of.the.algorithms.about.
the.reliability.of.the.quality.estimates.provided.by.the.algorithms..For.each.of.the.conditions.listed.in.the.
documentation,.the.algorithm.may.be.characterized.as.being.known.to.provide.reliable.or.unreliable.
estimates,.or.to.have.undetermined.or.unresolved.reliability..If.one.desires.to.apply.a.standard.algorithm.
to.conditions.for.which.the.algorithm.is.not.known.to.provide.reliable.estimates,.additional.tests.need.
to.be.done.to.validate.the.estimates,.or.additional.evidence.gathered.to.calibrate.them..For.instance,.
suppose.one.seeks.to.determine.whether.a.standard.algorithm.can.be.“customized”.to.assess.quality.
under.conditions.for.which.the.reliability.of.the.algorithm’s.estimates.are.uncertain..Suppose.a.set.of.
speech.signals.covering.the.conditions.of.interest.can.be.listed.in.decreasing.order.of.preference.by.lis-
tening.quality.but.their.MOS–LQS.values.are.unknown..The.standard.RBA.or.RFA.can.be.applied.to.the.
signals.to.obtain.a.corresponding.set.of.MOS–LQO.values..These.values.provide.an.objective.ranking.of.
the.signals..The.matching.between.the.subjective.and.objective.ranks.can.be.assessed.using.Spearman’s.
rank.correlation.coefficient.. If. this.coefficient. turns.out. to.be.statistically.significant.and.has.a.value.
close.to.1,.the.standard.algorithm.is.deemed.to.be.able.to.discriminate.well.between.the.different.quality.
levels.represented.by.the.speech.signals..This.capability.could.satisfy.applications.which.need.only.dis-
crimination.by.quality.category.as.opposed.to.absolute.MOS.values..If.in.addition,.MOS–LQS.values.are.
available. for. the. set. of. speech. signals,. a. mapping. similar. to. the. one. described. in. Recommendation.
ITU-T.P.862.1.(ITU-T.Rec..P.862.1.2003).or.the.one.used.in.P.863.to.map.raw.scores.to.MOS–LQO.can.
be. designed. to. maximize. the. Pearson. correlation. (or. minimize. the. mean. square. error). between. the.
MOS–LQS.values.and.the.mapping.outputs.

Technology.for.automating.measurement.of.user-perceived.quality.is.rapidly.evolving..Proliferation.
of.mobile.electronic.devices.and.networking.makes.human.machine.interactions.a.fact.of.live.and.pro-
vides.unprecedented.opportunities.for.machines.to.amass.human-generated.data.and.responses..Mining.
such. information. will. accelerate. the. development. of. automated. quality. assessment. technology. and.
standards.
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31.1 introduction

Wireless.networks.are.characterized.by.nodes.(or.stations,.or.users).that.are.connected.to.each.other.by.
wireless. links..Accordingly,.one.main.feature.of.such.networks. is.mobility.which.results. in.dynamic.
topology.when.the.position.of.nodes.changes.in.time..Network.setup.in.mobile.wireless.ad-hoc.network.
is.a.tedious.task.because.of.rapid.dynamic.nature.of.these.networks.while.communication.in.wired.net-
works.(Internet).or.even.stationary.wireless.networks.is.much.easier.to.manage..In.wireless.networks,.
the. communication. channel. is. a. broadcast. medium. since. the. transmitted. signal. by. a. node. can. be.
received.by.any.other.node.that.is.in.the.transmission.range.of.the.transmitter..In.some.cases,.a.node.
transmits.to.a.receiver.while.another.node.is.also.trying.to.send.packet.to.the.same.receiver..If.these.two.
transmitters.are.outside.of.each.other’s.transmission.range.and.unaware.of.the.other.node.existence,.it.
is.possible.that.both.nodes.try.to.transmit.packets.to.the.same.receiver.and.cause.collision..This.situation.
is.known.as.the.hidden terminal problem.and.it.does.not.allow.the.receiver.to.decode.the.received.sig-
nals..Figure.31.1.demonstrates.the.hidden.terminal.problem.

Another.issue.is.related.to.the.fact.that.in.some.applications,.source.and.destination.are.not.within.
each.other.transmission.range..Therefore,.the.source.relies.on.other.nodes.to.relay.the.message.to.desti-
nation.using.multihop.communications..Since. the.medium. is. a.broadcast. channel,.nodes. require. to.
coordinate.with.each.other.to.access.the.channel.in.a.distributed.fashion.in.order.to.avoid.interference.
and.collision.in.the.network..Consequently,.different.methods.are.proposed.in.the.literature.to.coordi-
nate.among.nodes.to.access.the.channel..Such.methods.are.called.medium-access.control.(MAC).proto-
cols..Further,.once.a.node.can.access.the.communication.channel.to.transmit.to.its.neighbors,.it.needs.
to.find.out.the.path.to.destination.when.there.is.no.base.station.to.route.the.message.to.destination..Such.
networks.are.called.ad-hoc.networks.and.MAC.and.routing.protocols.are.two.important.ingredients.of.

31
Wireless Network 

Protocols

31.1. Introduction.......................................................................................603
31.2. Medium.Access.Control.Protocols................................................ 604

The.Aloha.Protocol. •. Pure.Aloha. •. Slotted.Aloha. •. Aloha.with.
Random Backoff. •. The.CSMA.Protocol. •. 1-Persistent.CSMA. •.
Nonpersistent.CSMA. •. p-Persistent.CSMA. •. CSMA/CA.Protocol

31.3. Routing.Protocols..............................................................................610
Ad-Hoc On-Demand.Distance.Vector.Routing. •. Dynamic.Source.
Routing Protocol. •. Optimized.Link.State.Routing.Protocol. •.
Destination.Sequenced.Distance-Vector.Protocol

31.4. Summary.and.Conclusion................................................................613
References.......................................................................................................613
Further.Reading............................................................................................. 614

Renato Mariz de 
Moraes

Hamid R. 
Sadjadpour



604 Mobile Communications Handbook

these.networks.in.order.to.transport.information..This.chapter.provides.a.short.overview.of.the.main.
MAC.and.routing.strategies.proposed.for.wireless.ad-hoc.networks.

With.respect.to.the.MAC.protocols,.the.random.access.approaches.have.gained.significant.attention.
due.to.their.simplicity.and.relative.efficiency.to.attain.the.objective.of.providing.channel.access. in.a.
distributed.fashion..In.this.regard,.Aloha.and.carrier.sense.multiple.access.(CSMA).are.by.far.the.most.
common.protocols.that.are.investigated.and.deployed.in.wireless.ad-hoc.networks..Section.31.2.presents.
the.Aloha.and.CSMA.protocols.with.their.variants.

With.respect. to.routing.strategy,. routing.protocols.can.be.classified. in. two.types:. table-driven.(or.
proactive).and.on-demand.(or.reactive).protocols..In.table-driven.protocols,.the.routing.algorithm.pro-
actively.maintains.a.database.called.routing.table.which.includes.information.about.path.to.each.desti-
nation.node.in.the.network.and.the.next.hop.in.a.path.from.source.or.relay.to.destination..In.on-demand.
protocols,. the.routing.algorithm.reacts.to.changes. in.the.network.topology.to.obtain.updated.routes.
along.multiple.hops.and.as.link.failures.occur.on.an.active.route,.the.algorithm.can.search.to.obtain.a.
new.valid.path.to.destination..Once.the.communication.among.source.and.destination.is.completed.and.
the.route.is.no.longer.in.use,.the.relay.nodes.utilized.along.the.path.remove.the.route.information.from.
their.database..When.a.source.wants.to.send.data.packets.to.a.destination,.it.initiates.the.route.request..
Section.31.3.presents.the.main.features.of.four.important.routing.protocols.for.ad-hoc.networks.

31.2 Medium Access control Protocols

This.section.covers.the.classical.Aloha.and.CSMA.protocols.proposed.in.multihop.wireless.networks..
The.dynamic.aspect.of.these.protocols.is.due.to.the.random.nature.of.channel.access..The.stations.(or.
nodes).will.compete.for.the.communication.medium.in.a.distributed.fashion.with.no.coordination.in.
principle..The.Aloha.protocol.was.de facto.the.first.wireless.network.protocol.implemented.in.practice.
and.used.for.transmission.of.data.packets.in.a.wireless.network.for.computer.interconnection;.however,.
its.low.performance.prompted.other.more.efficient.protocols.like.the.CSMA.proposal.

31.2.1 the Aloha Protocol

The.Aloha.protocol.was.proposed.by.Abramson.[1].to.interconnect.the.terminals.of.the.University.of.
Hawaii. spread.on. the.Hawaiian. Islands..The.proposal.was. to.use. shared.broadcast.wireless.medium.
employing.radio.waves.to. interconnect. the.host.computer. in.main.campus.to.the.other.terminals. in.
.different.islands..One.of.the.key.characteristics.of.this.protocol.is.simplicity.and.even.despite.its.slow.

Node A Node B Node C

FIGURE 31.1 Hidden.terminal.problem..Nodes.A.and.C.are.within.transmission.range.of.node.B;.however,.nodes.A.
and.C.cannot.hear.each.other..If.they.both.try.to.simultaneously.transmit.to.node.B,.a.collision.will.occur.at.node.B.
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performance,.as.it.will.be.shown,.today.the.Aloha.idea.is.the.fundamental.building.block.for.perfor-
mance.analysis.of.wireless.network.protocols.

31.2.2 Pure Aloha

The.protocol.was.designed.to.be.distributed.such.that.any.node.can.randomly.access.the.shared.medium..
Consequently,. a. major. advantage. of. this. protocol. was. simplicity. since. no. coordination. is. required.
among.nodes.

Whenever.a.station.has.data,.it.transmits.immediately.without.any.scheduling.with.other.stations..
The.receiver.acknowledges.(ACK).if.the.packet.is.received.successfully..If.no.ACK.is.received.after.two.
propagation.time.periods,.the.transmitter.realizes.that.a.collision.has.occurred..It.then.waits.a.random.
time.and.retransmits.the.packet..The.station.continues.this.procedure.until.it.receives.an.ACK.for.the.
transmitted.packet.

Figure.31.2.shows.the.basic.behavior.of.the.pure.Aloha.protocol..During.the.transmission.of.the.refer-
ence. packet. i,. if. no. other. packet. from. another. station. is. transmitted. within. the. indicated. vulnerable.
period,.then.the.transmission.is.successful,.that.is,.no.collision.takes.place..If.the.packet.length.is.constant.
and.equals.L. (in.bits).and.the.channel.transmission.rate. is.R. (in.bits.per.second),.then.the.vulnerable.
period.commences.T.=.L/R.seconds.before.the.start.of.the.transmission.of.the.reference.packet.i.until.the.
end.of.its.transmission,.that.is,.a.total.of.2T.=.2L/R.seconds..Therefore,.if.other.packets.from.other.stations.
are.transmitted.during.this.period,.as.illustrated.in.Figure.31.2,.then.a.collision.will.take.place.

In.[1],.Abramson.assumed.that.the.resulting.arrival.process.of.new.and.retransmitted.packets.fol-
lowed.a.Poisson*.distribution.with.mean.of.G.packets.per.T.seconds,.in.which.T.is.the.packet.duration.
in.seconds..G.is.also.known.as.the.offered load.to.the.network.and.equals.λT,.in.which.λ.is.the.arrival.rate.
of.the.Poisson.process..Thus,.the.vulnerable.period.of.a.packet.transmission.is.2T..On.the.other.hand,.
the.throughput.X.of.the.system.equals.the.fraction.of.the.arrival.flux.that.is.transmitted.without.colli-
sion..The.fraction.of.time.that.packets.are.transmitted.successfully.equals.the.probability.of.no.collision..
No.collision.takes.place.if.no.packet.arrives.during.the.vulnerable.period.of.a.packet.that.is.to.be.trans-
mitted..Accordingly,.the.throughput.of.Aloha.is.given.by.[1]

.

X G P G P= × = ×{ } { ( )nocollision zero arrivals i.e., transmissions in 2TT

G
G e

Ge

G

G

seconds},
( )

! ,

.

=

=

−

−

2
0

0 2

2
. (31.1)

*. According.to.a.Poisson.distribution,.the.probability.of.i.arrivals.in.T.seconds.is.given.by. (( ) ) !,λ λT e ii T− / .in.which.λ.is.the.
arrival.rate.of.the.process.[2].

packet i

Vulnerable period for packet i

t + L/Rt – L/R t

packet (i + 1)

packet (i – 1)

FIGURE 31.2 Vulnerable.period.in.pure.Aloha.protocol..For.successful.transmission.of.packet.i,.no.other.packet.
can.be.transmitted.within.the.period.starting.T.=.L/R.seconds.before.packet.i.and.during.its.transmission.
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Figure.31.3.shows.the.behavior.of.X.as.a.function.of.the.offered.load..Taking.the.derivative.of.X.with.
respect.to.G.and.making.it.equal.to.zero,.one.will.find.that.the.maximum.throughput.value.is.approxi-
mately.0.18.attained.for.G.=.0.5,.which.means.that.the.maximum.throughput.can.be.attained.if.on.aver-
age. at. every. 2T. seconds. one. packet. is. transmitted.. If. G.<.0.5. then. the. throughput. of. the. system. is.
decreased.due.to.dominance.of.the.idle.periods,.while.if.G.>.0.5.the.throughput.is.reduced.due.to.the.
large.number.of.collisions..As.Figure.31.3.demonstrates,.ALOHA.only.achieves.18%.of.the.maximum.
throughput.which.is.a.very-low-performance.result..A.modification.proposed.to.the.pure.Aloha.proto-
col.was.called.slotted.Aloha.which.double.the.maximum.throughput.attained.as.explained.in.the.next.
section.

31.2.3 Slotted Aloha

In.this.approach.to.multiple.access,.time.is.divided.into.slots.of.fixed.size..The.duration.of.slots.equals.
the.packet.duration.which.is.T.=.L/R.in.which.L.is.the.length.of.the.packet.and.R.is.the.transmission.rate..
The.objective.of.the.slotted.Aloha.protocol.[3].was.to.reduce.the.probability.of.collisions.by.forcing.all.
stations.to.transmit.only.at.the.beginning.of.time.slots..Accordingly,.the.vulnerable.period.of.slotted.
Aloha.is.reduced.to.T.

Stations.are.synchronized..If.a.station.has.a.packet.to.transmit,.it.does.so.at.the.beginning.of.the.next.
slot..If.a.collision.takes.place,*.the.source.node.retransmits.the.packet.at.the.next.slot.with.probability.p..
It.repeats.this.procedure.until.a.successful.transmission.occurs.

The.throughput.analysis.of.slotted.Aloha.is.obtained.by.observing.that.the.vulnerable.period.is.now.
reduced.to.a.slot.duration.time.T..All.packets.are.assumed.to.be.synchronized.and.only.allowed.to.trans-
mit.at.the.beginning.of.a.slot..Analogous.to.the.pure.Aloha.analysis,.the.throughput.of.slotted.Aloha.is.
derived.as.[3]

*. It.is.assumed.that.a.feedback.from.receiver.notifies.the.nodes.involved.in.a.collision.
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Figure.31.3.presents.the.behavior.of.the.throughput.of.the.slotted.aloha.the.maximum.value.of.which.
is.approximately.0.36.at.load.G.=.1..By.comparing.the.behavior,.it.is.clear.that.the.slotted.Aloha.attains.
twice.the.maximum.throughput.value.of.the.pure.Aloha..The.increase.in.performance.was.obtained.by.
reducing.the.vulnerable.period.at.the.cost.of.synchronization.

31.2.4 Aloha with Random Backoff

Some.wireless.communication.environments.like.underwater.has.different.characteristics.in.which.the.
electromagnetic.waves.are.rapidly.attenuated.due.to.energy.consumption.along.the.propagation.path..In.
such.scenarios,.the.transmission.of.acoustic.waves.is.more.appropriate..Although.the.acoustic.channel.
has.low-speed.propagation,.it.can.reach.up.to.5.km.employing.frequencies.around.50.KHz.resulting.in.
transmission. rate.of. the.order.of.5.kbps. [4].. In. such.cases,. a.modified.Aloha.protocol. was.proposed.
which.can.readily.be.incorporated.into.the.off-the-shelf.commercial.modems.[5].

In.Aloha.protocol.with.random.backoff.[6],.each.node.employs.a.parameter.CW.representing.a.con-
tention.window.size..The.backoff.time.is.divided.into.slotted.time.of.size.τ.which.should.be.long.enough.
to.obtain.channel.state.information..If.a.node.has.a.packet.for.transmission,.for.example,.from.applica-
tion.running.in.upper.layers,.the.node.randomly.selects.a.slot.in.the.range.[0,CW-1].and.decrements.its.
timer.if.there.is.no.activity.on.the.channel..Accordingly,.nodes.infer.the.channel.use,.if.busy.or.idle,.
every.slot.boundary.and.pause.their.timers.if.a.packet.is.being.transmitted.on.the.channel,.that.is,.if.the.
channel.is.determined.busy..When.the.time.reaches.zero,.the.node.transmits.its.packet.

In.[6],.it.was.shown.that.Aloha.with.random.backoff.is.a.suitable.MAC.protocol.for.underwater.com-
munication.channel.

31.2.5 the cSMA Protocol

The.low.performance.of.ALOHA.protocol.is.due.to.the.large.vulnerability.period.of.a.packet..In.CSMA.
[7],.the.stations.listen.to.the.channel.before.transmissions.in.order.to.reduce.the.vulnerability.period.
from.the.order.of.a.packet.length.to.the.maximum.channel.propagation.duration.delay.(τ)..Consequently,.
the.improvement.obtained.from.this.approach.is.based.on.the.fact.that.τ.is.assumed.much.smaller.than.
a.packet.duration.length..By.listening.before.transmission,.stations.try.to.reduce.the.vulnerability.period.
to.one.propagation.delay.period..The.time.required.to.detect.the.carrier.is.negligible..In.such.an.approach,.
if.no.other.node.transmits.during.τ,.the.sensing.station.realizes.that.the.medium.is.free.and.captures.the.
channel.avoiding.collision.as.no.other.station.will.transmit.thereafter..Depending.on.the.behavior.of.the.
stations.when.it.senses.that. the.medium.is.busy,. there.are. three.possibilities.(variants).of. the.CSMA.
protocol:.nonpersistent,.1-persistent,.and.p-persistent..Another.variation.is.further.obtained.if.slotted.
time.is.used.by.synchronizing.all.stations.in.the.network.resulting.in.the.slotted.CSMA..When.a.packet.
is.received.successfully,. the.receiver.sends.and.acknowledges.(ACK).the.packet. to. the. transmitter. in.
order.to.confirm.the.delivery.of.the.information.

31.2.6 1-Persistent cSMA

The.1-persistent.CSMA.protocol.is.the.simplest.approach.to.carrier.sensing..In.such.a.protocol,.the.sta-
tion.keeps. listening.and.transmits.as. long.as.the.channel. is.sensed.free..If.a.collision.takes.place.the.
stations.involved.in.the.collision.run.a.backoff.algorithm.and.postpones.the.next.attempt.to.access.the.
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channel..Accordingly,.if.there.is.more.than.one.node.listening.to.the.channel.with.packets.to.transmit,.
a.collision.will.certainly.take.place.because.these.stations.will.transmit.simultaneously.into.the.channel.
as.long.as.the.medium.is.idle..Indeed,.this.variant.of.the.CSMA.protocol.presents.high.collision.rate.due.
to.its.greedy.nature.to.capture.the.channel.

31.2.7 nonpersistent cSMA

In.nonpersistent.CSMA.protocol,.if.the.medium.is.sensed.busy,.the.station.waits.a.random.time.(run-
ning.a.backoff.algorithm).and.try.again..In.Figure.31.4,.a.flowchart.of.the.protocol.is.presented.

In.[7],.it.is.shown.that.the.throughput.performance.of.the.nonpersistent.CSMA.is.given.by
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where. G.=.λT,. a.=.τ/T. and. λ. is. the. average. arrival. rate. of. packets. according. to. a. Poisson. process. as.
explained.in.Section.31.2.2.

Figure.31.4.presents.the.behavior.of.the.nonpersistent.CSMA,.which.shows.the.improvement.in.perfor-
mance.of.the.wireless.medium.access.protocol.due.to.carrier.sensing.when.compared.with.Aloha.cases..It.
is.clear.that.carrier.sensing.improves.significantly.the.throughput.behavior.of.random.wireless.medium.
access.networks..Furthermore,.the.lower.is.the.ratio.between.maximum.propagation.delay.and.packet.
length,.that.is,.a = τ/L,.the.better.is.the.maximum.throughput.performance.of.the.CSMA.protocol.

31.2.8 p-Persistent cSMA

In.the.p-persistent.CSMA.protocol,.if.the.medium.is.sensed.free,.the.station.transmits.with.probability.
p.and.waits.with.probability.1.−.p.for.a.backoff.time.to.try.again.later..Such.an.approach.tries.to.attain.a.
balance.between.the.1-persistent.and.the.nonpersistent.cases.
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FIGURE 31.4 Flowchart.for.nonpersistent.CSMA.protocol.
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31.2.8.1 Slotted cSMA

Another.variation.of.the.CSMA.protocol.is.to.consider.the.nodes.synchronized.where.sensing.is.per-
formed.at.the.beginning.of.a.slot.which.has.the.maximum.propagation.delay.τ.

31.2.9 cSMA/cA Protocol

Another.very.important.wireless.network.protocol.implemented.in.the.IEEE.802.11.standard.[8].is.the.
carrier. sense. multiple. access. with. collision. avoidance. (CSMA/CA).. This. protocol. has. two. modes. of.
operation.

In.the.first.mode,.if.a.station.has.a.packet.to.transmit,.it.first.senses.the.channel..If.the.channel.is.idle,.
it.transmits.its.packet..Otherwise,.the.station.will.back.off.by.choosing.a.random.integer.to.decrement.
every.time.it.senses.the.channel.is.free..If.the.node.perceives.the.channel.busy,.the.counter.value.stays.
frozen..When.the.counter.reaches.zero,.the.station.transmits.the.data.packet.and.waits.for.the.acknowl-
edgment..If.the.ACK.is.not.received,.the.sender.runs.the.backoff.algorithm.again.

In.the.second.mode.of.operation,.the.CSMA/CA.tries.to.reserve.the.channel.before.transmission..The.
reservation.is.accomplished.by.an.exchange.of.short.control.packets.before.data.packet.transmission.
with.CSMA..Figure.31.5.illustrates.packet.exchange.between.nodes.A.and.B..If.a.source.node.A.has.a.
data.packet.to.transmit,.it.tries.first.to.negotiate.with.the.intended.receiver.(node.B).to.reserve.the.chan-
nel.by.sending.a.request-to-send.(RTS).control.packet..This.packet.carries.the.information.(duration.
field).of.how.long.the.other.stations.(nodes.C.and.D).have.to.be.silent.until.the.end.of.communication.
between.nodes.A.and.B..This.packet.has.two.objectives:.first,.it.warns.the.nearby.nodes.of.the.transmit-
ter.that.the.source.node.wants.to.send.a.data.packet;.second,.it.informs.the.intended.receiver.to.do.the.
same.with.its.neighbors..Accordingly,. if. the.RTS.is.successfully.received.at.the.destination.station,. it.
replies.by.sending.a.clear-to-send.(CTS).control.packet.informing.the.duration.field.in.order.to.warn.
nearby.stations.who.did.not.hear.the.RTS.packet*.that.destination.is.going.to.receive.a.data.packet.such.
that.the.destination’s.neighbors.keep.silent.during.the.entire.communication.period..Once.the.CTS.is.
received.by.the.sender,.it.transmits.the.data.packet.which.has.length.much.higher.than.the.RTS/CTS.
control.packets..After.the.destination.successfully.receives.the.data.packets,.it.replies.to.the.sender.by.
transmitting.an.ACK.packet.and.the.communication.procedure.for.this.packet.is.completed..The.other.

*. The.stations.that.are.within.the.communication.range.of.the.destination.node.but.are.outside.the.transmission.range.of.
the.sender.are.called.the.hidden.nodes.to.the.transmitter.(see.Section.1.1).
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FIGURE 31.5 Virtual.channel.detection.in.CSMA/CA.protocol..Node.C.is.close.to.node.A,.but.does.not.hear.node.
B,.while.node.D.is.near.node.B.but.does.not.hear.node.A..RTS/CTS.exchange.reserves.the.channel.before.transmis-
sion.of.a.data.packet.
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stations.detecting.the.duration.field.adjust.their.network.allocation.vector.(NAV).to.indicate.the.amount.
of.time.the.current.communication.will.take.place.characterizing.a.virtual.channel.occupation.

31.3 Routing Protocols

To.send.information.from.a.source.node.to.a.destination.node.through.multihop.links.by.implementing.
one.of.the.above.MAC.protocols,.routing.algorithms.were.proposed.which.take.into.consideration.the.
dynamic.nature.of.wireless.networks..This.section.described.four.important.multihop.routing.proto-
cols:.dynamic.source.routing.(DSR),.ad-hoc.on-demand.distance.vector.(AODV),.optimized.link.state.
routing.(OLSR),.and.destination-sequenced.distance.vector.(DSDV)..DSR.and.AODV.are.on-demand.
(or.proactive).routing.protocols.whereas.OLSR.and.DSDV.are.classified.as.table-driven.protocols.

31.3.1 Ad-Hoc on-Demand Distance Vector Routing

The.ad-hoc.on-demand.distance.vector.(AODV).routing.protocol.enables.dynamic,.self-starting,.multi-
hop.routing.between.participating.mobile.nodes.wishing.to.establish.and.maintain.an.ad-hoc.network.
[9]..The.AODV.algorithm.allows.mobile.nodes.to.quickly.obtain.routes.for.new.destinations,.and.it.does.
not.require.nodes.to.maintain.routes.to.destinations.that.are.not.in.active.communication..Also,.AODV.
routing.permits.mobile.nodes.to.respond.to.link.breakages.and.changes.in.network.topology.in.a.timely.
manner..The.main.objective.of. this.protocol. is. to.rapidly.and.dynamically.adapt. itself. to.changes.of.
conditions.in.the.network.links,.for.example,.due.to.mobility.of.nodes.

The. AODV. protocol. works. as. a. pure. on-demand. route. acquisition. system.. When. a. source. node.
desires.to.send.a.message.to.some.destination.node.and.does.not.already.have.a.valid.route.to.that.des-
tination,. it. initiates. a. path. discovery. process. to. locate. the. other. node.. It. broadcasts. a. route. request.
(RREQ). control. packet. to. its. neighbors,. which. then. the. first. neighbors. forward. the. request. to. their.
neighbors,.and.the.RREQ.broadcast.will.continue.until.either.the.destination.or.an.intermediate.node.
with.a.“fresh.enough”.route.to.the.destination.is.located.

The.AODV.protocol.utilizes.destination.sequence.numbers.to.ensure.that.all.routes.contain.the.most.
recent.route.information..Each.node.maintains.its.own.sequence.number..During.the.process.of.for-
warding.the.RREQ,.intermediate.nodes.record.in.their.routing.tables.the.address.of.the.neighbor.from.
which.the.first.copy.of.the.broadcast.packet.is.received,.thereby.establishing.a.reverse.path..Once.the.
RREQ.reaches.the.destination.or.an.intermediate.node.with.a.fresh-enough.route.to.destination,.the.
destination.or.the.intermediate.node.responds.by.unicasting.a.route.reply.(RREP).control.packet.back.
to.the.neighbor.from.which.it.first.received.the.RREQ.which.establishes.the.route.path.

31.3.1.1 Route Recovery

The.AODV.protocol.employs.a.neighbor.detection.mechanism.responsible.for.checking.periodically.the.
connectivity.between.neighbors.that.keeps.a.link.on.an.active.route..The.connectivity.is.obtained.by.a.
node.sending.local.broadcast.messages.to.its.one-hop.neighbors,.called.HELLO.messages.or.beacons..
When.receiving.a.request.HELLO.message,.the.neighbor.on.a.route.replies.to.the.sender.with.informa-
tion.about.that.route..If.a.node.does.not.receive.a.HELLO.message.from.a.neighbor.on.a.route.during.a.
certain.time,.it.infers.that.a.link.breakage.occurred.

An.active.route.is.defined.as.a.route.which.has.recently.been.used.to.transmit.data.packets..If.a.link.
break.occurs.while.the.route.is.active,.the.node.upstream.of.the.break.propagates.a.route.error.(RERR).
message.to.the.source.node.to.inform.it.of.the.now.unreachable.destination..After.receiving.the.RERR,.
if.the.source.node.still.desires.the.route,.it.can.reinitiate.route.discovery.

Alternatively,.the.algorithm.may.initiate.a.local.repair.mechanism.when.a.link.failure.takes.place.on.
an.active.route.and.the.first.node.upstream.of.that.break.(the.predecessor).chooses.to.repair.the.link.
locally.if.the.destination.is.not.too.far.away..In.such.cases,.the.node.increments.the.sequence.numbers.
for.the.destination.and.then.broadcasts.an.RREQ.for.that.destination..Thus,.local.repair.attempts.will.
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often.be.invisible.to.the.source.node..The.node.that.initiates.the.repair.waits.the.discovery.period.to.
receive.RREP.in.response.to.the.RREQ..During.local.repair,.data.packets.should.be.buffered..If,.at.the.
end.of.the.discovery.period,.the.repairing.node.has.not.received.an.RREP.(or.other.control.message.
creating.or.updating.the.route).for.that.destination,.the.node.propagates.an.RERR..When.it.happens,.
long.delays.and.huge.losses.of.packets.due.to.exhaustion.of.the.queues.will.occur..However,.if.the.repair-
ing.node.receives.an.RREP,.it.ensures.lower.overhead.and.delay.

In.the.approach.currently.implemented.on.the.AODV.protocol,.it.chooses.to.do.either.source.repair.
or.local.repair.depending.on.the.number.of.hops.involved.on.the.path..Note.that.the.choice.holds.fol-
lowing.the.condition.depicted.in.Algorithm.1,.where.packetForward.is.the.number.of.hops.from.the.
source.node.until. the.upstream.node. (i.e.,. the.predecessor).before. the. failure.and.predecessorHop-
Count.is.the.number.of.hops.from.the.predecessor.node.to.destination.which.information.is.stored.in.
the.routing.table.of.the.predecessor.node..If.packetForward.has.more.hops.than.predecessorHopCount,.
the. algorithm. chooses. to. make. local. repair,. otherwise. the. upstream. node. sends. an. RERR. to. the.
source.

Algorithm 1:

1. if (packetForward ≥ predecessorHopCount) then
2. │ localRepair();
3. end
4. else
5. │ sourceRepair();
6. end

Summarizing,.the.main.disadvantage.of.this.protocol.is.the.necessity.of.periodically.sending.beacon.
control.packets,.whereas.the.main.advantage.is.the.protocol.adaptability.to.changes.and.being.able.to.
locally.recover.from.link.failure.which.makes.it.particularly.appropriate.for.mobile.ad-hoc.networks.

31.3.2 Dynamic Source Routing Protocol

Dynamic. source. routing. (DSR). is. an. on-demand. routing. protocol. [10]. designed. for. mobile. ad-hoc.
.networks.with.a.simple.and.efficient.approach.composed.of.two.main.mechanisms:.route discovery.and.
route maintenance,.which.together.allow.nodes.to,.respectively,.ascertain.and.preserve.routes.to.arbi-
trary.destinations.in.the.network..The.protocol.works.well.of.up.to.approximately.200.nodes.even.with.
very.high.rates.of.mobility..Another.important.characteristic.of.DSR.is.that.it.does.not.require.periodic.
messages.(like.HELLO.messages.or.beacons.as.in.AODV.or.table-driven.protocols)..DSR.is.loop-free,.
admits.multiple.routes.to.destinations,.and.allows.each.sender.to.select.and.control.the.routes.used.in.
routing.its.packets,.for.example,.for.use.in.load.balancing.or.for.increased.robustness.

DSR.employs.the.source.routing.feature.in.which.the.entire.route.is.part.of.the.header.of.the.packet.
and.utilizes.caches.to.store.routes.on.nodes..Consequently,.if.a.node.A.needs.to.send.a.packet.to.another.
node.B,.but.it.does.not.have.a.route.to.B,.then.node.A.initiates.a.route.discovery.and.broadcasts.(floods).
an. RREQ. message.. The. RREQ. packet. contains. the. sender’s. address,. the. destinations.address,. and. a.
unique.request.identification.(ID).determined.by.sender.A..Each.node.that.receives.the.RREQ.message,.
appends.its.own.identifier.(ID),.and.forwards.the.updated.RREQ..Eventually,.an.RREQ.will.reach.the.
destination.node.with.complete.reverse.path.to.source.which.allows.the.destination.to.unicast.an.RREP.
back.to.the.source.establishing.the.route..After.that,.the.source.can.unicast.the.data.packet.to.destina-
tion.in.which.the.packet.header.contains.the.entire.path.to.destination.being.forwarded.by.each.node.
along.the.route.

The.main.disadvantages.of.this.protocol.are.that.it.cannot.repair.a.broken.link.locally.as.the.AODV.
protocol.does.and.that.overhead.of.control.packets.increases.with.average.number.of.hops.in.the.network.
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31.3.3 optimized Link State Routing Protocol

The.optimized.link.state.routing.(OLSR).protocol.[11].is.an.optimization.of.the.classical.link.state.algo-
rithm.[12].suited.to.mobile.wireless.applications..It.is.a.proactive.routing.using.the.multipoint.relaying.
mechanism. which. is. an. efficient. link. state. packet. forwarding. scheme.. Optimization. is. attained. by.
reducing.the.overhead.control.information.by.shortening.the.length.of.the.control.packets.and.by.reduc-
tion.of.the.amount.of.links.employed.to.forwarding.the.link.state.control.packets.through.the.entire.
network.. Accordingly,. multipoint. relays. (MPRs). are. the. nodes. responsible. to. forward. the. broadcast.
control. messages. due. to. the. flooding. process. necessary. to. disseminate. the. link. state. information..
Differently. from. the. classical. link. state. routing. algorithm. in. which. the. state. information. is. flooded.
through.all.nodes.of.the.network,.in.OLSR.scheme.only.partial.link.state.information.is.distributed.in.
the.network.seeking.to.attain.a.minimum.number.of.transmissions.of.control.messages.but.still.reach-
ing.all.nodes.in.the.network..Figure.31.6.illustrates.such.behavior.for.a.network.with.14.nodes.in.which.
node.8.is.the.source.node.sending.its.link.state.information..In.part.(a),.in.classical.flooding,.all.nodes.
participate.in.forwarding.the.message.from.the.source,.that.is,.the.number.of.control.messages.are.of.the.
order.of.the.number.of.nodes.in.the.network..However,.in.part.(b),.with.OLSR,.only.three.nodes.are.
selected. as. MPRs. to. forward. the. control. messages. reducing. the. amount. of. broadcast. transmissions.
needed.to.flood.the.entire.network..This.information.is.then.used.for.route.calculation..OLSR.provides.
optimal.routes.(in.terms.of.number.of.hops)..The.protocol.is.particularly.suitable.for.large.and.dense.
networks.as.the.technique.of.MPRs.works.well.in.this.context.

The.main.advantage.of.the.OLSR.protocol.is.the.reduction.of.routing.overhead.compared.to.other.
table-driven.protocols;.however,.it.is.still.a.table-driven.protocol.which.needs.to.periodically.send.con-
trol.messages.through.the.network.to.maintain.link.state.update.

31.3.4 Destination Sequenced Distance-Vector Protocol

The.destination.sequenced.distance-vector.(DSDV).protocol.was.one.of.the.first.routing.mechanisms.
proposed.for.ad-hoc.networks.[13]..It.is.proactive.and.based.on.the.distributed.Bellman–Ford.algorithm.
proposed.to.wired.networks.[14].which.considers. the.shortest.path.routing. to.destination..In.DSDV,.
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FIGURE 31.6 (a).Classical.flooding..(b).OLSR.routing.protocol.employs.multipoint.relays.to.reduce.the.amount.
of.transmissions.to.flood.the.entire.network.
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each.node.maintains.a.hop.count. for.each.destination.and.periodically. sends. their. routing. tables. to.
neighbors.which.recalculate.shortest.path.upon.the.receipt.of.a.routing.table.update..Accordingly,.routes.
to.all.destinations.are.promptly.available.at.each.node.at.all.times..When.a.broken.link.is.detected.by.a.
node,.it.propagates.this.information.to.its.neighbors.such.that.this.information.is.updated.throughout.
the.whole.network..Hence,.a.small.change.like.a.single.break.results.in.the.table.update.information.to.
be.disseminated.to.the.entire.network..There.are. two.types.of.updates:. incremental.updates.and.full.
dumps..The.former.is.used.when.a.node.does.not.observe.significant.changes.in.the.local.topology.and.
the.update.carries.only.information.changed.since.last.full.dump..The.latter,.full.dump,.is.employed.if.
significant.changes.in.topology.is.observed.and.the.message.conveys.all.routing.table.information.

Each.entry.in.the.routing.table.and.routing.updates.is.tagged.with.a.sequence.number.generated.by.the.
destination..The.destination.sequenced.number.allows.identification.of.stale.routes.and.ensures.loop-free.
operation..In.such.an.approach,.routing.table.entries.are.updated.if.a.new.sequence.number.is.observed..
If.two.or.more.updates.contain.the.same.sequenced.number,.the.node.chooses.the.other.with.better.route.
metric..In.order.to.reduce.the.dissemination.information.convergence,.a.weighted.settling.time.is.used.to.
control.the.frequency.of.new.advertisements.for.a.route..Consequently,.routing.availability.to.all.destina-
tions.at.all.times.ensures.that.small.delay.is.obtained.in.the.route.establishment.process.

Summarizing. the. DSDV. advantages. and. disadvantages,. it. is. a. protocol. with. lower. route. request.
latency,.but.higher.overhead..It.performs.best.in.networks.with.low-to-moderate.mobility,.few.nodes.
and.many.data.sessions..The.main.problem.is.poor.efficiency.for.large.ad-hoc.networks.in.which.nodes.
need.to.maintain.a.complete.list.of.destination.routes.

31.4 Summary and conclusion

Wireless.networks.are.characterized.by.a.broadcast.access.medium.that.should.be.appropriately.shared.
among.nodes.trying.to.communicate..Furthermore,.in.infrastructureless.scenarios,.the.channel.access.
and.information.forwarding.tasks.must.be.distributed.among.the.nodes.themselves.to.make.communica-
tion.feasible.among.nodes.separated.by.multiple.hops..Such.networks.are.classified.as.ad-hoc.networks.

Aloha.and.CSMA.with.their.variants.were.presented.for.medium.access.in.which.it.was.shown.that.
CSMA.has.better.performance.than.Aloha,.due.to.fact.that.in.CSMA.carrier.sense.before.transmission.
is.essential.in.order.to.reduce.the.occurrence.of.collision.

This.chapter.also.presents. four. important.routing.schemes.proposed. for.wireless.ad-hoc.networks.
that.try.to.make.the.relaying.of.messages.from.source.to.destination.an.efficient.procedure.even.under.
the.situation.of.mobility.which.can.cause.constant.topology.changes..Two.table-driven.routing.proto-
cols,.DSDV.and.OLSR,.were.described.which.provided.nodes.with.routes.to.their.destinations.in.the.
network..These.two.protocols.have.high.overhead.in.terms.of.exchange.of.control.messages.in.order.to.
keep.table.entries.updated..On.the.other.hand,.two.reactive.routing.protocols,.AODV.and.DSR,.were.
reviewed.where.it.was.reported.that.routes.are.obtained.on.demand,.that.is,.paths.to.destinations.are.
obtained. upon. sources. requests. causing. a. smaller. control. message. overhead. while. requiring. longer.
setup.time.to.establish.the.route.when.compared.with.proactive.protocols.
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32.1 introduction

Wireless.communication.has.become.ubiquitous. in.the. last. two.decades.and.has.challenged.modern.
communication.system.designers.to.innovate.rapidly.to.meet.the.challenges.of.transmitting.signal.effi-
ciently. in.a.wireless.medium..There.has.been.outstanding.progress. in. technology. in.all. layers.of. the.
communication. protocol. stack. from. robust. coding. and. physical. layer. transmission,. more. efficient.
medium.access.control.(MAC).protocol.design.both.from.a.throughput.and.from.an.energy.standpoint,.
rethinking.of.the.transport.layer.and.routing.in.mobile.ad.hoc.networks.and.also.development.of.new.
application.layer.concepts.that.exploit.the.knowledge.of.the.lower.layers..This.has.caused.wireless.system.
engineers.to.rethink.the.traditional.protocol.stack.designed.for.wire.line.communications.and.instead.
investigate.cross-layer.design.approaches.that.can.exploit.the.information.across.various.layers..Cross-
layer.design.relies.on.advances.in.signal.processing,.information.theory.and.wireless.networking..In.this.
chapter,.we.try.to.highlight.the.use.of.cross-layer.design.for.a.few.selected.scenarios.including.wireless.
local.area.networks.(WLAN).and.cellular.transmissions..We.also.provide.some.insight.into.the.chal-
lenges.faced.by.a.cross-layer.design.approach.

32.2 Fundamentals of cross-Layer Design/Architecture

The.increased.demand.for.real-time.traffic.such.as.voice,.video,.and.data-traffic.has.challenged.wireless.
engineers.to.design.more.efficient.wireless.networks..The.goal.from.a.system.engineering.point.of.view.
has.been.to.build.a.wireless.network.where.the.user.has.a.perceived.quality.close.to.a.wireline.network.
[1]..There.has.been.tremendous.development.in.standardization.efforts.including.WLANs.and.cellular.
standards.including.the.completion.of.Long-Term.Evolution.(LTE).Release.8–10..Apart.from.the.signi-
fication.developments.in.the.individual.layers.of.the.protocol.stack.including.physical.and.MAC.layer.
transmission,.a.significant.amount.of.research.has.been.done.investigating.new.wireless.transmission.
architectures.using.cross-layer.design.
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Traditional. communication. networks. were. based. on. the. layered. Open. Systems. Interconnection.
(OSI). reference. model. (reference). shown. in. Figure. 32.1a.. A. simplification. of. the. modern. internet.
architecture.employing.the.TCP/IP.model.is.shown.in.Figure.32.1b..The.importance.of.well-designed.
network. architecture. cannot. be. overemphasized. [2].. Layered. architecture. simplifies. the. network.
design.and.it.is.easier.to.develop.and.manage.each.of.the.individual.elements.of.the.protocol.stack.
independently.. In.the. layered.architecture,. there. is. typically.communication.only.across. the. layers.
adjacent.to.a.given.layer..The.physical.layer.provides.an.interface.for.transmission.of.information.over.
a.transmission.medium.(wired.or.wireless),.the.data.link.layer.provides.reliability.to.the.transmission.
by.handling.acknowledgments.and.retransmissions,.the.network.layer.implements.the.routing.of.the.
packets.including.the.most.optimum.paths.a.packet.should.take.from.source.to.destination.and.also.
handles.congestion,. the.transport. layer.provides.a.higher-layer.reliability.mechanism.ensuring.the.
delivery.of.error-free.data.that.are.in.sequence.to.the.upper.layers..The.application,.presentation,.and.
session.layers.have.various.functions.including.data.formatting,.compression,.encryption,.initiating.
logical.channels.and.various.management.functions.required.by.different.applications..An.overview.
of. the. OSI. reference. model. can. be. found. in. [3].. As. .mentioned. earlier,. having. a. clear. distinction.

Application layer

(a)

(b)

Presentation layer

Session layer

Transport layer

Network layer

Data link layer

Physical layer

OSI model

Application

TCP UDP

IP

Physical and data link

TCP/IP and UDP in a network

FIGURE 32.1 (a).Layered.OSI.architecture.and.(b).TCP/IP.model.
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between.the.layers.enables.a.system.designer.to.concentrate.on.individual.layers.and.optimize.them.
individually.

Wireless.networks.bring.some.unique.challenges.typically.not.encountered.in.a.wireline.network.[4]..
For.instance,.wireless.channels.vary.over.time.and.space.due.to.multipath.effects.resulting.in.fading.
signals..Furthermore,.propagation.losses.(including.shadow.fading.caused.by.obstacles).and.mobility.
cause.the.wireless.signals.to.vary.depending.on.the.location.of.the.users..Moreover,.wireless.channels.
being.a.broadcast.medium.are.also.susceptible. to. interference.caused.by.neighboring. transmissions..
Finally,.wireless.networks.have.a.scarcity.of.spectrum.resource.making.the.problems.even.more.chal-
lenging..These.challenges.caused.by.wireless.transmissions.have.caused.researchers.and.system.design-
ers.to.rethink.the.traditional.OSI.architecture.with.the.aim.of.developing.newer.architectures.capable.of.
optimizing.across.the.protocol.stacks.

An.excellent.survey.on.the.different.architectural.designs.is.provided.in.Reference.5..Here,.we.sum-
marize.some.of.the.essential.concepts.

Figure.32.2.shows.some.of.the.different.kinds.of.cross-layer.design.proposals..Traditional.network.
architectures.usually.allow.for.interaction.across.adjacent.layers.only..In.order.to.overcome.this.limita-
tion,.there.have.been.proposals.to.create.new.interfaces.that.allow.communication.across.nonadjacent.
layers.as. shown. in.Figures.32.2a–c..There.have.also.been.proposals. to.merge.adjacent. layers. (Figure.
32.2d),.introducing.coupling.across.layers.(Figure.32.2e).and.also.for.vertical.calibration.across.layers.
(Figure.32.2f)..Based.on.the.various.design.proposals,. some.new.architectural.proposals. that.can.be.
implemented. in. future.wireless.networks.are.shown.in.Figure.32.3,. including.direct.communication.
between.different.layers,.a.shared.database.concept.that.allows.different.layers.to.share.information.and.
finally,.developing.completely.new.abstractions.that.allow.rich.interactions.across.the.layers..In.the.next.
section,.we.show.possible.benefits.of.some.of.the.proposed.architecture.with.examples.from.WLAN,.

Interface
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layer to
higher
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Upward
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flow

Interface
to set a 
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parameter
Super
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Designed
layer

Fixed
layer
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FIGURE 32.2 Different. kinds. of. cross-layer. design. proposals:. (a). Upward. information. flow,. (b). downward.
information.flow,.(c).back-and-forth.information.flow,.(d).merging.of.adjacent.layers,.(e).design.coupling.without.
new.interfaces..The.designed.layer’s.design.is.done.keeping.in.mind.the.processing.at.the.fixed.layer,.but.no.new.
interface.is.created,.and.(f).vertical.calibration..(Adapted.from.V..Srivastava,.and.M..Motani,.IEEE Communications 
Magazine,.43(12),.112–119,.2005.)
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cellular.and.also.future.wireless.networks.including.cognitive.radios..In.Section.32.4,.we.also.highlight.
some.of.the.challenges.faced.by.these.new.cross-layer.approaches.

32.3 Applications of cross-Layer Design to Wireless networks

In.this.section,.we.review.some.case.studies.showing.the.benefits.of.cross-layer.design.principles.in.wire-
less.networks.including.WLAN,.cellular,.and.cognitive.networks..We.also.try.to.show.how.the.different.
cross-layer.techniques.can.be.implemented.based.on.the.architectural.design.principles.mentioned.in.
the.previous.section.

32.3.1 Multimedia transmission over WLAns

Multimedia.transmission.over.WLANs.is.quite.challenging.due.to.the.different.quality-of-service.(QoS).
requirements.of.different.applications..For.instance,.voice.and.video.traffic.have.tighter.delay.constraints.
while.being.somewhat.more.error.tolerant.compared.to.data.traffic..Hence,.depending.on.the.applica-
tion.and.usage.scenario,.there.are.different.optimization.metrics.that.can.be.used,.for.example,.mini-
mizing.delay,.maximizing.throughput,.minimizing.energy,.and.so.on..This.compounded.by.the.fact.that.
wireless. channel. undergoes. large-. and. small-scale. fading. and. observed. interference. at. the. receiver.
makes.multimedia.transmission.over.WLAN.quite.challenging..Here,.we.sample.some.of.the.cross-layer.
approaches.mentioned. in. the.research. literature. that.relies.on. the. interactions.between.the.physical,.
medium.access.control.(MAC).and.application.layers.

Various.design.parameters.can.be.optimized.depending.on.the.application.and.usage.scenario..For.
instance,.for.voice.and.video.traffic,.the.modulation.and.coding.schemes.could.be.adapted.in.the.physi-
cal.layer,.the.number.of.retransmissions.and.payload.length.in.the.MAC.layer,.the.codec.parameters.and.
the.application.frame.sizes.in.the.application.layer..We.demonstrate.the.parameter.interplay.with.an.
example.of.multimedia.transmission.over.802.11a.network.[6–9].

Table.32.1.shows.the.different.modulation.and.coding.rates.that.can.be.used.for.802.11a.transmis-
sions.. Depending. on. the. channel. condition,. the. transmitter. can. dynamically. vary. the. transmission.
rates.by.using.a.different.modulation.and.coding.scheme..For.instance,.at.lower.signal-to-noise.(SNR).
ratio,.the.transmitter.uses.more.robust.modulation.and.coding.scheme.for.example,.use.a.low.transmis-
sion.rate.6Mbps.(BPSK.with.rate.1/2code).while.at.higher.SNRs,.it.can.use.a.more.aggressive.transmis-
sion.rate,.for.example,.54.Mbps.(64.QAM.with.rate.3/4)..Figures.32.4.and.32.5.show.the.payload.headers.
and. protocol. overhead. encountered. during. a. packet. transmission. that. result. in. additional. overhead.
.during.data.transmission.

New
interface

(a) (b) (c)

New
abstractions

A shared
database

FIGURE 32.3 Some.possible.wireless.communication.architectures:.(a).Direct.communication.between.the.dif-
ferent.layers,.(b).a.shared.database,.and.(c).completely.new.abstractions.(no.more.protocol.layers)..(Adapted.from.V..
Srivastava,.and.M..Motani,.IEEE Communications Magazine,.43(12),.112–119,.2005.)
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In.Reference.6,.a.cross-layer.design.approach.was.proposed.that.dynamically.adapts.the.PHY.trans-
mission.rate.and.payload.length.depending.on.the.channel.conditions.in.order.to.maximize.the.effec-
tive. throughput.. The. challenge. involving. rate. and. payload. selection. is. that. lower. rates. and. smaller.
payloads.are.more.robust.while.being.inefficient.since.the.MAC.and.protocol.headers.become.quite.
large.while.larger.payloads.and.more.aggressive.PHY.rates.reduce.the.header.overhead.but.can.lead.to.
retransmissions.in.case.they.cannot.be.decoded.correctly.in.the.first.transmission.attempt..Hence,.in.
Reference.6,.a.theoretical.model.was.developed.in.order.to.maximize.throughput.by.appropriate.pay-
load.and.rate.selection..In.Reference.7,.the.model.was.extended.to.incorporate.a.packet.error.rate.con-
straint.since.employing.larger.payloads.might.lead.to.higher.error.rate.in.poor.channel.conditions..In.
Reference.8,. the.effect.of. retransmissions.was.considered.and. it.was.observed. that.by.changing. the.

TABLE 32.1 Different.Modulation.and.Coding.Rates.in.IEEE.802.11a.Transmission

Data.Rate.
(Mbits/s) Modulation

Coding.
Rate.(R)

Coded.bits/
Subcarrier

Coded.Bits/
OFDM.Symbol

Data.Bits/OFDM.
Symbol

6 BPSK 1/2 1 48 24
9 BPSK 3/4 1 48 36
12 QPSK 1/2 2 96 48
18 QPSK 3/4 2 96 72
24 16-QAM 1/2 4 192 96
36 16-QAM 3/4 4 192 144
48 64-QAM 2/3 6 288 192
54 64-QAM 3/4 6 288 216

MAC header
30 bytes

IP header
20 bytes

RTP/UDP header
20 bytes

0–2312 bytes

Payload data

PLCP preamble
16 us

Signal
4 us

Service
16 bits MPDU Tail

6 bits Pad bits

FIGURE 32.4 Payload.headers.in.OFDM.based.802.11a/g.transmission.
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FIGURE 32.5 Protocol.overhead.in.802.11.
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maximum. retransmission. threshold. value,. different. mix. of. data. and. multimedia. traffic. could. be.
adapted.

There.has.also.been.a.lot.of.work.on.cross-layer.design.approaches.that.exploit.the.application.char-
acteristics..In.Reference.9,.the.authors.investigated.the.video.user.capacity.of.wireless.networks.subject.
to.a.multiuser.perceptual.quality.constraint..Different.parameters.were.studied.including.application.
layer. parameters. such. as. quantization. parameter,. group. of. picture. size. along. with. the. PHY/MAC.
parameters,. for.example,.payload.size.and.data.rate. in.order. to.optimize. the.delivered.video.quality.
based.on.a.perceptual.quality.metric..Similar.studies.were.also.conducted.for.voice.traffic.in.Reference.
10..For. the.voice. traffic. studies,.different. codecs.were.also. evaluated.namely,.G.729.and.G.722.voice.
codec.that.have.varying.payload.sizes.and.different.concealment.properties.in.order.to.evaluate.the.voice.
quality. constrained. capacity. under. different. fading. scenarios.. Additional. references. on. multimedia.
transmission.over.wireless.networks.can.be.obtained.in.Reference.11.

In.the.previous.discussions,.we.have.provided.a.few.examples.of.the.possible.benefits.of.a.cross-layer.
design. approach. for. multimedia. transmission. over. wireless. LANs.. Furthermore,. the. architectural.
framework.that.needs.to.be.developed.to.allow.such.cross-layer.interactions.is.consistent.with.the.ones.
shown.in.Figure.32.3..In.particular,.either.the.shared.database.approach.or.the.direct.communication.
across.the.physical,.MAC,.and.application.layers.could.be.employed.

32.3.2 cross-Layer Design in oFDMA networks

The.Third.Generation.Partnership.Project.(3GPP).Long-Term.Evolution.(LTE).standardization.efforts.
aim.at.high-speed.broadband.cellular.data.access.transmission.schemes..In.this.section,.we.show.how.
some.of.the.cross-layer.interactions.are.an.integral.part.of.LTE.design.philosophy.mainly.focusing.on.
the.MAC.and.PHY.layers.

Figure.32.6.shows.the.physical.and.MAC.layer.functional.blocks.and.its.interactions.with.the.MAC.
scheduler.[12]..Multiple.Input.Multiple.Output.(MIMO).transmission.is.an.integral.part.of.LTE.design.
and.can.be.used.for.transmit.diversity,.spatial.multiplexing,.beamforming,.multiuser.MIMO.depending.
on.the.usage.scenario..Additionally,.there.are.16.different.modulation.and.coding.schemes.that.are.adapted.
based. on. the. channel. conditions.. Furthermore,. there. is. a. Hybrid. Automatic. Repeat. Request. (HARQ).
transmission.mechanism.that.can.provide.fast.retransmissions..In.Reference.13,.the.authors.investigated.
the.optimal.MIMO.mode.selection.(spatial.multiplexing.or.diversity).in.order.to.maximize.proportional.
fairness.among.users..The.work.was.extended.for.multiuser.MIMO.transmission.in.Reference.14.

Cross-layer.optimization.for.OFDM.wireless.networks.has.been.extensively.studied.in.References.15.
and.16..In.Reference.17,.the.authors.present.a.cross-layer.framework.for.efficient.resource.allocation.in.
802.16e.OFDMA.system..The.proposed.MAC.architecture. separates.users. into. two.groups:.diversity.
subchannels.group.for.high-mobility.users.and.band.adaptive.modulation.and.coding.(AMC).group.for.
fairly.static.and/or.high.SNR.users..Furthermore,.the.payload.length.and.the.number.of.HARQ.retrans-
missions.are.also.adapted.based.on.the.channel.conditions..It.is.observed.that.by.employing.a.cross-layer.
framework,.the.average.cell.throughput.can.be.increased.by.25–65%..The.cross-layer.framework.and.
MAC.simulator.architecture.is.shown.in.Figure.32.7.

32.3.3 cross-Layer Design for Future Wireless Devices

In.the.previous.sections,.we.have.shown.the.benefits.of.cross-layer.design.approach.in.increasing.the.
throughput.and.multimedia.quality..In.this.section,.we.provide.a.brief.survey.on.the.use.of.cross-layer.
design.for.future.wireless.devices.focusing.on.two.applications:.(a).energy-efficient.communication.and.
(b).cognitive.devices.

The. improvement.of.battery. technology.has.been.slow. in.keeping.up.with. the. increased.power.
consumption.required.by.newer.processors.[18–20]..This.compounded.with.the.fact.that.newer.wire-
less.devices,.especially.cellular.devices,.are.increasingly.supporting.multiple.radios.causing.higher.
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energy. consumption,. makes. cross-layer. optimization. for. energy-efficient. communication. quite.
important..The.cross-layer.framework.for.optimizing.energy.is.similar.to.what.was.mentioned.previ-
ously. for. throughput. optimization,. that. is,. at. the. PHY-MAC. layers,. the. modulation. and. coding.
scheme,.transmit.power.can.be.adapted.to.minimize.the.energy..However,.the.optimal.solution.for.
energy.efficient.communication.is.very.different.from.that.obtained.for.throughput.maximization.
[21].. While. throughput. maximization. aims. at. selecting. the. most. spectrally. efficient. modulation.
schemes,.traditional.energy-efficient.transmission.schemes.aim.at.transmitting.packets.over.a.long.
period.of.time.[22]..In.Reference.23,.it.was.shown.that.when.the.transmitter.circuitry.energy.dissipa-
tion.is. taken.into.account,. it.might.be.better. to.use.higher-order.modulation.especially. for.short-
range.communication..In.Reference.24,. it.was.shown.that. it. is.more.energy.efficient.to.transmit.a.
packet.over.multiple.shorter.routes.compared.to.one.long.route..This.suggests.that.the.use.of.relays.
might.lead.to.more.energy-efficient.communication..However,.in.Reference.24,.it.was.shown.that.in.
some.situations,.it.might.be.better.to.use.longer.hops..A.detailed.survey.on.cross-layer.optimization.
for.energy-efficient.communication.is.found.in.[20].

The. energy. efficiency. based. on. modulation. order. and. distance. from. the. base. station. is. shown. in.
Figure.32.8.[19].. It. is.observed.that. for.users.near. to. the.base.station,. it. is.better. to.use.higher-order.
modulation. rate. while. for. users. further. from. the. base. station,. lower-order. modulation. is. preferred..
While.the.conclusion.is.quite.similar.in.the.case.of.traditional.link.adaptation.algorithms,.the.actual.
data.rates.used.for.the.energy-efficient.algorithm.are.quite.different.as.can.be.observed.from.the.energy.
consumption.for.the.different.algorithms.in.Figure.32.8..The.adaptive.algorithms.in.Figure.32.8.refer.to.
traditional.adaptive.modulation.and.coding.algorithms.with.different.fixed.transmit.power.levels.of.15,.
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20,.25,.or.30.dB..It.is.quite.evident.from.the.figure.that.link.adaptation.algorithms.based.on.minimizing.
energy.consumption.results.in.much.lower.energy.consumption.than.throughput.maximization-based.
algorithms..Hence,.there.is.a.trade-off.between.minimizing.energy.efficiency.and.maximizing.through-
put.and.an.optimal.scheduler.needs.to.take.into.account.the.battery.status.and.the.QoS.requirements.

As.mentioned.earlier,.MIMO.techniques.add.another.dimension.to.the.cross-layer.framework..It.is.
well.known.that.MIMO.techniques.can.be.used.to.increase.the.data.rate.by.using.spatial.multiplexing.of.
the. streams.or. to. increase. robustness.by.employing.space-time.coding..However,.MIMO.techniques.
require.multiple.transmit.and.receive.antennas.and.power.amplifiers.that.can.increase.the.energy.con-
sumption..A.comparison.of.energy.consumption.of.MIMO.techniques.vs..single-antenna.transmission.
was.done.in.[25].where.it.was.shown.that.using.fixed.modulation,.single-antenna.techniques.are.more.
energy.efficient.compared.to.MIMO,.especially.over.small.distances..However,.by.employing.adaptive.
modulation,.MIMO.transmission.can.be.made.more.energy.efficient.over.all.distances..The.authors.also.
showed. that. by. using. cooperative. MIMO. transmission,. the. energy. transmission. and. delay. could. be.
reduced.over.certain.distances.
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We.have.illustrated.the.importance.of.cross-layer.design.for.improving.throughput,.robustness.and.
energy.efficiency..Another.area.of.increasing.importance.for.cross-layer.design.is.in.the.area.of.cognitive.
radios..In.cognitive.networks,.secondary.users.use.the.channel.only.when.it.is.not.occupied.by.a.primary.
user.and.if.a.primary.user.is.detected,.the.secondary.users.need.to.vacate.the.channel..The.primary.user.
can.be.detected.using.spectrum.sensing.or.by.checking.with.a.database.where.the.primary.users.are.
required.to.register.before.accessing.the.channel..Hence,.there.are.quite.significant.challenges.for.cross-
layer.design.in.cognitive.networks..Firstly,.channel.selection.whereby.secondary.users.decide.to.use.an.
available.channel.is.an.important.research.area..The.channel.to.be.used.is.based.on.the.channel.avail-
ability,.QoS.requirement,.transport,.and.routing.mechanisms.and.thus.needs.an.integrated.cross-layer.
framework..Secondly,.spectrum.handoff.is.another.important.problem.since.the.handoff.mechanisms.
need.to.be.aware.of.the.application.requirements.especially.latency.[26].

32.4 challenges with cross-Layer Design

In.the.previous.sections,.we.have.highlighted.some.of.the.benefits.of.cross-layer.design.in.wireless.com-
munications..Cross-layer.design.can.provide.throughput.enhancements,. improved.robustness,.better.
multimedia.transmission.quality.and.also.reduce.energy.consumption..However,. in.spite.of.all. these.
benefits,.there.are.quite.a.few.challenges.when.it.comes.to.implementing.cross-layer.protocols..In.this.
section,.we.highlight.a.few.challenges.faced.by.a.cross-layer.approach.

As.discussed.in.References.2.and.5,.the.OSI.architecture.has.made.the.wireless.system.design.problem.
scalable.since.each.layer.could.be.independently.designed.and.optimized..However,.using.a.cross-layer.
approach,.there.are.no.more.clear.boundaries.across.the.protocol.layers..Furthermore,.there.is.a.need.to.
define.a.new.architecture.that.allows.interaction.across.the.layers..Some.of.the.open.issues.raised.are.
whether.such.a.cross-layer.approach.allows.coexistence.across.devices.with.possible.different.architec-
ture,.whether. the.different. interactions.across. layers.consider. thoroughly. the. interactions.across. the.
different.layers.and.possible.negative.consequences.that.might.not.have.been.accounted.for,.whether.it.
is.possible.to.standardize.the.mechanisms/interfaces.to.share.information.and.also.more.fundamen-
tally,.whether.cross-layer.design.stifles.innovation.since.there.might.not.be.a.unifying.framework.for.
protocol.development..It.has.also.been.argued.that.the.cross-layer.approach.might.lead.to.a.spaghetti-
like.design.and.stifle. innovation.and.proliferation.due. to. the. increasing.number.of.new. interactions.
across.layers.that.might.lead.to.every.update.having.a.complete.redesign.and.replacement.of.the.existing.
designs..It.was.shown.in.Reference.2.that.the.interaction.of.a.rate-adaptive.MAC.protocol.with.a.mini-
mum.hop.routing.protocol.might.perform.worse.than.a.plain.802.11.MAC.due.to.the.interaction.of.the.
MAC.and.routing.protocols..Hence,.from.an.engineering.design.perspective,.one.should.be.careful.to.
thoroughly.analyze.the.interactions.across.the.layers.ensuring.that.there.are.no.unintended.side.effects.

32.5 conclusion

In.this.chapter,.we.provide.a.brief.tutorial.of.the.applications.of.cross-layer.design.for.wireless.applications..
After.explaining.the.basic.concept.of.cross-layer.framework.we.showed.using.some.applications.of. the.
benefits.of.cross-layer.approaches.in.current.and.future.wireless.networks..First,.we.discussed.the.benefits.
of.the.cross-layer.approach.for.multimedia.transmission.over.WLANs..We.then.explained.some.of.the.
integrated.cross-layer.frameworks.in.the.3GPP.LTE.standard.and.also.applications.of.cross-layer.design.in.
future. wireless. networks. focusing. on. energy. enhancements. and. cognitive. radio.. Finally,. we. discussed.
some.of.the.challenges.faced.by.a.cross-layer.approach.focusing.on.the.some.of.the.system.design.aspects.
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33.1 introduction

The.spectacular.development.of.information.technologies.over.the.last.two.decades.has.ushered.in.a.new.
era.that.increasingly.relies.on.ubiquitous.wireless.connectivity.enabled.by.advances.in.wireless.com-
munications..Despite.numerous.progresses.in.recent.years,.challenges.to.high-speed.wireless.communi-
cations. remain.. Unlike. wireline. communication. systems,. wireless. channels. are. prone. to. physical.
impairments. such.as. interferences,.path. loss,. channel. fading,. shadowing,.and.multipath.distortions..
These.obstacles.can.severely.limit.the.future.enhancement.of.wireless.system.capacity.for.communica-
tions.and.often.hamper.the.practical.dependability.of.wireless.links.

Diversity.is.one.of.the.most.effective.tools.to.combat.wireless.channel.uncertainty.against.loss,.distor-
tions,.and.interferences..Diversity.comes.in.various.forms.such.as.temporal,.spectral,.and.spatial.diversi-
ties..In.particular,.spatial.diversity.exploits.the.difference.in.channel.characteristics.exhibited.by.multiple.
.transmit–receive. antenna. pairs. via. MIMO. (multiple-input–multiple-output). technologies. to. provide.
more.reliable.wireless.connections.for.communications..Spatial.diversity.is.the.key.driver.and.enabler.
behind.recent.advances.in.cooperative.communications..Broadly.speaking,.cooperative.communication.
systems.constitute.a.particular.form.of.spatial.diversity.through.multinode.cooperation.
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Cooperative.communication.systems.generate.and.utilize.spatially.diverse.channels.by.actively.coor-
dinating.multiple. transmit.nodes. to.effectively. form.virtual.MIMO.systems..Multinode.cooperation.
allows.wireless.communication.systems.and.networks.to. improve.reliability.of.wireless. links.against.
channel.distortions,.fading,.and.interferences..Cooperative.communications.can.improve.wireless.cov-
erage,.quality.of.service.(QoS),.coverage.flexibility,.and.network.lifetime..Moreover,.multinode.coopera-
tion. presents. additional. practical. advantages,. such. as. reduced. power. requirement. at. each. node. and.
limited.interfering.range.when.compared.against.a.single.node.of.large.transmit.power..The.advantages.
of.cooperative.communications.are.generally.accompanied.by.a.number.of.difficult.challenges,.includ-
ing.coordination,.synchronization,.scheduling,.and.resource.allocation.

33.1.1 Why cooperative Wireless communications

The.ability.of.traditional.MIMO.point-to-point.communications.to.achieve.spatial.diversity.gains.and.
high. data. throughput. is. predicated. on. the. condition. that. wireless. terminals. have. multiple. antennas.
which.are.sufficiently.diverse. to.generate.multiple. independently. fading.channels..Unfortunately,. the.
limited.size.of.mobile.terminals.can.severely.undermine.channel.diversity.in.a.typical.wireless.scattering.
environment,.thereby.leading.to.correlated.multiple.channels.with.weaker.diversity..Moreover,.typical.
mobile. terminals. transmit. at. low-power. levels. because. of. battery. capacity. and. interference. control,.
which.limits.their.coverage.range..By.coordinating.multiple.spatially.separated.nodes,.cooperative.com-
munications.can.achieve.highly.diverse.channels.and.also.harness.transmission.powers.from.multiple.
terminals.for.better.coverage..Figure.33.1.presents.two.examples.of.cooperative.communication.systems..
Figure.33.1a.illustrates.the.use.of.relays.to.achieve.path.diversity.and.to.expand.coverage..Figure.33.1b.
illustrates.how.to.improve.user.signal.quality.at.cell-edge.by.coordinating.multiple.transmit.stations.

33.1.1.1 Diversity-Multiplexity Gain through cooperation

To.overcome.the.size,.cost,.and.hardware.limitations.on.wireless.terminals,.spatial.diversity.via.multi-
node. cooperation. introduces. a. practical. alternative. to. multiantenna. terminals. [1–6].. The. basic. idea.
behind.cooperative.diversity.stems.from.the.observation.that,.in.a.wireless.environment,.signals.trans-
mitted.by.the.source.node.are.overheard.by.other.nodes,.which.can.be.recruited.as.“relays.”.The.source.
and. other. cooperative. nodes. can. jointly. process. and. transmit. their. information,. creating. a. virtual.
antenna.array. even. if. these.nodes. are. equipped. with. only. one. antenna,. as. shown. in. the. example. of.
Figure.33.1a..Similar.to.physical.antenna.arrays,.these.virtual.antenna.arrays.combat.wireless.channel.
fading.by.letting.receivers.receive.signals.transmitted.over.independent.diversity.channels.

In.a.distributed.cooperative.radio.system,.multiple.virtual.channels.can.carry.multiple.data..signals.
over.all.links.between.the.source.and.the.destination..This.increased.capacity.to.transmit.independent.
messages.is.characterized.as.the.multiplexing.gain..Users.may.choose.to.utilize.the.multiple.channels.
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Station
User Station

FIGURE 33.1 Concept.of.cooperative.transmit.diversity..(a).Multiple.relays.forming.a.virtual.MIMO.for.the.des-
tination.and.(b).coordinated.multi-point.coverage.for.users.near.cell-edge.
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either.for.improved.diversity.of.fewer.signal.streams.or.for.increased.multiplexity.of.more.data.streams..
This.issue.of.diversity.and.multiplexity.trade-off.of.multichannel.systems.has.been.carefully.articulated.
and.investigated.in.Reference.7.

33.1.1.2 improved Wireless coverage

Service.coverage.is.mostly.dependent.on.signal.strength.and.signal-to-noise.ratio.(SNR).at.the.receiver..
Cooperative.communications.allow.multiple.users.or.stations.in.a.wireless.network.to.coordinate.their.
packet.transmissions.and.to.mutually.share.their.resources..Without.relying.on.stronger.transmitters,.
such. multinode. cooperation. extends. the. coverage. range. and. reduces. interferences. to. other. users..
Moreover,. multiple. access-point. (AP). coordination. allows. service. load. to. be. dynamically. shared. by.
several.APs..Figure.33.1b.illustrates.the.concept.of.coordinated.multipoint.(CoMP).coverage.to.improve.
the.link.quality.of.users.near.cell-edge..As.a.result,.users.can.experience.better.QoS..Power.efficiency,.
spectrum.efficiency,.and.service.coverage.can.also.be.considerably.improved.[8].

33.1.2 cooperative Diversity techniques

A.key.advantage.offered.by.cooperative.communication.systems.is.the.improved.channel.diversity..The.
concept.of.diversity.refers.to.the.mechanism.of.transmitting.data.symbols.over.a.diverse.group.of.inde-
pendently.fading.channels..In.mobile.communications,.because.of.typical.wireless.channel.fading,.rely-
ing.on.a.single.channel.or.a.single.network.path.would.run.the.risk.of.poor.performance.during.deep.
channel.or.link.fades..Channel.diversity.effectively.provides.independent.multiple.paths.for.data.sym-
bols.to.reach.the.destination.reliably..In.general,.channel.diversity.can.take.forms.of.time.diversity,.fre-
quency. diversity,. spatial. diversity,. and. their. different. combinations.. Cooperative. communication.
systems. provide. unique. opportunities. to. achieve. the. important. “spatial. diversity.”. To. quantify. the.
diversity.effect,.a.standard.definition.is.to.consider.the.symbol.error.rate.or.outage.probability.of.an.
optimized.receiver.at.asymptotically.high.signal-to-noise.ratio.(SNR).

Let.γ.be.the.average.receive.SNR..Then.the.symbol.error.rate.(SER).or.the.outage.probability.at.high.
SNR.is.approximately.of.the.form

. P C d
asymp ≈ −

0γ . (33.1)

where.C0.is.a.constant.independent.of.γ..The.constant.d.is.the.diversity.order.of.this.transmission.system..
Hence,.diversity.order.d. is.simply.the.exponential.rate.at.which.the.probability.of.error.decreases.by.
asymptotically.increasing.SNR.

33.1.2.1 time Diversity and Frequency Diversity

Time.diversity.can.be.achieved.if.information.on.a.data.packet.is.transmitted.in.L.multiple.time.slots.
whose. separation. exceeds. the. channel. coherence. time.. Practical. means. for. achieving. time. diversity.
typically.rely.on.coding,.interleaving,.and.automatic.retransmission.request.(ARQ)..Similarly,.frequency.
diversity.can.be.achieved.by.transmitting.information.of.a.data.packet.over.multiple.frequency.bands.
separated.by.more.than.the.channel.coherence.bandwidth..OFDM.in.fact.presents.a.very.simple.plat-
form.to.utilize.frequency.diversity..In.both.time.diversity.and.frequency.diversity,.we.can.apply.maxi-
mum.ratio.combining.(MRC).to.collect.the.data.information.over.L.multiple.time.slots.or.frequency.
bands..It.is.well.known.[9].that.the.optimum.receive.diversity.can.be.as.high.as.L.in.both.cases.

33.1.2.2 Spatial Diversity

Spatial.diversity.relies.on.multiple.antennas.at.the.transmitter.and/or.the.receiver..This.MIMO.concept.
is.the.foundation.of.cooperative.wireless.communications..Instead.of.consuming.extra.bandwidth.and.
time. resources,. MIMO. systems. exploit. the. multiple. channels. between. each. pair. of. transmit–receive.
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antennas. for.diversity.gain..Naturally,. effective.MIMO.configuration. requires.antenna. separation. to.
exceed.channel.coherence distance,.which.typically.depends.on.the.local.scattering.environment.at.these.
multiantenna.nodes..Thus,.to.ensure.good.spatial.diversity,.antenna.configuration.needs.to.have.large-
enough.separation..For.example,.stations.near.many.scattering.objects.and.near.ground.tend.to.have.
smaller. coherence. distance. of. subwavelength,. whereas. stations. in. open. spaces. have. large. coherence.
distance.of.multiple.wavelengths..Large-size.transceivers.are.less.attractive.and.less.practical.especially.
as.mobile.devices..In.addition,.multiple.antennas.can.multiply.RF.circuit.complexity.and.cost..For.these.
reasons,.cooperation.of.distributed.multiple.terminals.offers.a.very.effective,.low.cost,.and.low.complex-
ity.approach.to.achieving.spatial.diversity.

33.1.2.3 Space–time–Frequency Diversity

In.practice,. it. is.very.common.to. integrate.space,. time,.and.frequency.diversities. jointly..Space–time.
coding-based. MIMO.systems.have.effectively. integrated. space.and. time.diversities.. Space-frequency.
coding.in.general.and.MIMO.OFDM.systems.in.particular.combine.space.and.frequency.diversities..
Interleaved.code.words,.in.conjunction.with.MIMO–OFDM,.have.found.applications.in.IEEE.802.11n,.
IEEE.802.16,.and.LTE.wireless.communications.exploiting.joint.space–time–frequency.diversity.gains.
in.all.three.dimensions.

33.1.3 Performance Metrices of cooperative communications

A.number.of.performance.metrices.have.been.proposed.and.adopted.to.assess.the.performance.of.MIMO.
communications..Most.notably,.the.performances.of.cooperative.communication.system.proposals.have.
been.measured.with.respect.to.metrics.such.as.diversity.gains,.throughput,.and.symbol.error.rate.(bound)..
Specifically,.the.following.metrices.are.often.used.to.characterize.the.cooperative.system.performance.

•. Capacity and ergodic capacity:.Let.γ.denote.the.SNR.at.each.receive.antenna.and.let.I.denote.an.
identity.matrix.of.appropriate.size..A.typical.flat.fading.MIMO.channel.with.channel.response.
matrix.H.and.bandwidth.B.achieves

.

System capacity:
Ergodic capacity:

C H B I HH
C

H( ) log det( ),= ⋅ +

=
2 γ

EE C HH { ( )}. .
(33.2)

•. Outage probability:.The.probability.that.the.system.capacity.falls.below.a.threshold.transmit.rate.R

. P R C H Rout( , ) Pr( ( ) ).γ = < . (33.3)

•. Outage capacity:.The.capacity.Cout.that.the.system.can.reliably.achieve.with.probability.1.−.Pout

. Pr[ ( ) ] .C H C P≥ = −out out1 . (33.4)

•. Diversity gain:.The.asymptotic.rate.d.at.which.outage.probability.decreases.with.increasing.SNR.γ

.
d = −

→∞
lim log

log .
γ γ

2 out

2

P
.

(33.5)

•. Multiplexity gain:.The.asymptotic.rate.m.at.which.the.system.rate.R.increases.with.increasing.log2.γ

. R m= +log .2 γ constant . (33.6)
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•. Diversity–multiplexity trade-off:.The.manner.with.which.the.two.gains.d.and.m.are.coupled:

.
d P m
= −

→∞
lim log ( log )

logγ

γ
γ

2 out 2

.
(33.7)

Two.additional.physical. layer.considerations.with.respect.to.cooperative.communications.system.are.
SNR.and.spectral.efficiency..SNR.gain.through.cooperation.is.directly.related.to.the.diversity.gain.d.whereas.
spectral.efficiency.is.directly.related.to.the.multiplexity.gain.m..Clearly,.high.spectral.efficiency.means.more.
data.symbols.transmitted.within.limited.bandwidth..Conversely,.high.SNR.requirement.of.each.data.sym-
bol.sacrifices.the.spectral.efficiency..Thus,.for.a.given.cooperation.strategy,.SNR.and.spectral.efficiency.are.
coupled.in.a.manner.similar.to.the.diversity–multiplexity.trade-off.

33.1.4 organizations

Cooperative. communications. and. networking. have. undoubtedly. attracted. substantial. research. atten-
tions.in.the.last.decade..Unlike.the.more.traditional.point-to-point.communication.systems,.cooperative.
communications.involve.additional.complex.issues.such.as.access.scheduling.of.cooperating.nodes,.syn-
chronization.of.multinode.transmissions,.multinode.information.sharing,.and.resource.allocations..The.
breadth.of.these.issues.and.the.associated.challenges.have.stimulated.a.large.number.of.intensive.research.
activities..As.a.result,.newcomers.to.this.field.may.be.easily.overwhelmed.by.the.vast.number.of.relevant.
publications..The.purpose.of.this.chapter.is.to.present.an.abbreviated.introduction.to.the.rich.and.vast.
literature.of.cooperative.wireless.communications..For.reader.calibration,.we.assume.that.our.readers.are.
familiar.with.fundamentals.of.wireless.communications.including.point-to-point.MIMO.technologies.

In.terms.of.organization,.we.first.describe.a.number.of.well-known.cooperative.network.configura-
tions.and.cooperative.strategies.in.Section.33.2..Our.discussion.spans.the.simple.3-node.relay.network.
and.more.general.multihop.multinode.relay.networks..We.consider.both.one-way.relay.and.two-way.
relay.protocols..We.also.cover.deterministic.and.dynamic.cooperative. strategies.. In.Section.33.3,.we.
summarize.several.analytical.results.on.the.performance.of.the.simple.3-node.relay.network..This.sum-
mary.provides.a.general.idea.about.typical.analytical.issues.of.interest..Section.33.4.discusses.issues.of.
resource.allocation.in.cooperative.communication.networks.with.respect.to.node.scheduling.and.power.
allocation..Finally,.we.conclude.the.chapter.by.highlighting.key.remaining.challenges. in.cooperative.
communications.and.presenting.examples.of.cooperative.communications.in.practical.applications.

33.2 networks and Strategies for cooperative communications

A.cooperative.wireless.network.consists.of.more.than.two.nodes..In.addition.to.a.source.node.where.the.
message.originates.and.a.destination.node.where.the.message.terminates,.there.should.also.be.one.or.
more.wireless.nodes.to.assist.the.delivery.of.message.signals.from.source.to.destination..The.first.and.the.
most.important.attribute.of.a.cooperative.communication.system.is.the.underlying.network.configura-
tion.(topology)..As.shown.in.the.literature,.there.exist.a.number.of.network.configurations.for.coopera-
tive.wireless.communications..Most.commonly.seen.configurations.include.single-node.relay,.multinode.
relay,.and.cooperative.multinode.networks.connected.by.links.in.either.unidirectional.or.bidirectional.
manner..Here.we.focus.our.discussions.only.on.several.well-known.network.topologies.that.are.fully.
wireless.

33.2.1 Simple 3-node Relay networks

Figure.33.2.illustrates.the.simplest.configuration.of.a.cooperative.wireless.network,.consisting.of.3 nodes:.
a.source.sending.signal.s0,.a.relay.receiving.signal.y1.and.transmitting.signal.x1.which.is.a.function.of.y1.
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(as.an..estimate.of.s0),.and.a.destination.receiving.signal.yd
( )1 .from.the.relay..In.other.words,.the.relay.maps.

its.receive.data.y1.into.its.transmit.data.x1.through.x1.=.q(y1).according.to.the.relay.type.in.use..The.link.
channel.gains.hs,d,.hs,1,.and.h1,d.are.labeled.in.Figure.33.2..This.single.relay.network.configuration.(with-
out.direct.path).was.investigated.rigorously.by.Cover.and.El-Gamal.in.Reference.1..In.the.literature,.
most.single.relay.networks.under.investigation.are.unidirectional,.that.is,.they.admit.a.simple.Markov.
relationship.of.s y x yd0

1→ → →1 1
( )..In.a.slightly.more.general.case,.the.direct.source–destination.path.

can.also.be.included.with.relationship.s yd0
2→ ( ).

In.hardware.implementation,.it.is.generally.difficult.for.a.transceiver.to.transmit.and.receive.simul-
taneously.in.the.same.channel.because.the.receiver.will.be.subject.to.a.very.strong.interference.from.its.
own.transmission..Without.complex.hardware.to.mitigate.this.strong.self-interference,.3-node.relay.
network.cooperation.requires.two.orthogonal.channels.for.half-duplex.relay.reception.and.transmis-
sion.. In.Reference.3,. the.authors. imposed. the.half-duplex.constraint.on. the.cooperating.nodes.and.
proposed.several.cooperative.transmission.protocols..The.relay.strategies.in.Reference.3.were.classified.
as.either.amplify-and-forward.(AF),.where.the.relay.node.retransmits.a.scaled.version.of.its.reception,.
or.decode-and-forward.(DF),.where.the.relay.decodes.the.source.data.before.retransmitting..We.can.
use.the.easiest.example.of.two.time-division.cooperative.protocols.[10].which.are.summarized.in.Table.
33.1..Because.of.the.half-duplex.constraint,.the.two.phases.for.relay.to.receive.and.to.transmit.must.
take.place.over.2.orthogonal.channels,.effectively.through.time-division,.code.division,.or.frequency.
division..There.can.be.two.cooperative.protocols,.depending.on.whether.the.source.stays.active.or.idle.
during.the.second.(relaying).phase..Table.33.1.outlines.the.two.basic.protocols.of.cooperation.for.the.
3-node.relay.network.

In.Protocol.I,.the.signals.received.at.the.relay.and.destination.in.stage.k,.respectively,.are

. Relay: ,1 ,1y k P h s k n k1 0 0( ) ( ) ( ),= ⋅ +s s . (33.8)

. Destination: 0 , 0 ,y k P h s k n kd s d s d
( )( ) ( ) ( ),1 = ⋅ + . (33.9)

. y k P h x k n kd d d
( )

, ,( ) ( ) ( ).2
1 1 1 1= ⋅ + . (33.10)

Since.each.data.s0(k).can.reach.the.destination.in.2.diversified.paths,.this.protocol.should.offer.substan-
tial.diversity.gain.at.the.expense.of.50%.spectral.efficiency.loss..In.terms.of.notations,.we.denote.channel.
noises.as.ns,d,.ns,1,.and.n1,d.which.are.complex.(and.circularly.symmetric).Gaussian.with.zero.mean.and.

S

1

D

Relay

Source Destination

hs,1

hs,d

h1,d

FIGURE 33.2 Simple.relay.network.model.with.and.without.direct.path.

TABLE 33.1 Two.Cooperation.Protocols.for.the.3-Node.Relay.Network

Node Phase.1
Phase.2

Protocol.I Protocol.II
Source Transmit.s0(k) Inactive Transmit.s0(k.+.1)
Relay Receive.y1(k).from.source Transmit.x1(k).to.destination
Destination Receive.from.source Receive.from.relay Receive.from.relay.and.source
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variance.N0..The.transmitted.signals.s0.and.x1.both.have.zero.mean.and.unit.power..hs,1,.hs,d,.and.h1,d.are.
channel.responses.that.degenerate.into.scalar.coefficients.for.single-antenna.flat-fading.channels.

It.is.important.to.note.that.Protocol.I.does.not.necessarily.require.the.existence.of.a.direct.source-to-
destination.link..It.therefore.can.reduce.to.a.simpler.2.hop.relay.system..In.Protocol.II,.however,.s0(k.+.1).
only.has.one.path.S.→.D.which.provides.no.diversity.but.better.multiplexity.for.a.higher.spectral.effi-
ciency.. Notice. that. in. phase. 2. of. Protocol. II,. the. destination. experiences. an. artificial. interference.
between.the.source.transmission.and.the.relay.transmission..Such.an.interfering.network.can.improve.
system. throughput. through. multiplexity. as. long. as. receivers. can. separately. recover. both. relay. and.
source.transmissions.[11].

33.2.1.1 Deterministic Relay Strategies

Cooperative.relay.strategy,.that.is,.relay.functionality,.is.one.of.the.key.characteristics.of.relay.coopera-
tive.networks..There.are.three.well-studied.types.of.relays:.Amplify-and-Forward.(AF),.Decode-and-
Forward.(DF),.and.Compress-and-Forward.(CF)..In.an.AF.relay,.received.signal.is.simply.scaled.before.
retransmission.or.forwarding..AF.relay.is.the.simplest.in.terms.of.processing.complexity..However,.AF.
relay.includes.its.received.noise.ns,1(k).in.its.own.transmissions.

The.relay.transmit.signal.x1.as.a.function.of.its.received.signal.y1.can.be.expressed.depending.on.dif-
ferent.relay.functionalities.as

. AF: | |x P h N P ys1 0 1
2

0
1 2

1 1= +( ),
/−

. (33.11)

. DF: x s p s y1 0 0 1= =� arg max ( | ) . (33.12)

. CF: x q y1 1= ( ), . (33.13)

where.s�0.is.the.decoded.message.at.the.relay.of.the.source.signal.s0..For.CF,.x1.=.q(y1).is.a.quantized.and.
a.compressed.version.of.y1.that.the.relay.receives..In.any.case,.the.destination.benefits.from.the.relay.
cooperation.by.estimating.the.source.signal.s0.based.on.maximum.likelihood.(ML).detection

. arg max ( , | ) arg max ( | ) ( | ).( ) ( ) ( ) ( )p y y s p y s p y sd d d d
1 2

0
1

0
2

0=

In.AF,.DF,.or.CF.protocols,.we.often.consider.a.total.transmitted.power.P.such.that.the.sum.power.is.
limited

. P P P0 1+ = . . (33.14)

This.constraint.is.for.practical.purpose.of.interference.limitation.and.resource.conservation..It.also.
provides.a.measure.of.fairness.when.comparing.different.protocols.

Regardless.of.the.cooperative.strategies,.in.exchange.of.additional.bandwidth.taken.by.the.use.of.two.
orthogonal.channels,.this.3-node.relay.network.generally.provides.several.advantages.including.diver-
sity.gain,.improved.coverage,.and.interference.reduction.against.co-channel.users..There.exists.a.rich.
literature.of.studies.on.deterministic.cooperative.protocols.for.both.AF.and.DF.relay.networks..In.[10],.
the.authors.analyzed.both.TDMA-based.cooperative.protocols.for.simple.fading.channels..They.con-
firm.the.observation.that,.in.terms.of.bandwidth.utilization,.cooperation.network.based.on.Protocol.I.of.
Table.33.1.provides.higher.cooperative.diversity.gain.whereas.Protocol.II.offers.better.multiplexity.gain,.
provided.that.appropriate.power.control.is.employed..A.comprehensive.study.on.the.upper.and.lower.
bounds.of.outage.capacity.and.ergodic.capacity.of.this.3-node.relay.network.can.be.found.in.Reference.12,.
which.also.presented.proposals.for.optimized.power.allocation.
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33.2.1.2 Dynamic cooperation Strategies

Deterministic.relays.would.suffer.from.a.loss.in.bandwidth.efficiency..For.example,.there.is.a.bandwidth.
efficiency.loss.of.50%.by.Protocol.I..Unlike.deterministic.cooperation.strategies.with.which.relays.always.
perform.the.same.functionality,.dynamic.cooperation.resorts.to.more.efficient.cooperation.strategies.
that.flexibly.determine.different.relay.activities.depending.on.channel.conditions..Representative.strate-
gies.for.dynamic.and.adaptive.relay.cooperation.include:.(1).Selective.forwarding.(SF);.(2).Incremental.
relaying. (IR);. (3). Regenerative. redundancy. (RR).. Dynamic. relay. cooperation. typically. operates. on. a.
packet-by-packet.basis.instead.of.a.symbol-by-symbol.basis.

33.2.1.2.1  Selective Forwarding

In.selective.forwarding.(SF),.the.relay.may.assess.its.channel.conditions.and.only.relay.its.message.when.
its. channel. condition. hs,1. is. reliable. enough. to. generate. sufficiently. high. SNR. during. its. reception..
Particularly.with.decode-and-forward,.selective.DF.(S-DF).makes.it.possible.to.forward.only.if.the.relay.
decoding.is.deemed.accurate,.thereby.providing.highly.dependable.diversity.for.joint.detection.at.the.
destination.node.

In.phase.1.of.SF,.the.source.broadcasts.its.information.to.both.the.destination.and.the.relay.which.
receive.y1.and.yd

( )1 .of.(8).and.(9),.respectively..In.phase.2,.for.a.DF.cooperation.protocol,.if.the.relay.is.able.
to.decode. the. transmitted.packet. correctly,. then. the. relay. resends. the.decoded.packet. symbols.with.
power.P1.to.the.destination..The.received.signal.at.the.destination.in.phase.2.of.selective.DF.relaying.thus.
becomes

. y q P h x nd d d
( )

, ,( ) .2
1 1 1 1= + . (33.15)

where.the.selection.function.q(P1).=.P1.if.the.relay.decodes.the.transmitted.symbols.correctly;.Otherwise.
q(P1).=.0..Similarly,.selective.AF.can.also.be.designed.by.defining.its.selection.function.q(P1).based.on.
whether.or.not.its.relay.SNR.exceeds.a.set.threshold.

33.2.1.2.2  Incremental Relaying

In.incremental.relaying.(IR),.the.destination.node.may.send.request.to.the.relay.node.for.partial.signal.
retransmission.based.on.its.decoding.success.and.needs..IR.strategy.can.reduce.the.amount.of.band-
width.required.by.the.relay.node.which.only.sends.incrementally.redundant.signals.to.the.destination.
to.assist.the.recovery.of.the.full.packet..The.incremental.redundancy.depends.on.the.need.of.the.desti-
nation.node..If.the.source.transmission.in.the.first.phase.was.successful,.then.there.is.no.second.phase,.
and.the.source.would.transmit.a.new.packet.in.the.next.time.slot.without.loss.of.spectral.efficiency..On.
the.other.hand,.if.the.source.transmission.was.not.successful.in.the.first.phase,.the.relay.may.retrans-
mit.part.of. its.received.signal..Thus,. incremental.retransmission.may.occur.multiple. times. for.each.
packet..In.the.worst-case.scenario,.IR.must.retransmit.the.entirety.of.its.received.packet.as.in.deter-
ministic.relaying.

The.improvement.of.spectral.efficiency.by.the.IR.protocol.is.clear.because.the.relay.does.not.always.
need.to.occupy.the.entire.channel.during.phase.2..In.fact,.relay.transmission.in.phase.2.becomes.oppor-
tunistic.depending.on.the.condition.of.the.direct.channel.between.source.and.destination..Depending.
on.the.direct.link.channel.condition,.the.IR.spectral.efficiency.loss.may.be.anywhere.between.0%–50%..
Nevertheless,.IR.still.delivers.the.same.diversity.order.as.deterministic.relaying..The.implementation.of.
IR,.however,.does.require.frequent.feedback.signaling.from.the.destination.to.the.relay..The.cost.and.
latency.of.such.IR.feedbacks.are.the.cost.paid.for.better.spectral.efficiency.

33.2.1.2.3  Regenerative Redundancy

Regenerative.redundancy.(RR).cooperation.allows.the.relay.to.be.more.creative..In.essence,.RR.lets.the.
relay. generate. additional. error. correcting. redundancies. for. the. destination.. Instead. of. viewing. data.
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signals.only.as.pure. information.packet,.s0.can.denote.an.FEC.code.packet.that.consists.of.sufficient.
redundancy.for.a.certain.level.of.error.correction..In.RR.cooperation,.s0.is.transmitted.to.both.the.relay.
node.and.the.destination.node..If. yd

( )1 .has.a.sufficient.quality.for.an.error-free.decoding.of.s0.at.the.des-
tination.as.confirmed.by.an.error.detection.code.such.as.CRC,.then.no.relay.transmission.is.necessary..
If.errors.remain.at.the.destination,.then.the.relay.is.requested.to.assist..The.relay.node.may.generate.and.
transmit.new.parity.bits.as.additional.redundancy.if.it.correctly.recovers.s0.from.yi.by.using.its.own.FEC.
decoder..Alternatively,.relay.redundancy.may.be.generated.when.the.soft.information.during.decoding.
such.as.the.log-likelihood.ratio.(LLR).of.a.large.number.of.coded.bits.is.sufficiently.large.to.signify.good.
reliability.

33.2.2 Multinode Relay networks

A.natural.extension.of.the.simple.3-node.cooperative.relay.network.is.the.configuration.of.multinode.
relay.networks..Without.direct.link,.the.simple.3-node.relay.network.is.a.single-path.dual-hop.network..
When. multiple. relays. are. available,. there. are. three. well-studied. network. configurations:. single-path.
multihop,.multipath.dual-hop,.and.multipath.multihop.

33.2.2.1 Multipath Dual-Hop Relay networks

Instead.of.relying.on.a.single.relay.node,.an.immediate.generalization.of.the.3-node.network.is.to.place.
L.relays.between.the.source.and.the.destination.as.in.Figure.33.3..The.L.relays.form.parallel.paths.that.
can. substantially. enhance. the. source-to-destination. channel. diversity.. To. avoid. interference. among.
relays,.all.relay.nodes.in.this.network.should.operate.synchronously.in.two.phases..During.the.broadcast.
phase,.the.source.transmits.data.s0.to.the.relays,.each.of.which.receives.over.its.channel.hs,i.a.signal

. y P h s n i Li s i i= ⋅ + =0 0 1, , , , .… . (33.16)

During.the.relay.phase,.some.or.all.of.the.relays.send.their.signals.to.the.destination..More.specifi-
cally,.if.the.ith.relay.channel.is.denoted.as.hi,d,.then.the.destination.receives.a.combined.signal

.
y Pi h x n

i

L

i i id d d= +
=
∑ ⋅

1
, , ,

.
(33.17)

where.Pi.denotes.the.ith.relay.transmit.power.and.ni,d.is.the.channel.noise.on.the.wireless.link.between.
the.relay.and.the.destination,.modeled.as.Gaussian.with.zero.mean.and.variance.N0..The.relay.signal.can.
be.written.as.xi.=.qi(yi),.depending.on.the.relay.protocols.of.DF,.AF,.or.CF.

With.the.AF.scheme,.for.example,.the.capacity.of.such.parallel.relay.system.per.unit.bandwidth.can.
be.written.as.[2,13]
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FIGURE 33.3 Multipath.dual-hop.relay.networks.
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which.can.be.achieved.via.optimum.power.allocation.of.Pi.using.a.water-filling.algorithm.[13]..In.a.more.
flexible.protocol,.we.may.only.designate.a.subset.among.L.relays.to.participate.in.cooperation..For.exam-
ple,.optimum.AF.node.selection.allows.the.destination.to.pick.the.“best”.nodes.for.AF.relaying.by.select-
ing.a.subset.of.nodes.that.can.provide.the.highest.source-to-destination.capacity..As.described.in.[14],.
the.node.selection.AF.cooperation.can.achieve.higher.throughput.and.consumes.less.control.signaling.
bandwidth.than.the.conventional.“all-participation”.L-node.relay.networks.

33.2.2.2 Linear Multihop Relay networks

When.the.source.and.destination.nodes.are.spaced.far.apart,.multiple.relays.can.often.bridge.their.link.
via.a.single-path.multihop.relay.network..As.shown.in.Figure.33.4,.the.linear.multihop.topology.is.a.
straightforward.concatenation.of.single-hop.links,.whose.transport.capacity.has.been.investigated.in.
Reference.15..This.linear.relay.network.is.a.classic.configuration.of.long-distance.relay.communications.
used.throughout.human.history..Even.in.the.field.of.wireless.communications,.microwave.relay.links.
are.well-known.practical.examples.of.linear.relay.networks.

In.the.absence.of.direct-link,.CF.and.adaptive.relay.strategies.tend.to.be.unreliable.in.linear.multihop.
relay.networks..As.a.result,.AF.and.DF.are.the.two.commonly.studied.relay.strategies.for.multihop.lin-
ear. relay. networks.. In. order. to. simplify. hardware. requirements,. we. only. consider. half-duplex. relay.
nodes.that.can.only.transmit.and.receive.simultaneously.on.orthogonal.channels..The.simplest.form.of.
channel.orthogonality.takes.the.form.of.time-division..Different.relays.may.implement.DF.or.AF.strate-
gies.uniformly.or.heterogeneously.

33.2.2.2.1  Hop-by-Hop DF Relays

In.Figure.33.4,.each.DF.relay.∙.decodes.the.signal.transmitted.from.its.preceding.node.∙.−.1..Such.a.hop-
by-hop.relay.network.is.viewed.as.a.concatenation.of.DF.links.without.diversity.combining..Therefore,.
transmission.of.a.message.from.source.to.destination.is.successful.only.if.every.relay.node.successfully.
decodes.the.message.before.passing.it.forward.

Let.h∙,k.be.the.channel.gain.between.nodes.∙.and.k..Here.we.have.l,.k.∈.{S,.1,.. . .,.L,.D}..Let.P∙.be.the.
transmit.power.at.node.∙..Then.the.hop-by-hop.(HBH).SNR.at.each.relay.node.is.simply

. γ � � � �
( )

,| | .HBH = − −P h N1 1
2

0/

Generally,.the.decoding.at.node.∙.is.successful.only.if.γ∙.exceeds.the.SNR.threshold.γth..Therefore,.the.
HBH.outage.probability.at.node.D.is

.
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.
(33.18)

Clearly,.the.outage.probability.increases.as.the.number.of.hops.increases.
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FIGURE 33.4 A.multihop.linear.relay.network.
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33.2.2.2.2  Maximum Ratio Combining  for DF Relays

In.practice,.relays.in.multihop.networks.may.have.the.ability.to.buffer.earlier.signal.receptions.that.can.
be.coherently.combined.with.subsequent.transmissions..For.example,.the.work.of.[16].presented.multi-
hop.diversity.channel.analysis.of.AF.and.DF. linear.relay.networks,.where.each.relay.node.combines.
signals.received.from.all.preceding.nodes.before.decoding.and.relaying..Furthermore,.[17].developed.a.
class.of.more.general.cooperative.protocols..Figure.33.5.illustrates.an.exemplary.maximum.ratio.com-
bining.(MRC).stage.for.joint.decoding.at.the.destination.node.

In.terms.of.performance.gains,.MRC.at.relay.node.∙.leads.to.a.higher.SNR.as
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Assuming.that.all. the.relays.successfully.decode.the.source.message,. the.outage.probability.at. the.
destination.can.be.approximated.as
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(33.19)

Particularly.at.higher.SNR,.the.MRC.for.DF.relays.can.substantially.improve.the.successful.packet.
transmission.rate.over.HBH.relays..Such.a.multihop.diversity.combining.allows.the.relays.and.the.net-
work. to.effectively.battle. the.negative.effects.of.path. loss..The.authors.of.Reference.18.presented. the.
performance.bounds.with.respect.to.outage.probability.and.average.bit.error.rate.for.multihop.diversity.
combining.and.transmissions.over.Nakagami.fading.channels.

33.2.2.3 Multihop AF Relays

Though.most.of.conventional.multihop.relay.systems.adopt.a.DF.relaying,.multihop.transmission.can.
be.achieved.similarly.by.using.an.AF.relaying..In.hop-by-hop.relaying,.each.AF.relay.node.receives.
signal.transmitted.by.its.immediate.upstream.node..In.Reference.19,.similar.to.DF.relays,.MRC.receiver.
can.be.also.applied.at.AF.nodes.to.provide.better.diversity.and.reliability..However,.compared.to.DF.
relays,.AF.relays.amplify.both.signal.and.noise.in.each.hop..The.accumulated.noises.over.increasing.
hops.may.lead.to.substantial.performance.loss..Naturally,.as.the.number.of.hops.increases,.the.outage.
probability.of.AF.multihop.networks.will.grow.much.faster.than.DF.relays,.as.pointed.in.Reference.20.

33.2.2.4 Multihop Ad Hoc Relay networks

An.extension.of.the.multipath.dual-hop.relay.network.involves.an.ad.hoc.network.of.multiple.nodes.
between.sources.and.destinations..As.shown.in.Figure.33.6,.such.a.generic.ad.hoc.relay.network.may.

L21S D
h1,2

h2,D
h1,D

hS,D

Source Destination
hL,DhS,1

FIGURE 33.5 A.multihop.cooperative.network.for.a.diversity.combining.at.the.destination.
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have.a.single.source.node.or.multiple.source.nodes..There.may.also.be.one.or.multiple.destination.
nodes.

Multihop.ad.hoc.relay.networks.facilitate.a.number.of.flexible.cooperation.strategies.and.protocols..
In.addition. to. the.consideration.of.power.allocation.and.channel.access,. such.networks.also. require.
network.control.protocols.including.traffic.routing,.relay.selection,.scheduling,.and.node.coordinations.
for.data-throughput.improvement,.reduced.delay,.and.interference.mitigation..Because.of.the.large.vari-
ety.of.multihop.ad.hoc.networks.in.terms.of.configurations,.protocols,.and.practical.constraints,.there.
exist.many.interesting.research.directions.and.results.on.such.networks.

In.terms.of.relay.strategies,.the.comprehensive.work.of.Kramer.et al..[21].presented.DF.and.CF.relay.
strategies.for.generic.multinode.relay.networks.that.consist.of.multiple.relays,.sources,.and.destination.
nodes,.each.of.which.is.equipped.with.multiple.antennas..The.results.show.that.DF.strategies.are.better.
for. relays. closer. to. sources. nodes,. whereas. CF. strategies. are. better. for. relays. closer. to. destinations..
Another.major.practical.concern.is.the.selection.of.relays.for.participating.in.cooperation..The.work.of.
Bletsas.et al..[22].focused.on.“network.path.selection”.between.a.source.and.a.destination..This.“oppor-
tunistic.relaying.strategy”.chooses.relays.to.form.the.strongest.transmitter-relay-receiver.path.among.
multiple.candidates.in.a.distributed.fashion.using.instantaneous.channel.strength.information..Beres.
and.Adve.[23].analyzed.the.high-SNR.outage.probability.for.a.source–destination.pair.by.selecting.a.
single.cooperative.relay.based.on.the.best.instantaneous.channel.quality..For.multiple.signal.flow.trans-
missions,. they. further.proposed. several. relay. selection. schemes.based.on.various. centralization. and.
complexity.requirements.

The.work.of.Ribeiro.et al.. [24].analyzed.the.symbol.error.rate.of.multibranch.multihop.AF.relay.
networks.between.a.pair.of.source.and.destination.nodes..Ng.and.Yu.[25].proposed.a.general.optimiza-
tion. framework. for. joint. optimization. of. the. best. relay. node,. the. best. relay. strategy,. and. the. best.
resource.allocations.in.terms.of.power,.bandwidth,.and.throughput.rate.in.a.cellular.network..Zhao.
and. Valenti. [26]. presented. an. integrated. protocol. for. multihop. relay. by. incorporating. practical.
hybrid-ARQ.

With.respect.to.total.capacity.that.a.network.can.carry,.the.work.of.Xie.and.Kumar.[15].investigated.
the.transport.capacity.of.a.large.multinode.relay.network.with.multiple.source–destination.pairs..The.
scaling.law.result.answers.the.asymptotic.performance.question.of.how.much.information.of.an.asymp-
totically.large.multinode.relay.wireless.network.can.be.transported.as.a.scaling.function.of.the.number.
of.nodes..The.work.of.Bolcskei.et al..[27].presented.further.analysis.on.the.behavior.of.MIMO.wireless.
relay.network.in.terms.of.the.capacity.scaling.law.with.multihop.relays.

33.2.3 Distributed Space–time Signaling for cooperative MiMo

We.note.that.even.in.a.simple.3-node.relay.network,.signal.transmissions.from.the.relay.and.the.source.
in.Protocol.II.can.be.viewed.as.signaling.cooperation.or.a.form.of.space–time.coding.[6,10]..Typically,.
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FIGURE 33.6 A.multihop.ad.hoc.relay.network.
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each.relay.can.send.signals.based.on.its.own.reception.without.coordinated.signaling..Such.relay.strate-
gies.are.easy.to.implement.and.require.only.timing.synchronization.of.all.participating.relays..Better.
relay. cooperation. achieved. by. optimized. precoding. requires. destinations. to. determine. the. precoder.
according.to.the.relay.channel.information.and.to.feedback.the.precoder.parameters.needed.by.each.
relay.node..Such.feedback.information.takes.up.valuable.resources,.if.feedback.precision.and.timeliness.
are.needed..In.systems.involving.fast-fading.channels,.such.feedbacks.would.require.too.much.band-
width.and.may.be.too.slow..For.this.reason,.the.cooperative.MIMO.strategy.of.distributed.space–time.
coding. (DSTC).or.distributed. space–frequency.coding. (DSFC).becomes.highly.attractive.because.of.
their.ability.to.achieve.full.diversity.without.a.receiver.feedback.

A.simple.network.of.Figure.33.7.illustrates.how.multiple.relays.can.effectively.cooperate.to.form.a.
distributed.space–time.code.or.a.distributed.space–frequency.code..DSTC.and.DSFC.essentially.are.the.
traditional.MIMO.signaling.techniques.that.are.made.possible.by.treating.multiple.relay.nodes.as.vir-
tual.source.antennas.in.a.virtual.multiple-input-multiple-output.(Virtual.MIMO.or.V-MIMO).system..
This.means.that.signals.transmitted.at.different.relay.nodes.must.be.synchronized..DSTC.utilizes.mul-
tiple.virtual.antennas.across.multiple.time.slots,.whereas.DSFC.encodes.signals.across.multiple.subcar-
rier.frequencies..They.differ.only.in.terms.of.the.time.vs..frequency.orthogonal.channels.in.use..Because.
there.is.no.conceptual.difference.between.DSTC.and.DSFC,.we.focus.on.the.more.familiar.DSTC.in.this.
section.by.using.the.simpler.Alamouti.space–time-block-code.(STBC).example..Various.DSTC/DSFC.
strategies.can.be.found.in.References.29.through.33.

33.2.3.1 DStc with S-DF Relays

Let.us.consider.the.relay.network.of.Figure.33.7..The.concept.of.distributed.DSTC.can.be.implemented.
with. 2. relay. nodes. corresponding. to. 2. phases.. During. the. broadcasting. phase. 1,. the. source. sends. a.
packet.of.data.symbols.[s(0).s(1).. . ..s(K)].to.the.two.relays..The.ith.relay.receives

. y k P h s k n k ii s i s i( ) ( ) ( ), , ., ,= + =0 1 2 . (33.20)

In.phase.2,.the.selective.DF.(S-DF).relay.transmits.its.decoded.data.to.the.destination.if.and.only.if.its.
packet.passes.the.CRC.error.detection.check..This.decision.variable.at.each.relay.is.denoted.by.a.scalar
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In.the.case.of.2.relay.nodes.as.shown.in.Figure.33.7,.relay.1.transmits.g1.[. . ..s(2k).−.s(2k.+.1);. . . .],.
whereas.relay.2.can.transmit. g s k s k2 2 1 2∗ ∗ ∗+[ ( ) ( );].

We.can.now.form.a.2.×.2.STBC.matrix.Xk..The.well-known.Alamouti.code.matrix.requires.2.relay.
nodes.and.it.is.given.by
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FIGURE 33.7 Distributed.space–time.(or.space–frequency).coding.configuration.
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The.first.column.of.Xk.is.the.1st.relay.transmission.in.2.successive.time.slots,.whereas.the.second.col-
umn.corresponds.to.the.2nd.relay.signal.transmitted.in.the.same.two.time.slots..If.each.relay.transmits.
with.equal.power.P1,.the.signals.received.at.the.destination.over.the.two.time.slots.become
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We.note.that.the.composite.channel.matrix.Hrd.consists.of.the.physical.link.channel.response.hi,d.and.
the.associated.binary.relay.gain.gi..In.fact,.from.the.diagram.of.Figure.33.7,.it.is.very.clear.that.g1h1,d.and.
g h2 2
∗

,d .become.the.equivalent.channel.responses.on.the.two.links.during.the.second.hop.
Given.the.composite.form.of.the.effective.channel.matrix.Hrd,.the.DSTC.through.S-DF.relays.is.iden-

tical.to.the.well-known.Alamouti.STBC..Therefore,.existing.analysis.on.the.coding.gain.and.the.diver-
sity.order.of.Alamouti.STBC.can.be.directly.applied.to.the.DSTC.system..Unlike.in.the.traditional.STBC.
formulation,.there.is.no.assurance.that.both.relay.nodes.will.recover.s(k).without.error..Thus,.the.binary.
gains.g1.and.g2.essentially.change.the.effective.channel.responses.between.the.relays.and.the.destination,.
thereby. affecting. the. DSTC. coding. gain. and. diversity. order.. Using. S-DF. relays,. each. data. symbol.
achieves.the.maximum.possible.coding.gain.of.(|g1h1,d|2.+.|g2h2,d|2)..The.achieved.diversity.order.equals.
g1.+.g2,.which.may.vary.from.packet-to-packet.

More.generally,.given.L.such.relays,.there.are.L.relay.switch.gains.[g1,.g2,.. . .,.gL]..Any.traditional.K.×.L.
STBC.code.block.Xk.can.be.constructed.by.the.L.S-DF.relays..In.general,.the.received.signal.vector.at.the.
destination.can.be.written.as
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The.relay-to-destination.channel.responses.{hi,d}.can.be.a.scalar,.a.vector,.or.a.submatrix.corresponding.
to. single-input-single-output,. single-input-multiple-output,. and. multiple-input-multiple-output. links,.
respectively.. More. detailed. analysis. of. different. DSTC. with. DF. relays. can. be. found. in. References. 28.
through.31.and.34.

33.2.3.2 DStc with AF Relays

Similarly. with. AF. relays,. DSTC. can. also. be. developed. [32].. In. particular,. the. orthogonal. Alamouti.
STBC.codeword.can.be.constructed.by.using.the.scaled.signals.received.at.the.relays.as.estimates.of.the.
source.data..In.particular,.the.AF.relays.estimate.the.source.data.through.power.normalization.as
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where

. g P P h N hi s i s i= + −
0 0

2
0

1( | | ) ,, , . (33.24)

and
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The.AF.code.block.of.STBC.can.be.expressed.as
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The.destination.node.then.receives.an.orthogonal.space–time.code.as.follows
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where.the.effective.channel.responses.are.scaled.by.the.AF.gains.as

. Hr
Tg h g hd d d= ∗[ ] ., ,1 1 2 2

Compared.with.DF.relays,.there.are.two.major.differences.in.the.space–time.code.matrix.formed.by.
AF.relays..First,.there.is.an.extra.noise.transmission.Vk.which.will.degrade.the.SNR.at.the.destination..
In. addition,. the. effective. channel. matrix. Hrd. consists. of. nonbinary. AF. gains. g1. and.g2. as. defined. in.
Equation.33.24..As.a.result,.we.can.see.that.the.diversity.order.of.DSTC.with.AF.relays.will.always.be.
equal.to.the.traditional.STBC.Xk,.since.g1.and.g2.are.non-zero.scalars..In.particular,.each.coded.symbol.
will.achieve.full.diversity.coding.gain.as

. (| | | | | | | | )., ,g h g h1
2

1
2

2
2

2
2

d d+

Similarly. to. the. case. of. DSTC. with. S-DF. relays,. AF. relays. can. also. construct. general. STBC. code.
blocks.of.size.K.×.L.involving.L.relays..The.only.differences.lie.in.the.extra.additive.noise.matrix.Vk.and.
the.composite.channel.matrix

. Hr L L
Tg h g h g hd d d d= [ ] ., , ,1 1 2 2 �

Therefore,.both.S-DF.and.AF.relays.can.improve.the.diversity.order.and.provide.a.coding.gain.to.the.
relayed.data.receptions..As.shown.in.Reference.34.(Chapter.7),.AF.relays.also.make.it.possible.to.extend.
a.general.class.of.linear.transformation.on.the.received.data.vector.before.forming.its.own.STBC.code-
words.for.transmission.

33.2.4 Bidirectional AF Relay networks: A network coding Perspective

So.far,.we.have.focused.on.unidirectional.relay.networks.in.which.signals.flow.in.the.direction.from.
source.to.destination..In.these.networks,.the.source.nodes.transmit.while.the.destination.nodes.receive..
A.more.general.cooperative.relay.model.involves.bi-directional.relays.to.bridge.two.or.more.transceivers,.
each.of.which.acts.as.a.signal.source.and.a.signal.destination..In.bidirectional.relay.networks,.the.role.of.
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relay.nodes.can.be.expanded.to.facilitate.better.spectrum.efficiency.if.the.concept.of.“network.coding”.
is.incorporated.

The. concept. of. network. coding. was. first. popularized. by. the. works. of. References. 35. through. 37..
Although.the.original.network.coding.was.presented.in.the.binary.field.of.information.bits.at.the.trans-
port.level,.physical.layer.network.coding.has.also.gained.substantial.popularity.that.often.involves.inter-
mediate.network.nodes.that.concurrently.receive.baseband.signals.from.multiple.transmitters.[38,40].

Let.us.consider.the.simple.3-node.dual.hop.relay.network.of.Figure.33.8..Relay.node.r.lies.in.between.
node.0.and.node.1..It.is.assumed.that.the.bidirectional.channel.gains.are.reciprocal..Node.0.and.node.1.
transmit.signals.s0(k).and.s1(k).with.powers.P0.and.P1,.respectively..The.relay.operation.is.divided.into.
two.phases..In.phase.1,.both.node.0.and.node.1.transmit.their.own.packets.concurrently.to.the.relay,.like.
a.multiple.access.channel..Briefly,.the.relay.r.receives.the.superimposed.signal

. y k P h s k P h s k n kr r r r1 0 0 0 1 1 1( ) ( ) ( ) ( ),, ,= + + . (33.27)

where.nr(k).is.the.multiple.access.channel.noise..The.two.source.signals.are.superimposed.into.yr(k).by.
the.shared.wireless.physical.channel..In.phase.2,.the.relay.node.broadcasts.its.received.signal.yr(k).in.
phase.1.to.both.node.0.and.node.1,.like.a.broadcast.channel..The.combined.signal.is.normalized.by.αr.
for.power.control..The.two.nodes.will.receive,.respectively,

.
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(33.28)
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Because.both.node.0.and.node.1.have.a.prior.knowledge.of.their.own.data.s0(k).and.s1(k),.they.are.
capable.of.recovering.their.individual.signal.of.s1(k).or.s0(k).from.y0(k).and.y1(k).

This.AF.strategy.by.the.relay.node.can.improve.the.bandwidth.efficiency.by.a. factor.of.2.over.the.
traditional.uni-directional.relay.strategy.that.separately.receives.and.relays.the.two.transmissions..The.
AF.relay.strategy.for.superimposing.multiple.signal.receptions.is.often.known.as.“physical. layer.net-
work-coding.”.To.investigate.further,.the.readers.are.referred.to.the.works.of.References.38.and.39.that.
extended. the. network. coding. concept. to. the. simple. bidirectional. physical-layer. relay. networking..
Further.discussions.on.joint.source.coding.and.network.coding.can.be.found.in.References.40.and.41.

We.note.that.DF.is.more.reliable.but. less.efficient.bi-directional.protocol. that.would.require.three.
phases.instead.of.two.phases..In.phase.1.and.phase.2,.node.0.and.node.1.take.turns.transmitting.s0.and.
s1.to.the.relay.r,.respectively..In.phase.3,.the.relay.can.broadcast.the.“network”-coded.packet.(s0.⊕.s1).
after.decoding.both.packets.s0.and.s1..It.is.therefore.evident.that.AF.relays.are.spectrally.more.efficient.
in.physical.layer.network.coding.

33.3 Performance comparison of cooperative Relays

Given.a.large.number.of.different.cooperative.network.topologies.and.cooperative.strategies,.it.is.diffi-
cult.to.present.even.a.moderately.detailed.discussion.on.their.performances.in.the.limited.space.here..In.

0 1r
h0,rs0

h1,r s1
αryrαryr

FIGURE 33.8 Bidirectional.relay.in.a.dual-hop.network.
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this.section,. let.us.focus.on.the.simple.3-node.cooperative.network.configuration.by.explaining.some.
basic.analytical.results.that.compare.different.cooperative.strategies.and.relaying.protocols..In.particular,.
we.characterize.the.performance.of.AF.and.DF.relays.in.terms.of.outage.probability.and.symbol.error.
rate.(SER)..Analysis.at.asymptotic.high.SNR.can.be.found.in.the.results.of.References.3.and.42..These.
results.are.summarized.here.to.highlight.the.typical.approaches.and.metrices.used.to.analyze.AF.and.
DF.relay.networks..Similar.analysis.has.been.applied.to.more.advanced.and.complex.cooperative.net-
work.configurations.in.the.literature..More.detailed.treatment.on.the.performance.of.cooperative.com-
munication.systems.can.be.found.in.a.comprehensive.textbook.by.Liu.et al..[34].

33.3.1 Diversity Gain in outage Probability

To.establish.a.baseline.for.performance.comparison,.we.first.visit.the.simple.scenario.of.a.direct.source–
destination.link..We.denote.γ0.=.P0/N0.as.the.base.SNR..It.is.well-known.that.the.mutual.information.per.
unit.bandwidth.achieved.by.independent.and.identically.distributed.(i.i.d.).zero-mean,.circularly.sym-
metric.complex.Gaussian.source.equals.to

. I hD s= +log ( | | ).,2 0
21 γ d . (33.30)

This.mutual.information.rate.is.a.function.of.random.channel.response.hs,d..We.generally.assume.that.
hs,d.is.a.Rayleigh.fading.channel,.with.zero.mean.and.variance.of.σs , .d

2 .The.outage.probability.for.trans-
mission.rate.R.is.therefore.given.by

.
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33.3.1.1 Deterministic AF Relaying

In.Section.33.2.1.1,.we.have.described.the.deterministic.AF.relay.model.and.the.associated.signals.and.
notations..Focusing.on.the.simpler.Protocol.I,.the.AF.relay.retransmits.the.received.signal.after.normal-
izing.the.transmit.power.to.P1.such.that.the.destination.receives.signal.expressed.as

. y h y nd d d
( )

, ,
2

1 1 1= ⋅ ⋅ +β . (33.32)

where

. β = + −( | | ) .,
/P h N Ps0 1

2
0

1 2
1 . (33.33)

At.the.destination.node,.we.assume.to.use.a.maximal.ratio.combining.(MRC).receiver.to.maximize.
the.overall.SNR..Equipped.with.a.knowledge.of.the.link.channel.coefficients,.the.output.of.the.MRC.
detector.at.the.destination.can.be.written.as

. y y y= +α α1
1

2
2

d d
( ) ( ). . (33.34)

The.combining.factors.α1.and.α2.in.MRC.receiver.are.chosen.to.maximize.the.combined.SNR.of.y..
Notice.that.α1.and.α2.are.not.unique.as.there.can.be.a.scalar.ambiguity..Nevertheless,.finding.the.optimal.
combining.coefficients.is.a.straightforward.Lagrangian.problem..One.pair.of.optimum.MRC.coefficients.
[3,43].are
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The.maximum.SNR.at.the.output.of.the.MRC.receiver.is.therefore.given.by
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In.essence,.the.total.SNR.at.the.MRC.receiver.is.the.sum.of.the.direct.link.SNR.γ1.and.an.equivalent.
relay.link.SNR.γ2..Thus,.the.achievable.information.rate.per.unit.bandwidth.is.given.by

.
IAF = +

1
2 1log( ),maxSNR

.
(33.37)

where.the.factor.of.1/2.characterizes.the.loss.of.spectral.efficiency.resulting.from.the.use.of.two.time.
phases.per.data.packet.transmission.

Outage.probability.analysis.of.the.Protocol.I.with.AF.relaying.requires.the.probability.distribution.of.
IAF.in.Equation.33.37..First,.we.often.assume.random.complex.Gaussian.fading.channels.hs,1,.h1,d,.and.hs,d.
that.are.all.of.zero.mean..Let.us.denote.their.variances.as.σ σ σs s, , ,, , ,1

2
1
2 2

d dand .respectively..We.recognize.
that. the.exact.probability.density. function.of. IAF. is.difficult. to.characterize..This.complexity.may.be.
circumvented.by.considering.high-SNR.scenarios.and.by.limiting.our.focus.on.the.special.case.of.equal.
transmit.power.P0.=.P1..Then,.the.outage.probability.at.high.SNR.can.be.approximated.by
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Note. that. the. outage. probability. decreases. at. the. rate. of. γ 0
2− ,. which. means. that. the. AF. protocol.

achieves.diversity.order.of.2.

33.3.1.1.1  Deterministic DF Relaying

Although.deterministic.DF.relaying.is.advantageous.over.AF.relaying.in.its.ability.to.mitigate.phase.1.
channel. noise. at. the. relay,. DF. relaying. may. forward. incorrectly. detected. signals. to. the. destination..
When. considering. mutual. information,. if. the. relay. forwards. incorrectly. detected. symbols,. then. the.
forwarded. signal. confuses. the. destination,. which. results. in. a. detection. failure.. For. this. reason,. the.
mutual.information.of.DF.relaying.is.dominated.by.the.minimum.of.the.source-relay.information.rate.
and.the.composite.source-plus-relay-to-destination.information.rate:
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If.we.consider.equal.power.allocation.of.P0.=.P1,.then.the.outage.probability.at.high.SNR.is.given.by
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(33.40)
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Thus,.from.the.perspective.of.asymptotic.outage.probability,.the.DF.outage.probability.has.diver-
sity. order. of. 1.. Compared. with. the. outage. probability. of. direct. link. in. Equation. 33.30,. this. result.
implies.that.the.deterministic.DF.offers.no.diversity.gain.for. large.SNR..This.somewhat.surprising.
result. is.a.direct.consequence.of.requiring.the.relay.to.correctly.decode.the.source.information..In.
essence,.the.performance.of.the.deterministic.DF.relay.network.relies.on.the.quality.of.the.single.link.
between.source.and.relay,.which.exhibits.no.channel.diversity.gain.over.the.direct.link.channel.with-
out.cooperation.

33.3.1.2 Selective DF Relaying

In.a.selective.DF.relaying,.if.the.receive.SNR.at.the.relay.exceeds.a.certain.threshold,.the.relay.decodes.
the.received.signal.and.forwards.the.decoded.information.to.the.destination..If.the.SNR.is.below.the.
threshold,.the.relay.stays.idle..Such.an.S-DF.relay.strategy.should.outperform.a.deterministic.DF.relay-
ing,.provided.that.the.SNR.threshold.is.selected.to.allow.the.relay.to.correctly.decode.the.source.signals.
with.very.high.probability..One.such.SNR.threshold.is.(22R.−.1).which.is.the.expected.SNR.needed.to.
achieve. the.point-to-point.Shannon.rate.of.R..Given. this. threshold,. the.SNR.of. the.MRC.receiver.at.
destination.is.the.sum.of.the.receive.SNR.from.the.source.and.the.relay..Thus,.the.mutual.information.
for.the.S-DF.relaying.is.given.by

.
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Considering.the.special.case.of.P0.=.P1,.that.is,.an.equal.power.allocation,.the.outage.probability.at.
high.SNR.equals
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It.is.hence.clear.that.this.selective.relaying.strategy.can.now.achieve.diversity.order.of.2..For.an.outage.
to.occur,.either.the.source–destination.and.source–relay.channels.must.be.in.outage,.or.the.combined.
source–destination.and.relay–destination.channel.must.be.in.outage..Therefore,.both.AF.relaying.and.
selective. DF. relaying. can. achieve. the. same. diversity. order. of. 2. and. the. same. asymptotic. outage.
performance.

33.3.2 cooperation Gain in Symbol error Rate

To.evaluate.the.symbol.error.rate.(SER).of.a.cooperative.communication.system,.the.underlying.modu-
lation.(signaling).scheme.plays.an.important.role..Because.of.the.prevalent.popularity.of.QAM.and.PSK.
modulations.in.practice,.SER.analysis.typically.focuses.on.the.more.popular.cases.of.rectangular.M-ary.
QAM.(or.M-QAM).and.M-ary.PSK.(or.M-PSK).modulations.

33.3.2.1 Asymptotic Symbol error Rate

We.first.define.several.useful.coefficients.that.are.functions.of.M.to.be.used.later:
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33.3.2.1.1  Deterministic AF Relaying

For.deterministic.AF.relays,.the.SER.of.M-ary.QAM.and.PSK.source.signals.can.be.derived.by.following.
the.process.of.[34,.Ch..5]..If.all.channel.links.in.the.3-node.network.are.nonzero,.as.SNRs.P0/N0.and.
P1/N0.grow.asymptotically.large,.the.SER.of.AF.cooperation.with.M-PSK.and.M-QAM.signals.can.be.
closely.approximated.by
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We.can.see.that,.for.both.modulations,.the.SER.drops.as.a.function.of.(P0/N0)−2..Thus,.from.the.per-
spective.of.SER,.the.AF.cooperation.also.provides.a.diversity.order.of.2,.which.is.similar.to.the.AF.out-
age.probability.analysis.

33.3.2.1.2  Deterministic DF Relaying

For.sufficiently.high.SNR,.the.SER.of.DF.cooperation.systems.can.be.similarly.approximated.[34,.Ch..5].as
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It.is.clear.from.the.comparison.of.symbol.error.rates.between.AF.and.DF.cooperations.that.their.
difference.in.SER.lies.in.an.extra.scalar.of.μ1.for.M-PSK.and.μ2.for.M-QAM,.respectively..As.shown.in.
Equations.33.49.and.33.50,.the.SER.of.both.modulations.in.DF.relay.would.also.decrease.asymptoti-
cally.as.a.function.of.(P0/N0)−2..Thus,.from.the.SER.point.of.view,.both.DF.and.AF.offer.cooperation.
diversity.order.of.2.at.high.SNR..This.conclusion.differs.from.the.outage.probability.analysis..Such.
discrepancy.is.due.to.the.fact.that.for.DF.relays,.it.is.much.harder.for.the.entire.packet.to.be.correctly.
decoded.whereas.it.is.much.more.likely.for.most.individual.symbols.to.be.correctly.decoded.

33.3.2.2 DF versus AF cooperation Gains

To.quantify.the.cooperation.gain.in.terms.of.SER.reduction,.we.can.assume.that.all.channel.statistical.infor-
mations.σs,d,.σs,1,.and.σ1,d.are.known.to.all.3-nodes..By.imposing.a.sum.power.constraint.P0.+.P1.≤.P,.the.
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asymptotic.SER.of.Equations.33.49.and.33.50.can.be.optimized.directly.via.constrained.minimization..As.
discussed.in.Reference.34,.Chapter.5,.the.optimized.asymptotic.symbol.error.rate.can.be.found.to.be
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where.we.find.the.DF cooperation gains.of.M-PSK.and.M-QAM.signals,.respectively,.as
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The. cooperation. gains. depend. on. the. random. channel. variances. that. characterize. the. statistical.
strength.of.different.channel.links..Following.the.approach.used.in.determining.the.optimum.power.
allocation.for.DF,.the.AF.power.allocation.can.be.similarly.optimized.by.minimizing.the.AF.symbol.
error.rate.of.Equations.33.47.and.33.48..Because.of.their.similarities.with.the.DF.symbol.error.rate,.the.
resulting.minimum.SER.is.asymptotically.equal.to
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Note.that,.by.setting.μ1.=.1.and.μ2.=.1.in.the.DF.cooperation.gain,.we.have
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ΔAF. is. the. cooperation. gain. of. the. deterministic. AF. cooperation. systems,. and. indicates. the. best.
.asymptotic.performance.gain.of.the.AF.cooperation.protocol.with.the.optimum.power.allocation.

Clearly,.the.difference.between.the.AF.and.the.DF.gains.depends.on.the.coefficients.μ1.and.μ2.which.
are.both.functions.of.the.constellation.size.M..We.can.use.the.cooperation gain ratio.ΔDF/ΔAF.to.illus-
trate.the.difference.of.performance.gains.by.using.the.two.deterministic.relaying.strategies..We.pro-
vide.the.cooperation.gain.ratio.in.Table.33.2.for.various.statistical.channel.relationship.and.different.
constellations..The.comparison.shows.that,.in.terms.of.SER.reduction,.DF.cooperation.gain.is always.
larger.than.AF.cooperation.gain.for.both.M-PSK.and.M-QAM.modulations..It.is.important.to note,.
however,.that.the.performance.advantage.of.DF.cooperation.is.based.on.the.following..conditions:.(i).
statistical.channel.information.is.available.to.allow.optimized.power.allocation;.(ii) the .channel.link.
quality.between.the.relay.and.the.destination.is.much.stronger.than.that.between.the.source.and.the.
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relay,.and.(iii).the.signal.constellation.size.is.not.large.such.that.the.relay.makes.fewer.errors..Because.
of.the.higher.complexity.required.by.the.DF.relay,.there.is.a.performance.versus.complexity.trade-off..
For. high-rate. cooperative. communications. utilizing. large. constellations,. AF. cooperation. may. be.
more.preferable.since.AF.relaying.requires.lower.complexity.and.delivers.comparable.performance.in.
terms.of.SER.

33.4 cooperative Scheduling and Resource Allocation

33.4.1 Resource Allocation issues

Unlike.point-to-point.transmission.systems,.cooperative.communications.require.the.resources.such.as.
the.bandwidth.and.the.power.to.be.properly.allocated.among.the.source.and.relay.nodes..For.example,.
in.OFDM-based.cooperative.systems,.the.power.needs.to.be.allocated,.not.only.between.the.source.and.
the.relays,.but.also.among.their.subcarriers.(subchannels)..Furthermore,.the.subchannels.also.need.to.
be.carefully.allocated.between.the.source.and.the.relays.

Such.issues.of.resource.allocation.are.of.critical.importance.to.cooperative.systems.for.two.reasons..
First,.for.cooperation,.choosing.the.right.nodes.to.cooperatively.transmit.at.the.right.time.and.in.the.
right.subchannel.is.vital..If.the.channel.between.a.source.and.a.relay.or.the.channel.between.a.relay.and.
a.destination.is.in.deep.fading,.relay.transmission.wastes.precious.system.resources..Second,.subchan-
nels.may.experience.time-varying.SNR..Because.the.benefit.of.cooperation.is.more.significant.to.low-
SNR. subchannels,. optimizing. subchannel. allocation. among. different. nodes. can. lead. to. substantial.
performance. improvement.. Given. the. strict. bandwidth. and. power. resources. in. practice,. medium.
access scheduling.and.power.allocation.are.two.of.the.most. important.considerations. in.cooperative.
networks.

33.4.2 Medium Access Scheduling

Transmission.scheduling.of.different.nodes.in.a.cooperative.wireless.network.is.essential.to.optimum.
traffic.routing.and.throughput.maximization..It.must.also.take.into.account.other.key.issues.such.as.
interference.control.and.fairness..Even.for.a.moderately.complex.network.configuration.with.a.plurality.
of.source.and.intermediate.nodes,.medium.access.control.can.be.a.challenging.issue..Indeed,.transmis-
sion.scheduling.of.various.nodes.is.essential.to.effective.cooperation.and.efficient.bandwidth.usage.

Node.scheduling.must.overcome.a.number.of.practical.constraints:.half-duplexity.of.the.relay.nodes,.
finite.relay.power.or.lifetime,.and.interference.tolerance..As.discussed.earlier,.half-duplex.relays.force.
each.node.to.operate.in.at.least.two.phases..Additionally,.mutual.interference.among.cooperate.nodes.
must.be.controlled.such.that.source.signals.can.be.fully.recovered.by.destination.nodes,.possibly.through.
joint.detection.or.interference.cancellation.

TABLE 33.2 DF-to-AF.Cooperation.Gain.Ratio.according.to.Modulation.
Schemes

Modulation σ σs d, ,1
2

1
2� σ σs d, ,1

2
1
2= σ σs d, ,1

2
1
2�

BPSK 3 1.1514 1
QPSK 1.3214 1.0851 1
8PSK 1.2393 1.0670 1
M—PSK.(M.large) 1.2247 1.0635 1
16QAM 1.1245 1.0378 1
M—QAM.(M.large) 1.0175 1.0058 1
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For.these.aforementioned.reasons,.scheduling.depends.to.a.large.extent.on.the.network.topology..We.
use.the.linear.multihop.relay.network.as.a.concrete.example.to.illustrate.several.possible.ways.of.relay.
scheduling.and.cooperation.

33.4.2.1 Hop-by-Hop Linear Multihop Scheduling

The.simplest.linear.relay.scheduling.is.to.use.the.hop-by-hop.(HBH).protocol.as.shown.in.Figure.33.9..In.
HBH,.each.node.transmits.directly.to.its.next.node.in.a.simple.handoff.manner..This.naive.protocol.requires.
L.+.1.stages.in.an.L-relay.network..It.accommodates.half-duplex.relay.nodes,.requires.only.one.pair.of.active.
transceiving.nodes,.and.requires.no.special.interference.management..Its.major.disadvantage.is.the.L.+.1.
packet.slots.required.to.transmit.a.single.packet,.leading.to.a.low.throughput.of.1/(L.+.1)..The.second.short-
coming.is.that.this.network.performance.is.dominated.by.the.weakest.link.among.the.L.+.1.hops.

33.4.2.2 time-Division-node Access

A.slight.modification.of.HBH.is.to.divide.the.L.+.1.links.into.odd.and.even.node.groups..In.short,.the.
entire.access.time.is.split.into.2.alternating.time.slots..In.the.odd.time.slot,.the.odd.relays.are.scheduled.
for. transmission.whereas.during. the.even. time.slot,. the.even.relays.are.scheduled..Table.33.3.clearly.
illustrates.how.the.odd.and.even.relays.are.scheduled.for.transmission.of.their.own.packets..This.time-
division-node.access.(TDNA).protocol.can.achieve.a.much.higher.throughput.of.1/2.

In. comparison. with. HBH,. one. major. drawback. of. TDNA. is. the. need. for. interference. management..
Notice.that.relay.2i.+.1.during.reception.will.hear.both.transmissions.from.nodes.2i.and.2i.+.2..At.time.k,.
relay.2i.+.1.will.hear.a.new.packet.k.−.i.from.node.2i.−.1.and.also.an.old.packet.k.−.i.−.1.from.node.2i.+.2..
This.interference.effect.can.be.overcome.by.relay.2i.+.1.via.interference.cancellation..More.specifically,.node.
2i.+.1.should.buffer.the.last.packet.k.−.i.−.1.in.advance..When.receiving.packet.k.−.i,.node.2i.+.1.can.recover.
the.new.packet.k.−.i.by.cancelling.the.known.interference.from.packet.k.−.i.−.1.in.its.received.signals.

Naturally,.the.concept.of.TDNA.can.be.easily.generalized.by.splitting.the.relay.nodes.into.K.groups..
The.members.in.each.access.group.are.separated.by.K.−.1.other.groups..Allocating.K.time.slots.for.relay.
node.access,.this.more.general.TDNA.protocol.would.achieve.a.lower.throughput.of.1/K..In.exchange.
for.the.reduced.throughput,.its.interference.from.downstream.nodes.becomes.much.weaker.and.easier.
to.manage.

33.4.3 Virtual MiMo Relay cooperation

It.is.clear.that.because.of.the.linear.relay.network.topology,.both.HBH.and.TDNA.suffer.from.the.
weakest. link. problem.. In. fact,. to. mitigate. the. weakest. link. problem,. relay. functions. need. to. be.
strengthened..One.concept.for.improving.the.reliability.of.relay.reception.in.HBH.is.to.form.a.virtual.

TABLE 33.3 Alternating.Time-Division.Node.Scheduling.in.Linear.
Multihop.Networks

Node Phase.1 Phase.2

Source Transmit.packet.k Receive.packet.k.+.1
Relay.number.2i.+.1 Receive.packet.k.-.i Transmit.packet.k.-.i
Relay.number.2i.+.2 Transmit.packet.k.-.i.−.1 Receive.packet.k.-.i
Destination Receive.packet.k.−.[L/2]

S D1 2 L...

FIGURE 33.9 Hop-by-hop.scheduling.in.a.multihop.network.showing.an.active.second.hop.
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MIMO.(or.V-MIMO)..The.basic.idea.of.V-MIMO.is.illustrated.in.Figure.33.10..V-MIMO.can.be.real-
ized.by.letting.each.downstream.relay.listen.to.and.buffer.packets.transmitted.by.all or a subset of.its.
upstream. relay. nodes.. During. its. own. packet. decoding,. node.∙. in. effect. can. rely. on. the. multiple.
transmissions.received.from.∙.previous.transmissions.of.the.same.packet.from.node.∙.−.F.to.node.
∙.−.1.

As.shown.in.Reference.17,.we.can.allow.node.∙.to.collect.the.last.F.signal.transmissions.of.the.same.
data.packet.sk.from.the.F.preceding.nodes,

. y k Ph s k n k i Fi
i

i
� � � � …( )

,
( )( ) ( ) ( ), , , , .= + =− 0 1 2 . (33.57)

Node.∙.can.jointly.utilize. y ki
�
( )( ).to.detect.the.common.packet.of.interest.s0(k)..Applying.DF.at.each.

relay,.the.virtual.∙-channel.MIMO.system.can.substantially.improve.the.diversity.gain.of.the.transmis-
sion..Each.link’s.channel.gain.is.improved.by.a.factor.of
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Effectively.given.F.multiple.channels.in.V-MIMO,.node.∙.can.better.overcome.the.performance.loss.
if.the.channel.condition.worsens.between.node.∙.−.1.and.node.∙..Thus,.V-MIMO.no.longer.suffers.from.
the.weakest.link.problem..Such.relay.nodes.are.also.known.as.“cumulative”.relays.[44]..Although.this.
V-MIMO.relay.strategy.has.the.same.throughput.rate.as.HBH,.the.much.improved.diversity.at.each.relay.
node.decoding.makes.V-MIMO.far.more.reliable,.thereby.reducing.substantially.the.need.for.additional.
bandwidth.required.for.retransmission.

33.4.4 turbo Relaying

An.even.more.sophisticated.retransmission.strategy,.known.as.turbo-relay,.can.also.apply.the.V-MIMO.
principle. by. utilizing. the. concept. of. FEC. and. incremental. redundancy.. Developed. in. Reference. 45,.
turbo-relay.allows.the.source.node,.along.with.several.critical nodes.in.the.relay.chain,.to.broadcast.the.
entire.packet.downstream..From.there,.each.relay.downstream.from.the.critical.node.will.simply.store.
and.attempt.to.decode.the.packet..If.the.CRC.of.a.relay’s.packet.decoding.ends.in.error,.the.relay.will.
simply.wait.for.its.upstream.relays.to.decode.the.packet.before.receiving.additional.FEC.parity.bits.or.
symbols. sent.by. these. (noncritical). relays..Note. that. the.noncritical. relays.do.not.broadcast. the. full.
packet.and.transmit.only.a.fraction.of.their.FEC.parity.bits,.which.allows.lower.bandwidth.usage.by.
noncritical.relays..Thus,.turbo-relay.can.improve.the.overall.network.throughput.of.HBH.substantially..
Let.a.linear.multihop.link.consist.of.L0.noncritical.relays.and.L.−.L0.critical.relays..By.shortening.the.
turbo-relay.fraction.time.to.1/F.of.the.entire.data.packet,.turbo.relay.can.shorten.the.time.required.for.

1

2

S
Phase 1

3

L

...

D

Phase 2

Phase L + 1

FIGURE 33.10 Virtual.MIMO.relay.network.
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a.packet.delivery.from.L.to.(L.−.L0).+.L0/F..The.throughput.improvement.factor.can.be.substantial.when.
L0.⪢.L.−.L0.

33.4.5 Dynamic Relay Scheduling for Multiple Source–Destination Pairs

When.a.network.of.relays.serves.multiple.source–destination.pairs,.the.challenges.of.relay.scheduling.
for. different. source–destination. pairs. lie. in. the. variety. of. competing. performance. considerations,.
including.high.throughput,.user.fairness,.low.power.consumption,.and.channel.state.information.(CSI).
sharing.. Dynamic. relay. scheduling. should. rely. on. certain. amount. of. CSI. access.. For. example,.
Hammerström.et al..[4].proposed.a.channel-adaptive.relay.scheduling,.in.which,.focusing.on.AF.relays,.
the. multiple. destinations. cooperate. by. selecting. relay. scheduling. for. different. destinations. based. on.
their.cumulative.SNR.comparison..In.the.dual-destination.case,.relays.can.be.scheduled.to.serve.two.
destination.nodes.according.to.their.time-varying.channel.gains..Additionally,.random phase.offsets.
can.be.applied.to.relay.outputs.[4].to.achieve.better.diversity.and.average.relay.throughput.

33.4.6 Power Allocation

Optimum.power.allocation.among.sources.and.relay.nodes.is.a.key.process.to.realize.the.full.potentials.
of.cooperative.communications..Three.fundamental.issues.in.cooperative.networks.are.often.at.the.cen-
ter.of.investigation.[34,42,46]:

•. Transmit.power.allocation.in.the.broadcasting.and.relaying.phases
•. Power.allocation.to.the.source.and.relay.nodes.in.the.relaying.phase
•. Power.allocation.to.each.hop.in.the.multihop.communications

Clearly,. CSI. information. is. essential. to. power. allocation. optimization.. Without. CSI,. equal. power.
allocation.is.a.simple.and.effective.approach,.though.in.general.not.optimum..But.with.full.or.partial.
knowledge.of.the.CSI,.significant.improvement.in.terms.of.BER,.outage.probability,.or.capacity.can.be.
attained.by.applying.optimal.power.allocation.among.cooperating.nodes.[47].

Let.us. take. the. simple.3-node. relay.network.as. an.example..The.relay.node.may.be. closer. to. the.
source,.or.closer.to.the.destination..In.the.first.scenario,.equal.power.allocation.between.the.two.nodes.
is.near.optimal..But.when.the.relay.is.closer.to.the.destination,.more.power.should.be.allocated.to.the.
source.node.as.the.link.between.the.source.and.the.relay.becomes.less.reliable..Specifically,.if.the.link.
quality.of.source–relay.is.much.worse.than.that.of.relay-destination,.then.we.should.allocate.all.power.
to.the.source.and.ignore.the.relay..On.the.other.hand,.if.the.link.quality.of.source–relay.is.much.better.
than.that.of.relay–destination,.then.equal.power.allocation.to.source.and.relay.tends.to.be.optimum.

It.is.clear.that.solutions.to.the.fundamental.issues.of.power.allocation.would.differ.for.various.net-
work.topologies,.multiple.access.scheduling,.cooperation.strategies,.and.CSI.access..In.this.section,.we.
specifically.focus.on.the.simple.3-node.relay.network.that.cooperates.using.Protocol.I..We.consider.both.
AF.relaying.and.DF.relaying.strategies..We.further.assume.that.statistical.CSI.is.available.to.all.three.
nodes.when.deriving.optimized.power.allocations.for.AF.and.DF.relays.

33.4.6.1 Asymptotic optimum Power Allocation in 3-node DF cooperation

From.the.SER.analysis.of.3-node.relay.systems,.the.asymptotic.SER.at.high.SNR.equals
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where.i.=.1.denotes.the.case.of.M-PSK.and.i.=.2.denotes.the.case.of.M-QAM.



652 Mobile Communications Handbook

Given.the.total.sum.power.constraint.of.P0.+.P1.=.P,.we.can.formulate.the.optimum.power.allocation.
problem.by.minimizing.the.symbol.error.rate.PDF.(M)..Using.a.Lagrangian.[34,.Ch..5],.the.optimum.
power.allocation.can.be.formulated.as
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Thus,.at.high.SNR,.the.respective.optimum.power.allocations.for.M-PSK.and.M-QAM.are.[34],
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We.see.that.the.asymptotic.optimum.power.allocation.does.not.depend.on.the.channel.link.between.
source.and.destination..Instead,.it.depends.on.the.channel.link.of.source-to-relay.and.the.link.of.relay-
to-destination..Moreover,.we.can.see.that.the.optimum.source.power.allocation.P0.is.between.P/2.and.P..
Thus,.we.should.always.allocate.more.power.to.the.source.and.less.to.the.relay.

33.4.6.2 Asymptotic optimum Power Allocation for AF cooperation

The.optimum.power.allocation.for.AF.is.a.special.case.of.the.DF.optimization..By.simply.letting.μi.=.1,.
we.immediately.find.the.optimum.source.power.allocation.for.M-PSK.and.M-QAM.to.be.identically,
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Hence,.unlike.in.DF.cooperation,.the.optimum.power.allocation.for.AF.cooperation.systems.does.not.
change.with.the.modulation.format..The.difference.arises.from.the.fact.that.in.DF.cooperation,.the.relay.
must.decode.the.modulated.source.signal.before.forwarding..The.accuracy.of.relay.decoder.therefore.
would.be.different.for.different.modulations.

Similar.to.the.case.of.DF.relaying,.we.can.see.from.Equation.33.62.that.the.optimum.source.power.P0.
is.between.P/2.and.P..Thus,.more.power.is.given.to.the.source.and.less.power.to.the.relay.in.general..
Another.interesting.note.is.that,.similar.to.the.case.of.DF.relay,.optimum.power.allocation.for.AF.relay.
is.also.insensitive.to.the.statistical.strength.of.the.channel.hs,d.between.source.and.destination.

33.5 theory and Practice

This.chapter.presents.a.rather.abbreviated.introduction.to.the.highly.active.research.field.of.cooperative.
communications..For.comprehensive.discussions.on.various.aspects.of.this.subject,.interested.readers.
should.consult.several.tutorial.papers.such.as.[48–50].and.books.specially.dedicated.to.this.subject.field.
[34,51,52].. As. shown. in. preceding. sections,. much. of. the. literature. on. cooperative. communications.
remains.theoretical..Typically,.such.theoretical.works.are.constrained.by.their.often.idealized.assump-
tions..Most.works.on.cooperative.communications.tend.to.assume.that.the.receivers.have.full.or.partial.
knowledge.of.channel.state.information.(CSI)..Although.in.practice,.channel.estimates.may.be.available.
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when.the.channel.changes.are.slow.with.respect.to.packet.rate,.they.are.not.easy.to.acquire.in.fast-fading.
environments..Cooperative.diversity.can.save.the.required.transmit.power.owing.to.the.diversity.gains.
of.cooperation..However,.one.must.take.into.account.the.extra.processing.and.power.consumption.at.
the.relay.and.destination.nodes.required.for.the.cooperation..Future.studies.on.cooperative.communi-
cations.must.carefully.address.these.trade-off.issues.and.further.relax.the.reliance.on.assumptions.of.
accurate.CSI.knowledge.

Despite.the.predominantly.theoretical.nature.of.the.literature.on.cooperative.communications,.prac-
tical. applications. of. cooperative. communication. systems. and. networking. are. beginning. to. emerge..
Wireless.cooperative.communication.technologies.have.been.brought.into.the.standardization.process.
of.next-generation.broadband.communication.systems.such.as.LTE-Advanced.Release.10.(LTE-A.R10).
[53,54],.IEEE.802.16j.(WiMAX).[55],.and.IEEE.802.11s..Basically,.relay.technologies.in.the.LTE-A.R10.
and.WiMAX.are.very.similar..In.both.cases,.a.relay.is.essentially.an.orthogonal.frequency.division.mul-
tiple.access.(OFDMA).subbase.station.with.a.wireless.backhaul.link..However,.some.open.issues,.such.
as.mobility,.power.saving,.multihop.architecture,.transparent.relaying,.multicarrier.transmission,.and.
cooperative.transmission,.are.still.left.as.challenges..In.IEEE.802.11s,.the.concept.and.operation.of.Mesh.
Access. Point. (MAP). has. been. defined.. MAPs. are. wireless. access. points. serving. as. two-way. relays.
between.the.root.node.and.the.mobile.stations..MAP.deployment.can.be.found.in.IEEE.802.11s.products.
[56].which.are.facilitated.by.the.proposed.cooperative.MAC.[57]..More.recently,.3GPP.has.initiated.the.
standardization.discussion.of.coordinated.multipoint.(CoMP).transmission.by.coordinating.multiple.
neighboring.base.stations.in.LTE-Advanced.(Release.11).[58]..Table.33.4.summarizes.the.current.status.
of.wireless.cooperation.networks.in.practical.applications..Without.a.doubt,.practical.applications.of.
cooperative.communications.are.expected.to.grow.rapidly.as.both.theories.and.technologies.continue.to.
develop.
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34.1 introduction

Research.in.cooperative.communications.was.inaugurated.by.the.advent.of.the.relay.channel.[1,2]..In.
this.simple.three-node.model,.a.relay.aids.the.communication.a.source–destination.pair.by.overhearing.
the.source’s.signal.and.forwarding.some.function.of.it.to.the.destination..The.Shannon.capacity.of.the.
relay. channel. is. unknown,. but. Reference. 2. describes. simple. schemes. that. allow. the. relay. to. greatly.
improve. throughput.. Cooperative. communications. has. been. studied. more. recently. for. wireless. net-
works.in.References.3.through.5..While.specifics.of.topology,.relay.schemes,.and.so.on.differ.between.
works,.they.share.a.common.thread:.users.assist.each.other.by.forwarding.each.other’s.messages,.leading.
to.an.improvement.in.rate.and/or.reliability.

Despite.its.promise.of.improved.performance,.cooperative.communication.is.yet.to.see.widespread.
adoption.in.practical.wireless.networks.*.Increased.overhead.is.an.obvious.culprit;.introducing.relays.
typically.requires.additional.channel.state. information.and.at. least.minimal.synchronization.among.
nodes.. Beyond. the. obvious. difficulties. of. overhead,. we. identify. two. additional. issues,. which. are.
addressed.in.this.chapter..First,.cooperative.communications.by.definition.involves.energy.expenditure.
on.behalf.of.other.users..Especially.in.cellular.systems,.where.mobile.users.face.severe.energy.limita-
tions,.cooperation.may.entail.energy.demands.that.are.undesirable.from.the.perspective.of.individual.
users..Thus,.a.means. for.efficient,. fair.energy.sharing. is. required..Second,. the.coordinated-terminal,.

*. A.preliminary.deployment,.known.as.a.“Mobile.Multihop.Relay,”.is.proposed.in.the.specification.of.IEEE.802.16j,.it.but.
has.yet.to.see.implementation.[6].
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constructive-interference. aspect. of. cooperation. significantly. complicates. medium-access. issues,. par-
ticularly.in.larger.ad hoc.networks..Efficient,.practical.algorithms.are.required.that.simultaneously.man-
age.relay.selection,.interference.management,.and.routing.in.order.to.exploit.the.potential.of.cooperative.
communications.

To.address.these.issues,.we.must.look.at.several.layers.of.the.network.stack..Cooperation.is.intrinsi-
cally.a.signal-level,.physical-layer.phenomenon,.but.both.the. link.and.medium.access. layers.must.be.
modified.in.order.to.appropriately.incorporate.cooperation..Accordingly,.we.describe.techniques.that.
operate.at.multiple.layers.in.order.to.facilitate.and.manage.cooperation.between.users.

In. Section. 34.2,. we. introduce. the. relay. channel,. which. forms. the. atomic. unit. of. the. techniques.
described..We.review.the.information-theoretic.techniques.described.in.Reference.2,.focusing.specifi-
cally.on.the.decode-and-forward.rates.that.are.achievable.via.block.Markov.encoding.

In.Section.34.3,.we.describe.an.approach.to.fair,.efficient.energy.sharing.between.users.in.a.small.
cellular.scenario..In.order.to.facilitate.cooperation.between.energy-selfish.users,.we.cast.the.problem.
as. an. infinite-stage.game. in.which.users. choose. relay.power.allocations. in.order. to.maximize. the.
bits-per-energy.efficiency..We.detail.a.method.for.efficiently.finding.the.power.allocations.that.sat-
isfy. the.Nash.bargaining. solution. [7],.which. is.well.known. to.give.a. fair,. efficient. solution.on. the.
boundary. of. the. achievable. region.. Numerical. results. show. that. cooperation. can. simultaneously.
improve.each.user’s.bits-per-energy.efficiency.for.a.wide.variety.of.channel.conditions,.and.that.the.
Nash.bargain.results.in.a.“fair”.distribution.of.resources,.allowing.weaker.users.to.benefit.the.most.
from.cooperation.

In.Section.34.4,.we.describe.a.cross-layer.model.for.network.resource.allocation,.within.which.we.study.
the.scheduling.and.routing.problem.while.permitting.information-theoretic.rate.control.on.wireless.links..
Rate.control.enables.cooperative.communications.to.be.integrated.into.the.broader.resource-allocation.
paradigm.of.large.ad hoc.networks..This.model.results.in.a.polynomial-time.algorithm.for.efficient.relay.
selection,.scheduling,.routing,.and.power.control..Numerical.results.show.that.cooperation.significantly.
impacts.on.routing.and.scheduling.decisions.and.permits.a.substantial.improvement.in.network.through-
put.with.only.minor.increases.in.computational.complexity.and.information.overhead.

34.2 Relay channel

The. relay. channel,. depicted. in. Figure. 34.1,. is. the. fundamental.unit. of. cooperative. communications..
Three.terminals.comprise.the.relay.channel:.a.source.with.a.message.to.transmit,.a.destination.intend-
ing.to.receive.the.source’s.message,.and.a.relay.willing.to.facilitate.communication.with.the.destination..
In.the.AWGN.relay.channel,.the.source.and.relay.transmit.signals.Xs.and.Xr,.and.the.relay.and.destina-
tion.receive.signals.Yr.and.Yd,.as.follows:

.

Yr s r

d s r d

= +

= + +

X Z
Y X X Z ,

R

S D

FIGURE 34.1 The.classical.three-terminal.relay.network..The.source’s.transmission.is.received.at.both.the.relay.
and. the. destination.. The. relay. coordinates. its. transmission. with. the. source. to. help. the. destination. decode. the.
intended.message.
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where.Zr.~.N(0,.Nr).and.Zd.~.N(0,.Nd)..We.impose.transmit.power.constraints.E X P[ ]s s
2 ʺ .and.E X P[ ]r r

2 ʺ .
on.the.source.and.relay..We.consider.the.case.of.a.full-duplex.relay,.which.can.simultaneously.transmit.
and.receive,.and.a.half-duplex.relay,.which.can.only.transmit.or.receive.at.any.given.time..By.causality,.the.
relay’s.signal.Xr.can.depend.only.on.previously.received.signals.Yr.

In. general,. the. Shannon. capacity. of. the. relay. channel. is. unknown.. In. Reference. 2,. Cover. and. El.
Gamal.derive.upper.and.lower.bounds.on.the.capacity.of.the.full-duplex.relay.channel.which.remain.the.
tightest.known..The.upper.bound.follows.from.a.cut-set.argument:
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(34.1)

The.capacity.of.the.relay.channel.is.bounded.below.by.the.achievable.rate.of.one.of.several.proposed.
schemes.. The. two. most. popular. achievable. schemes. are. the. decode-and-forward. and. compress-and-
forward.schemes,.both.presented.in.Reference.2..The.material.presented.in.this.chapter.makes.use.of.
decode-and-forward,.in.which.the.relay.decodes.the.source’s.message.entirely.and.retransmits.(perhaps.
a. portion. of). it. to. the. destination.. In. the. full-duplex. case,. decode-and-forward. achieves. rates.
satisfying
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where.α.denotes.the.split.of.the.source’s.power.between.sending.fresh.information.and.resolution.infor-
mation.to.the.destination,.and.α α= −1 ..In.the.half-duplex.case,.decode-and-forward.achieves.rates.
satisfying.[8]
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where.t.specifies.the.fraction.of.time.in.which.the.relay.acts.as.receiver,.γ.specifies.the.division.of.source.
power.between.stages,.and.α.specifies.the.division.of.source.power.between.sending.fresh.information.
and.sending.resolution.information.

For.both.full-duplex.and.half-duplex.relays,.decode-and-forward.achieves.capacity.asymptotically.as.
the.link.between.source.and.relay.becomes.strong,.but.in.general.its.rates.are.suboptimal..The.decode-
and-forward. rates. are. achieved. using. block. Markov. encoding,. in. which. the. source. sends. a. message.
during.one.block.and.in.the.next.block.collaborates.with.the.relay.to.send.resolution.information.to.the.
destination..We.briefly.review.the.list.decoding.method.proposed.for.full-duplex.relaying.in.Reference.2,.
which.is.depicted.in.Table.34.1.

In.block.Markov.encoding,.we.need.two.codebooks:.a.primary.codebook.Cs.with.2nR.codewords.and.
a.resolution.codebook.Cr.with.2nR0.codewords..Each.codeword.is.generated.from.a.Gaussian.distribu-
tion.having.unit.average.power..The.source.transmits.fresh.codewords.from.Cs,.and.the.source.and.relay.
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cooperatively.send.resolution.codewords.from.Cr.to.help.the.destination.decode.the.desired.message..
The.source.and.relay.transmit.B.messages.over.B.+.1.blocks.of.n.channel.uses.each.

During.the.first.block,.the.source.transmits

. X P cs s s
( ) ( )1 1= α .

where.cs(1).∈.Cs.is.the.codeword.associated.with.the.message.for.block.1..The.relay.decodes.cs(1).from.Yr
( )1 .

using.typical.sequence.decoding,.which.is.possible.if.n.is.large.and
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The. destination. cannot. yet. decode. cs(1),. but. instead. creates. a. list. L Y( )( )
d

1 . of. codewords. that. are.
jointly.typical.with.Yd

( )1 ..During.the.next.time.block,.in.addition.to.sending.cs(2),.the.source.collabo-
rates.with.the.relay.to.send.resolution.information.to.the.destination..This.is.accomplished.via.ran-
dom.binning..Let.B(i).be.a.function.mapping.the.2nR.indices.of.Cs.to.the.first.2nR0.integers..This.binning.
function.is.chosen.randomly:.each.of.the.2nR.indices.is.randomly.and.uniformly.assigned.an.integer..
The. source. and. relay. encode. the. bin. index. into. cr(1),. which. they. collaboratively. transmit. to. the.
destination:
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The.destination.decodes.the.bin.index,.treating. αP cs s( )2 .as.noise..This.is.successful.with.low.proba-
bility.of.error.as.long.as
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(34.5)

Now.in.possession.of.the.bin.index,.the.destination.looks.for.codewords.in. L Y( )( )
d

1 .that.also.corre-
spond.to.the.bin.index.just.decoded..Averaging.over.the.possible.binning.functions,.there.is.a.unique.
such.codeword.as.long.as

.
R R P

N− < +
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⎞
⎠⎟0 2

1
2 1log α s

r
.
.

(34.6)

The.encoding.and.decoding.proceeds.in.this.fashion:.at.block.t,.the.source.transmits.cs(t),.while.
source.and.relay.cooperatively. send.cr(t.–.1)..This.continues.until.block.B.+.1,. in.which.only. the.
resolution. information. cr(B). is. sent.. The. destination. successfully. decodes. nRB. bits. in. n(B.+.1).

TABLE 34.1 Block.Markov.Encoding

b.=.1 b.=.2 . . . b.=.B.+.1

Source cs(1) cs(2).+.cr(1) . . . cr(B)
Relay – cr(1) . . . cr(B)
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channel.uses..For.large.B,.the.overall.rate.is.arbitrarily.close.to.R..Combining.Equations.34.4,.34.5,.
and.34.6,.we.get.the.rates.promised.in.Equation.34.2.

For.half-duplex.relaying,.we.adjust.the.encoding.procedure.slightly..Since.the.relay.cannot.transmit.
and.receive.simultaneously,. it.cannot.decode.the.fresh.codeword.cs(t).while.transmitting.cr(t.–.1)..So,.
while. the. source.and.relay.cooperatively. send.cr(t.–.1),. the. source. transmits.a. fresh.codeword,.never.
decoded.by.the.relay,.to.the.destination..We.omit.the.details.for.brevity,.but.this.scheme.achieves.the.
rates.promised.in.Equation.34.3.

34.3 Physical-Layer cooperation: energy efficiency

As.we.saw.in.the.previous.section,.relaying.can.substantially.improve.the.throughput.of.a.wireless.link..
However,.the.simple.relay.channel.tacitly.assumes.the.existence.of.a.relay.terminal.whose.raison d’être.is.
to.assist.the.source.terminal..While.it.is.possible.to.deploy.dedicated.relays.in.a.wireless.network,.in.prac-
tice,.terminals.serve.users.who.have.their.own.data.to.send.and.their.own.resources.to.conserve..This.is.
particularly.evident.in.cellular.systems,.in.which.devices.are.battery-powered.and.face.severe.energy.limi-
tations..Each.user.has.an.incentive.to.conserve.energy.as.much.as.possible,.precluding.the.possibility.of.
cooperation.

We.examine.the.issue.of.user.cooperation.from.a.game-theoretic.perspective..We.consider.a.simple.
two-user.cellular.network.in.which.each.user.wants.to.maximize.its.energy.efficiency.as.measured.in.
bits.per.joule..Casting.the.scenario.as.an.infinite-stage.game,.it.is.possible.for.selfish.users.to.negotiate.a.
compromise.that.mutually.improves.performance.

34.3.1 System Model

Consider.a.simple.cellular.uplink.scenario. in.which.two.mobile.users.communicate.with.a.common.
base.station.(BS)..In.a.typical.cellular.scenario,.users’.transmissions.are.orthogonalized;.for.simplicity,.
suppose.they.are.time-division.multiplexed..User.1.transmits.its.data.to.the.BS.during.odd.time.blocks,.
while.user.2.transmits.its.data.during.even.time.blocks..The.idle.user.can.choose.to.act.as.a.relay.for.the.
active.user.in.order.to.help.increase.the.active.user’s.rate..In.other.words,.during.odd.time.blocks.(when.
user.1.transmits.its.data),.user.2.can.act.as.a.relay.node,.and.vice.versa.during.even.time.blocks..The.two.
users.and.the.BS.thus.form.a.three-terminal.relay.channel.in.which.the.roles.of.source.and.relay.are.
exchanged.at.each.time.block,.as.depicted.in.Figure.34.2.

We. assume. a. complex. baseband,. Rayleigh-distributed,. block-fading. channel. model.. During. each.
time.block.t.∈.{1,2,. . .},.the.channel.coefficients.hij.between.node.i.and.j.remain.constant,.and.coefficients.
at. different. time. blocks. are. statistically. independent.. The. channel. distributions. are. specified. by. the.
expected.gains.E[|hij|2],.which.remain.constant.for.all.t..We.assume.that.the.mobile.users.are.capable.of.
full-duplex.transmission.and.that.channel.state.information.is.available.globally..During.odd.(.respectively,.

U1

U2

BSh12(t)

h13 (t)

h23(t)

(odd t)

U1

U2

BSh21(t)

h13 (t)

h23(t)

(even t)

FIGURE 34.2 Transmission.schedule..During.odd.time.blocks,.user.1.acts.as.source.and.user.2.acts.as.relay,.and.
vice.versa.for.even.time.blocks.
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even).time.blocks,.the.source.user.transmits.symbols.X1(t).(X2(t)).to.the.relay.and.base.station,.and.the.
relay.user.transmits.symbols.X2(t).(X1(t)).to.the.base.station.to.facilitate.the.source.user’s.transmission..
The.received.signals.at.the.relay.and.destination.are.then

.

Y t h t X t N t t
Y t h t X t N t

1 21 2 1

2 12 1 2

( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) (

= +

= +

even 
odd  t

Y t h t X t h t X t N t
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( ) ( ) ( ) ( ) ( ) ( ),3 13 1 23 2 3= + +

where.each.Ni(t).is.additive.white.Gaussian.noise.with.unit.variance..To.model.the.mobile.users’.power.
constraints,.we.limit.the.average.source.and.relay.powers.during.each.block:
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where. psi(t). is. the. power. allocated. by. user. i. while. acting. as. the. source. node,. and. pri(t). is. the. power.
.allocated.by.user.i.while.acting.as.the.relay..In.other.words,.psi(t).represents.power.user.i.spends.on.its.
own.transmissions;.pri(t).represents.power.spent.relaying.for.user.i.

Assuming.that.each.time.block.is.sufficiently.long,.we.can.use.codebooks.that.achieve.the.information-.
theoretic.rates.for.the.relay.channel.presented.in.Section.34.2..Although.we.could.choose.a.different.relay.
scheme,.we.use.decode-and-forward,.since.it.is.a.simple,.well-studied.approach.that.leads.to.a.tractable.
expression. for. the.achievable.rate.. It.also.achieves.rates.near.capacity.when.the. interuser.channels.are.
much.stronger.than.the.channels.between.users.and.the.BS..Since.we.may.reasonably.assume.that.geo-
graphically.close.users.will.be.paired.up.for.cooperation,.decode-and-forward.is.a.l.ogical.choice..Applying.
Equation.34.2.to.the.present.scenario,.the.achievable.rates.are

.
r t h h hi ij i( ) max min max log | | , log | | log ( |= +( ) +( ){ } +

α
α1 1 12

2 3
2

2 13 || | | | |) ,2
23

2
13 232+ +{ }h h hα

for.i.≠.j..The.terms.inside.the.min.function.correspond.to.the.two.possible.bottlenecks.of.the.decode-
and-forward.relay.channel:.the.point-to-point.channel.between.either.the.source.and.relay.or.the.source.
and. destination. (whichever. is. greater),. and. the. broadcast. channel. formed. by. the. source,. relay,. and.
.destination.. Note. that. the. achievable. rate. is. always. lower-bounded. by. the. capacity. of. the. source–.
destination.channel.

34.3.2 Bits-per-energy efficiency

Bits-per-energy.efficiency.has.been.studied.previously,.most.notably.in.Reference.9,.where.an.elegant.
.information-theoretic.characterization.for.the.single-user,.multiple-access,.and.interference.channels.is.
given..In.Reference.10,.the.energy.efficiency.of.the.relay.channel.is.studied..However,.maximizing.energy.
efficiency.almost.invariably.drives.users.to.the.low-SNR.regime,.where.rates.are.arbitrarily.small..Strict.
maximization.of.energy.efficiency,.then,.is.not.typically.useful.in.practice.when.users.have.target.rates.
to.meet.or.delay.constraints.to.satisfy.

To.sidestep.this.obstacle,.we.impose.limitations.on.the.bits-per-energy.maximization..First,.we.define.
the.bits-per-energy.efficiency..Since.each.time.block.has.the.same.duration,.the.amount.of.data.having.
reached.the.base.station.is.proportional.to.the.sum.of.rates.over.all.previous.time.blocks..Similarly,.the.
total.energy.expenditure.is.proportional.to.the.sum.of.the.power.allocations.in.previous.time.blocks..So,.
the.total.bits-per-energy.efficiency.for.each.user.is.proportional.to
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where. the. sums.converge. to.expectations.because. the.channels.are.ergodic,. allowing.us. to.write. the.
power.allocations.as.functions.of.the.channel.coefficients,.denoted.by.the.vector.h..The.units.of.e1.and.e2.
are.normalized.bits.per.joule:. if.each.user’s.transmitter.power.were.1.W.and.each.channel.were.1.Hz.
wide,.the.units.of.e1.and.e2.would.be.bits.per.joule;.we.simply.refer.to.the.units.as.“bits.per.energy.”

Now,.to.sidestep.the.obstacle.of.users’.rates.becoming.small,.we.constrain.each.user.to.employ.full.
power.for.its.own.transmission..That.is,.we.always.have.psi(t).=.1,.meaning.that.each.user’s.rate.is.at.least.
as.high.as.the.capacity.of.its.link.with.the.BS..In.addition.to.bounding.users’.rates.away.from.zero,.this.
restriction.approximates.a.cellular.environment,.where.users.simply.use.the.available.power.to.achieve.
the.highest.possible.quality.of.service.(neglecting,.perhaps,.the.need.for.power.control)..Thus,.in.our.
framework,. user. cooperation. is. an. appendage. to. the. existing. cellular. system,. which. can. be. used. to.
improve.both.data.rates.and.bits-per-energy.efficiency..Now,.we.can.write.the.energy.efficiencies.as

.
e p p

E r p
E pi
i j

i
( , )

[ ( ( ))]
[ ( )]r r

h r

h r
1 2 1=

+
h

h .
(34.7)

With.the.energy.efficiencies.defined,.we.define.the.achievable.bits-per-energy.region.for.our.system:

. E = ≤ ≤{( ( , ), ( , )) : ( ), ( ) }.e p p e p p p p1 1 2 0 1r r r r r r2 1 2 1 2h h

The.bits-per-energy.region.is.entirely.characterized.by.the.channel.statistics.E[|hij|2]..E.is.necessarily.
compact,.but. it.need.not.be.convex,.since.time-sharing.between.power.allocations.does.not.result. in.
convex.combinations.of.bits-per-energy.efficiencies..Each.point. in.E. is.achieved.by.using.a.different.
relay.power.allocation.pair.(pr1(h),pr2(h))..While.the.set.of.feasible.power.allocations.is.infinite-dimen-
sional,.we.can.characterize.the.power.allocations.associated.with.the.outer.boundary.of.E.

Definition 34.1 

A point.(e1,e2).∈.E.is a.(Pareto).boundary.point.if, for any other point.(f1,f2).∈.E,.f1.>.e1.implies f2.<.e2,.
and f2.>.e2.implies f1.<.e1..In other words, there is no point that gives increased energy efficiency to one user 
without decreasing the efficiency of the other user.

Theorem 34.1 

Let.pr1
∗ .and. pr2

∗ .be relay power allocations with average power.E ph r[ ]1
∗ = α1 .and.E ph r[ ]2

∗ = α2 ,.respectively. 
Then, the point. ( ( , ), ( , ))e p p e p p1 2 2r r r1 1 2

∗ ∗ ∗ ∗ ∈E .is a Pareto boundary point only if, for i.≠.j,
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Proof..
We.argue.by.contradiction..Let.( ( , ), ( , ))e p p e p p1 1 2 2r r

∗ ∗ ∗ ∗ ∈1 r2 E .be.a.Pareto.boundary.point,.and.choose.i.≠.j..
Supposing.that. p ir

∗ .is.not.a.solution.to.Equation.34.8,.there.must.exist.some.pri.such.that.E r pj ih r[ ( )] > .
E r pj ih r[ ( )]∗ . and. E p E pi i ih r h r[ ] [ ]= =∗ α .. Thus,. ( ( , ) ( , )e p p e p pj i j j i jr r r r

∗ ∗ ∗> ,. but. e p p e p pi i j i i j( , ) ( , )r r r r
∗ ∗ ∗= . by.

.definition..So,. ( ( , ), ( , ))e p p e p p1 1 2r r r r
∗ ∗ ∗ ∗

2 1 2 .cannot.be.a.boundary.point,.which.is.a.contradiction.

The.content.of.Theorem.34.1.is.that,.in.order.to.achieve.a.boundary.point,.power.must.be.allocated.
.efficiently..That.is,.if.a.user.commits.a.certain.average.power.for.relaying,.then.that.power.should.be.allo-
cated.to.increase.the.other.user’s.rate.as.much.as.possible..Theorem.34.1.is.useful.because.the.maximiza-
tion.of.the.expected.rate.is.a.convex.problem..Therefore,.to.achieve.boundary.points,.we.can.transform.the.
high-dimensional.problem.of.finding.relay.power.allocations.into.a.series.of.(relatively).simple.convex.
programs..Conceptually,.instead.of.searching.over.the.entire.set.of.permissible.power.allocations,.we.need.
only.to.search.over.the.(α1,.α2).pairs.to.find.the.desired.boundary.point.

Even.with.this.characterization.of.the.Pareto.boundary,.however,.it.remains.to.be.seen.to.what.extent.
user.cooperation.can.improve.users’.bits-per-energy.efficiency..Each.user’s.rate.increases.only.logarith-
mically.with.the.other.user’s.relay.power,.so.it.is.still.possible.that.refusing.to.relay.is.ideal.in.terms.of.
bits-per-energy..To.answer.this.question.definitively,.we.turn.to.a.game-theoretic.approach.

34.3.3 Game-theoretic Formulation

User.cooperation.has.recently.received.game-theoretic.attention.in.the.literature..In.Reference.11,.the.
.effectiveness.of.transmitter.and.receiver.cooperation.is.studied.from.the.perspective.of.coalitional.game.
theory,.and.user.cooperation.is.examined.under.a.repeated-game.framework.in.Reference.12..However,.
neither.of.these.works.considers.energy.efficiency..In.a.work.more.similar.to.ours.[13],.Nash.bargaining.
is.used.to.facilitate.user.cooperation.in.a.throughput-per-energy.setting,.although.the.work.considers.a.
simple.bandwidth.sharing.rather.than.information-theoretic.cooperation.

A.game.is.formally.defined.by.three.objects:.a.set.of.players,.a.set.of.strategies.that.those.players.can.
enact,.and.a.set.of.utility.functions.denoting.the.payoff.each.player.derives.from.the.strategies.enacted..
We.cast.our.scenario.as.a.game.in.which.each.mobile.user.is.a.player.whose.strategies.are.the.relay.power.
allocations.pri.and.whose.utility.functions.are.the.bits-per-energy.efficiencies.ei(pr1,.pr2).

34.3.3.1 noncooperative Games

The.solution.to.a.game.depends.on.the.particular.game-theoretic.framework.employed..The.simplest.pos-
sible.framework.is.a.single-stage.noncooperative.game,.where.selfish.players.select.strategies.that.maxi-
mize.individual.utility.without.regard.for.the.utility.of.other.players..Players.simply.select.their.strategies,.
collect.their.payoff,.and.never.interact.again..The.classic.solution.concept.for.a.noncooperative.game.is.the.
Nash.equilibrium.(NE).[14],.which.is.a.strategy.selection.such.that.no.player.can.improve.its.utility.by.
unilaterally.changing.its.strategy..An.NE.is.therefore.stable.with.respect.to.selfish.players,.as.they.have.no.
incentive.to.deviate.from.the.equilibrium.point..However,.while.the.NE.is.optimal.from.the.perspective.of.
each.player.individually,.it.is.notoriously.inefficient..Players.who.are.willing.to.cooperate.frequently.can.
achieve.higher.utilities.than.the.NE..For.example,.under.a.single-stage.game,.user.cooperation.is.never.an.
NE,.regardless.of.the.benefits.of.relaying..Each.user.can.improve.its.payoff.by.lowering.its.relay.power,.so.
the.unique.NE.is.pri(h).=.0,.resulting.in.payoffs

. e e E hi i i
NE

h= = +( , ) [log ( | | )].0 0 12 3
2

34.3.3.2 nash Bargaining Solution

To.improve.upon.the.single-stage.NE,.we.turn.to.the.Nash.bargaining.solution.(NBS).from.coopera-
tive.game.theory.[7]..Formally,.a.two-player.bargaining.game.is.defined.by.a.set.of.feasible.utilities.U.
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and.a.disagreement.point.δ.∈.U..The.set.U.contains.utility.vectors.u.=.(u1,u2),.denoting.the.payoff.to.
both.players,.for.all.possible.strategies.the.players.may.implement..The.disagreement.point.δ.repre-
sents.the.“status.quo”.prior.to.bargaining.or.utility.guaranteed.to.each.player.should.bargaining.fail..
In.bargaining.games,.players.cooperatively.choose.a.compromise.point..That.is,.rather.than.individu-
ally.focusing.on.payoff.maximization,.players.jointly.choose.a.mutually.agreeable.utility.vector.and.
agree.to.enact.the.strategies.associated.therewith..The.Nash.bargain.is.an.axiomatic.solution,.mean-
ing.that.the.solution.point.is.defined.by.a.set.of.(ostensibly).reasonable.axioms.rather.than.a.concrete.
bargaining.process..Rather.than.give.a.full.description.of.the.axioms,.we.briefly.note.that.the.NBS.is.
characterized.as.the.point.on.the.Pareto.boundary.that.satisfies.affine.invariance,.symmetry.between.
players,.and.independence.to.irrelevant.alternatives..Nash.showed.that.the.unique*.point.satisfying.
the.specified.axioms.is

.
u

u

NBS = − −
∈

+ +arg max[ ] [ ] ,
U

u u1 1 2 2δ δ
.

(34.9)

where.[·]+.=.max(·,.0)..In.other.words,.the.NBS.is.the.point.that.maximizes.the.product.in.Equation.34.9,.
called.the.Nash product..For.our.problem,.the.set.of.feasible.utilities.is.E,.and.we.take.the.disagreement.
point.to.be.δ = ( , )e e1 2

NE NE ,.the.single-stage.NE.utilities..So,.finding.the.NBS.results.in.the.following.opti-
mization.problem:
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The. Nash. bargain. offers. several. advantages.. First,. the. NBS. point. is. on. the. Pareto. boundary,.
.guaranteeing. an. efficient. solution.. Second,. the. NBS. is. well. known. for. providing. a. fair. compromise.
between.players,.as.we.will.empirically.verify.in.Section.34.3.4..Finally,.since.we.maximize.the.product.
of.players.utilities.in.Equation.34.10,.we.are.guaranteed.that,.when.possible,.the.NBS.gives.improved.
energy.efficiency.to.both.users..Otherwise,. the.NBS.simply.results. in. the.noncooperative.solution. in.
which.both.users.refuse.to.relay..By.finding.the.Nash.bargaining.solution,.we.can.say.definitively.whether.
it.is..possible.to.improve.both.users’.energy.efficiency.via.user.cooperation.

The.optimization.problem.in.Equation.34.10.is.nonconvex,.making.it.difficult.to.find.the.NBS.power.
.allocations. directly.. Fortunately,. since. the. NBS. point. is. on. the. Pareto. boundary,. we. can. appeal. to.
Theorem.34.1..Then,.we.need.only.to.search.over.(α1,α2).pairs.in.order.to.find.the.NBS.power.allocations,.
suggesting.a.straightforward.optimization.scheme..By.deriving.a.simple.upper.bound.on.the.Nash.prod-
uct,.we.can.efficiently.search.over.the.set.of.(α1,α2).pairs.using.branch-and-bound.techniques.[16]..For.
each.(α1,α2).pair,.we.find.the.bits-per-energy.efficiencies.according.to.Equation.34.8.and.evaluate.the.
Nash.product..We.continue.the.process.until.the.Nash.product.is.maximized..Note.that.we.can.modify.
this.approach.to.find.any.point.on.the.Pareto.boundary:.we.can.find.the.max–min.point,.maximize.the.
sum.efficiency,.or.find.other.bargaining.solutions.with.this.approach.

34.3.3.3 infinite-Stage Games

As.a.final.note,.we.point.out.that.by.casting.our.scenario.as.an.infinite-stage.game,.we.can.make.the.NBS.
power.allocations.a.Nash.equilibrium,.meaning.that.even.purely.selfish.players.can.be.enticed.to.cooper-
ate..Rather.than.simply.making.a.single.decision.and.never.interacting.again,.players.in.an.infinite-stage.
game.repeatedly.interact,.making.decisions.again.and.again.that.affect.their.long-term.payoff..Players.in.
infinite-stage.games. therefore.must.consider. the. future.consequences.of. their.decisions,.which. intro-
duces.notions.of.reputation.and.reciprocity:.players.may.reward.or.punish.players.for.“good”.and.“bad”.

*. Strictly.speaking,.the.NBS.is.defined.only.when.the.set.of.utilities.is.convex..The.NBS.can.be.generalized.to.nonconvex.
sets.[15],.but.for.brevity’s.sake.we.omit.the.technicalities.
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behaviors..In.our.case,.one.user.may.agree.to.relay.for.a.user.provided.the.other.user.agrees.to.do.the.
same.in.the.future..With.the.additional.incentives,.cooperative.behavior.can.often.be.sustained.as.an.NE.
of.an.infinite-stage.game.

In.an. infinite-stage.game,.players’. strategies.are.expressed.as. functions.of. the. strategies.played. in.
previous.stages..So,.for.each.stage,.players.specify.what.strategies.they.will.play.for.every.possible.history.
of.plays.up.to.that.stage..In.other.words,.players.specify.their.strategies.for.all.possible.“contingencies.”.
For.our.scenario,.the.players.are.the.two.users,.and.each.stage.is.a.time.block.t..At.each.time.block,.only.
the.relay.user.has.a.decision.to.make,.which.is.how.much.relay.power.pri(t).to.use;.this.decision.is.a.func-
tion.of.all.previous.decisions.made.by.both.players..The.utilities.are.the.bits-per-energy.utilities.(34.7)..
A.Nash.equilibrium.of.an.infinite-stage.game.is.a.set.of.strategies.(including.all.possible.contingencies).
such.that.no.single.player.can.improve.its.payoff.by.deviating.

Theorem 34.2 

There exists a (subgame perfect) Nash equilibrium in the infinite-stage game such that the users select the 
NBS power allocations defined in Equation 34.10.

Proof..
We.omit.the.proof.for.brevity;. it.closely.mirrors.the.proof.of.the.so-called.folk.theorem.for.repeated.
games.[17].

34.3.4 numerical Results

To.see.to.what.extent.user.cooperation.can.benefit.users—and.to.demonstrate.the.performance.of.the.
NBS—we.show.the.results.of.numerical.experiments..First,.we.plot.the.achievable.bits-per-energy.region.
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FIGURE 34.3 Bits-per-energy.region.when.E[|h12|2].=.E[|h21|2].=.20.dB.and.E[|h13|2].=.E[|h23|2].=.5.dB..The.single-
stage.Nash.equilibrium.and.Nash.bargaining.points.are.shown..(Adapted.from.M..Nokleby.and.B..Aazhang,.User.
cooperation. for. energy-efficient. cellular. communications,. IEEE International Conference on Communications,.
Cape.Town,.South.Africa,.May.2010.)
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for.a.given.set.of.channel.conditions..Let.E[|h12|2].=.E[|h21|2].=.20.dB.and.E[|h13|2].=.E[|h23|2].=.5.dB,.so.
that. the. interuser. channels. are. stronger. on. average. than. the. channels. with. the. BS.. We. numerically.
sweep.over.the.(α1,α2).pairs,.allowing.us.to.find.the.Pareto.boundary.and.compute.ε..In.Figure.34.3,.we.
plot.ε.as.well.as.the.NE.and.NBS.points..In.this.case,.since.the.NE.point.is.not.on.the.Pareto.boundary,.
both.users.see.significant.improvement.in.energy.efficiency.through.cooperation.

Since.we.cannot.show.the.NBS.for.all.possible.channel.statistics,.we.focus.on.a.family.of.meaningful.
cases.. For. Figure. 34.4,. we. set. the. expected. interuser. gains. to. E[|h12|2].=.E[|h21|2].=.20.dB,. set. user. 2’s.
expected.gain.at.E[|h23|2].=.10.dB,.and.let.E[|h13|2].vary.between.−5.dB.and.20.dB..This.range.allows.us.
to.see.the.NBS.performance.when.users’.channel.conditions.are.asymmetric,.thus.giving.us.insight.as.to.
the.fairness.of.the.results..Figure.34.4.shows.each.user’s.bits-per-energy.efficiencies,.both.without.coop-
eration.and.under.the.NBS..In.Figure.34.5,.we.show.the.results.in.terms.of.percent.gain.to.each.user..
First,. we. note. that. regardless. of. the. channel. statistics,. the. NBS. is. nontrivial,. and. both. users. obtain.
improved.energy.efficiency.through.cooperation..The.gains.are.significant—in.excess.of.100%.for.user.1.
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when.its.link.with.the.BS.is.weak,.and.approximately.15%.for.each.user.when.their.links.are.identical..
We.also.see.a.notion.of.“fairness”.in.the.bargaining:.when.E[|h13|2].is.small,.user.1.is.at.a.relative.disad-
vantage.but.experiences.the.greater.increase.in.efficiency;.conversely,.when.E[|h13|2].is.large,.user.1.is.at.
a.relative.advantage.and.experiences.the.lesser.increase.

Of.course,.we.have.not.explored.the.entire.space.of.channel.statistics,.but.we.can.make.commonsense.
extrapolations. from. the. data.. Obviously,. the. effectiveness. of. cooperation. increases. with. the. relative.
strength.of.the.interuser.links;.as.E[|h12|2].and.E[|h21|2].increase.and.decrease,.so.do.the.benefits.of.coop-
eration..But,.while.there.exist.circumstances.in.which.user.cooperation.can.provide.only.limited.improve-
ment,.we.have.seen.nontrivial.improvement.in.a.variety.of.reasonable.channel.conditions,.suggesting.that.
user.cooperation.is.a.widely.applicable.means.for.improving.energy.efficiency.

34.4  cooperation at the Medium-Access Layer: network 
Resource Allocation

Section.34.3.has.discussed.the.energy-expenditure.fairness.issues.associated.with.cooperation,.and.in.
particular,.has.identified.regimes.of.operation.within.which.cooperation.among.several.users.is.desir-
able..Until.now,.we.have.considered.the.network.to.be.operating.in.an.isolated.environment,.such.that.
there.is.no.penalty.to.cooperation.beyond.power.use.at.the.relay.terminal..Indeed,.we.have.seen.that.
cooperation.is.a.clear.choice.for.improving.the.throughput.of.a.source−destination.link.

In.a.broader.network.with.many.simultaneously.active. terminals,. the. isolation.assumption.can.no.
longer.be.considered.as.true..When.forwarding.information.in.a.cooperative.mode,.relay.terminals.con-
tribute.interference.in.the.network.which.may.disrupt.ongoing.transmission.elsewhere..Large..networks.
are.inherently.interference-limited.[18],.leading.to.a.variety.of.interference-management.schemes.

In.general,.these.schemes.are.the.domain.of.the.medium-access.layer,*.and.are.typically.classified.into.
scheduling.and.routing.techniques..The.scheduling.problem.has.been.effectively.solved.in.an.asymptotic.
throughput-maximization.sense.[20],.and.similarly.for.the.routing.problem.[21,22].

As. was. described. in. the. previous. section,. user. cooperation. is. fundamentally. the. coordinated.
action. of. two. nearby. terminals. over. two. timeslots:. there. is. coupling. in. both. space. and. time.. In.
essence,.when.used. in. the.cooperative. sense,. the.“interference”. from.the. source.and.relay.can.be.
beneficial..This.presents.challenges.to.existing.scheduling.and.routing.protocols,.which.have.used.
the.atomic.link—one.source.communicating.to.one.destination—as.the.basis.for.their.design,.and.
have.optimized. the.maximum.number.of.atomic. links.which.can.be. simultaneously.active,.often.
leveraging.spatial.and.temporal.reuse..These.algorithms.must.be.redesigned.to.now.recognize.that.
some. simultaneous. transmissions. should. be. coscheduled,. and. that. some. data. should. be. routed.
through.a.relay.terminal.

In.this.section,.we.will.describe.a.technique.for.resource.allocation.across.a.network,.allowing.for.coop-
eration.communications.but.not.explicitly.requiring.it..Instead,.this.technique.utilizes.relay.terminals.when.
they.can.constructively.aid.transmission.without.excessively.interfering.with.nearby.network.traffic.

34.4.1 System Model and constraints

We.focus.on.a.time-slotted.network.of.N.half-duplex.terminals.in.a.square.region.of.size.A2..The.termi-
nals.are.distributed.according.to.a.two-dimensional.Poisson.process.of.intensity.λ,.and.form.the.set.N..
Each.terminal.is.accorded.a.maximum.transmission.power.PTx,.and.there.is.Gaussian.thermal.noise.No.
at.each.terminal..To.model.the.channel,.we.assume.a.pathloss-dominant.environment.with.propagation.
loss.parameter.α.

*. While.this.has.been.true.generally,.recent.work.on.interference.alignment.[19].brings.this.issue.squarely.to.the.signal-
level.physical.layer.
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Most.network-layer.studies.consider.data.to.be.composed.of.packets,.which.are.of.a.predetermined.
size..Success.of.transmission.is.then.binary:.a.sufficient.signal-to-interference-and-noise.(SINR).ratio.or.
good.proximity.to.the.receiver.guarantees.that.the.entire.packet.is.received..To.incorporate.cooperative.
communication,.this.assumption.is.removed.and.replaced.by.the.notion.of.the.rate control.element.of.
the.model,.describing.the.size.of.a.packet.using.Shannon’s.capacity.equation.[23],.here.specifying.the.
size.of.packet.k.traveling.from.terminal.x.to.terminal.y.in.timeslot.t:
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where.Pt(x).is.the.transmission.power.of.terminal.x.at.time.t,.γt(y).denotes.the.interference.at.the.receiv-
ing.terminal,.and.Dx,y.is.the.distance.between.the.terminals..For.clarity.of.exposition.but.without.loss.of.
generality,.timeslots.are.normalized.to.1.s.and.bandwith.to.1.Hz,.allowing.one.to.view.Shannon’s.rate.as.
the.size.in.bits.of.a.packet.transmitted.on.a.point-to-point.link.

We.arbitrarily.choose. F Nʺ 2 .pairs.of.terminals.to.act.as.sources.and.destinations.for.F.information.
flows..These.will.be.labeled.s(k).and.d(k).for.each.packet.k..We.assume.that.all.other.terminals.are.capable.
of.helping.to.transmit.information,.both.by.forwarding.packets.and.by.stor.ing.them.

Within.this.configuration,.the.problem.is.to.determine.the.throughput-optimal.schedule,.route,.and.
power.allocation.for.packets.traveling.between.their.sources.and.destinations..Where.necessary.and.use-
ful,.cooperation.should.be.there.to.assist.in.the.transmission..However,.a.number.of.constraints.must.be.
met.to.ensure.a.realistic.solution..Only.packet.source.terminals.are.backlogged,.and.are.infinitely.so..All.
other. terminals.are. free.of. traffic.and.possess. large.buffers. to.store.data..Mathematically,.we.represent.
transmission.between.terminals.with.a.binary.variable. I x yt

k ( , ) ,.which.is.1.if.terminal.x.is.transmitting.
packet.k.to.terminal.y.at.time.t..The.optimization.constraints.are.formalized.as.such:
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The.first.constraint.requires.that.information.is.accounted.for.in.each.times-lot,.either.in.transmis-
sion.or.data.storage..The.second.constraint.ensures.that.all.terminals.operate.in.a.half-duplex.mode,.
while.the.third.and.fourth.guarantee.that.flows.start.at.their.sources.and.terminate.at.their.destinations..
The.last.constraint.guarantees.route.continuity..Lastly,.the.power.at.transmitting.nodes.Pt(x).is.required.
to.be.in.[0,.PTx].and.to.be.identically.zero.when.the.node.is.not.transmitting:

. 0 ≤ ≤ ≥P x P t Tt ( ) Tx ∀ . (34.17)
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For.each.link.in.packet.k’s.route,.we.denote.its.data.rate.as.Rt
k..This.value.is.determined.using.Equation.

34.11,.and.a.packet.is.naturally.limited.by.its.bottleneck.rate..Since.there.is.no.constraint.on.schedule.
length,.a.nonempty.set.of.feasible.schedules.S.and.power.allocations.P.exists.which.satisfies.these.con-
straints..We.wish.to.choose.the.schedule.and.routes.S.∈.S.and.power.allocation.P.∈.P.for.all.nodes.in.
the.network.so.as.to.maximize.the.throughput.for.each.flow..Specifically.we.wish.to.solve
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where.L(pk).is.the.length.of.packet.k’s.route..This.problem.reduces.to.mixed-integer.programming,.and.
as.posed.is.known.to.be.NP-hard.[24],.requiring.exhaustive.searches.in.both.the.continuous.and.integer.
domains.to.guarantee.an.optimal.solution..Although.branch-and-cut.methods.exist.to.attack.this.prob-
lem,.they.have.no.guarantee.on.their.running.time,.leading.us.to.search.for.a.computationally.efficient.
approach.

34.4.2 Approach and example

We.will.now.describe.a.general.approach.for.allocating.resources.in.multiflow.networks.with.rate.con-
trol..Following.that,.it.will.be.shown.that.this.approach.is.amenable.to.the.incorporation.of.cooperative.
technologies.

34.4.2.1 network-Flow interaction chart

A.framework.for.performing.resource.allocation.in.large.networks.has.been.developed.in.References.25.
and.26,.and.will.be.summarized.here..It.allocates.resources.for.large.networks.with.multiple.flows,.and.
does.so.in.O(N3).time.

Fundamentally,. the.approach.hinges.on.a.data.structure.called.the.network-flow interaction chart,.
which. specifies. the. detailed. interactions. of. data. and. terminals. at. all. time. instances. in. the. network..
The terminals.are.represented.as.nodes.in.the.chart,.replicated.in.the.x.direction.to.represent.the.time-
slotted.communication..Edges. et

x y, . are.drawn.between.nodes. to. represent. transmission.between. two.
terminals.at.a.specific.timeslot..This.data.structure.is.well.suited.to.dynamic.programming.techniques,.
which.enable.the.scheduling.and.routing.of.data.for.maximum.throughput.on.a.per-packet.basis.while.
guaranteeing.that.constraints.(34.12).through.(34.16).are.met.

34.4.2.2 Dynamic Programming

Edges.are.assigned.weights.corresponding.to.the.rate.achievable.(34.11).between.the.anchoring.termi-
nals.at.time.t..When.allocating.resources.for.packet.k,.the.node.corresponding.to.terminal.s(k).is.assigned.
weight.∞..Edges.are.then.updated.with.the.minimum.of.either.their.initial.weight.or.the.weight.of.their.
source.node:.this.is.the.notation.that.a.link.cannot.sustain.more.traffic.than.is.either.at.its.source.or.than.
its.channel.can.bear..Nodes.are.then.updated.with.the.maximum.of.their.incoming.edge.weights,.such.
that.as.much.data.propagate.through.the.network.as.fast.as.possible..This.procedure.is.repeated.across.
timeslots.until.all.node.weights.have.stabilized,. indicating.that.all.data-maximizing.paths.have.been.
established..The.path.from.node.representing.d(k).with.highest.value,.taken.across.timeslots,.is.the.then.
data-maximizing. route. for. packet. k.. This. specifies. its. route. and. schedule. simultaneously.. Power. is.
selected.for.each.link.on.the.route.such.that.all.links.operate.at.the.same.rate.
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After.packet.k.has.been.allocated,.edges.handling.packet.k.and.incident.on.terminals.handling.packet.
k.are.then.“zeroed.out”.to.make.them.unavailable,.thereby.enforcing.duplexing.constraints..Similarly,.
terminals.not.transmitting.or.receiving.an.allocated.packet.have.their.edge.values.scaled.down.to.pre-
vent.interference.from.affecting.the.existing.packets..A.network.and.corresponding.NFIC.is.shown.in.
Figure.34.6.

34.4.2.3 Metanodes

In.order.to.incorporate.cooperative.links.into.the.framework,.a.new.type.of.node.is.developed.for.the.
NFIC.framework,.termed.as.the.metanode..It.represents.the.notion.of.data.flowing.to.two destinations.in.
one. timeslot. (the. cooperative. BC. phase),. and. constructively combining. in. a. subsequent. timeslot. (the.
cooperative.MA.phase).[3].

Nodes.in.the.NFIC.traditionally.represent.exactly.one.terminal.in.the.network..As.a.distinct.class.
of.nodes,.the.metanodes.represent.the.coordinated.combination.of.terminals,.in.this.case.the.coop-
erative.unit.of.a.particular.source,.relay,.and.destination..An.edge.entering.a.metanode.corresponds.
in.the.schedule.to.data.being.transmitted.from.the.source.terminal.to.the.intended.destination.and.
also.the.associated.relay..An.edge.exiting.a.metanode.corresponds.in.the.schedule.to.the.coordinated.
transmission.of.both.the.relay.and.source,.where.signals.constructively.combine.at.the.destination..
The.weight.on.both.the.entering.and.departing.metanode.edges.is.set.as.the.overall.rate.the.coopera-
tive.unit.can.achieve,.which.(although.not.known.explicitly).can.be.bounded.in.the.time-shared.relay.
case.as.[8,27,28]

.
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polynomial-time.resource.allocation.in.multiflow.wireless.networks,.Proceedings of the 47th Allerton Conference on 
Communication, Control and Computing,.September.2009.)
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where.Ps.and.Pr.are.transmission.powers.at.the.source.and.relay,.respectively,.with.channels.h.between.
all.terminals.being.similarly.labeled..Cooperation.must.explicitly.aid.the.transmission,.that.is,.that.the.
channel.is.degraded:.min{|hsr|2,.|hrd|2}.≥.|hsd|2..Note.that.there.is.zero.correlation.between.the.relay.and.
source.transmissions,.and.that.the.relay.channel.is.in.the.BC.and.MA.phases.for.equal.amounts.of.time.

Example 34.1: Metanodes in the NFIC

To.illuminate.the.concept.of.a.metanode.in.the.NFIC,.consider.the.small.network.of.five.nodes,.
shown.in.the.upper.pane.of.Figure.34.7..The.channels.are.dominated.by.pathloss.

Here,.two.sources.S1.and.S2.are.attempting.to.communicate.with.two.matching.destinations.D1.
and.D2..The.NFIC.corresponding.to.this.network.is.shown.in.the.lower.pane.of.Figure.34.7,.where.
we.have.added.the.metanode.M.to.capture.the.notion.of.cooperation.occurring.between.S2,.R,.and.
D2..In.particular,.the.edge.between.S21.and.M2.corresponds.to.the.second.source.transmitting,.but.
with.that.transmission.being.received.by.both.the.relay.node.and.the.intended.destination..The.edge.
from.M2.to.D23.then.corresponds.to.both.the.relay.and.source.transmitting.in.the.second.timeslot.

The.NFIC.solution.and.corresponding.network.activity.is.shown.in.Figure.34.7..Here,.we.pre-
serve.clarity.by.not.drawing.all.edges.in.the.NFIC,.rather.including.only.those.that.are.relevant.as.
data.emanate.from.the.sources..Note.that.in.the.second.timeslot,.although.only.one.edge.in.the.
NFIC.is.active,.two.transmissions.are.occurring.in.the.network!

In. this. way,. the. same. polynomial-time. routing. and. scheduling. technologies. described. in.
References.25.and.26.can.be.employed.in.networks.where.cooperation.is.used.

S1 D1

R

S2 D2

(a)

(b)

S1 D1

R

S2 D2

S11 S12 S13

D11 D12 D13

R1 R2 R3

M1 M2 M3

S21 S22 S23

D21 D22 D23

Slot 1 Slot 2

FIGURE 34.7 (a).Network.activity. in.timeslots.1.and.2..Both.sources.transmit. in.the.first.slot,. their. intended.
destinations.shown.by.the.broken.lines..In.timeslot.2,.S2.and.R.transmit.together.in.the.MA.stage.of.cooperation..
(b).The.NFIC.corresponding.to.this.network.and.its.activity..Note.how.the.metanode.M.describes.the.cooperative.
behavior.shown.above.
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34.4.2.4 Adding Metanodes: Memory complexity

The.choice.of.best.relay.terminal.for.a.given.packet.route.is.known.to.be.NP-hard.in.the.general.fading.
environment. [24],. which. when. considered. jointly. with. the. NP-hard. routing. and. scheduling. problem,.
results.in.a.doubly.complex.selection.problem..In.this.framework,.choosing.the.metanode—the.source–
relay–destination.triple—can.be.simplified.with.the.use.of.geographical.information..The.pathloss-domi-
nant.fading.environment.allows.consideration.of.only.nearby.terminals.as.potential.relays..Thus,.for.each.
terminal.which.may.act. as. a. source,. relays.are. locally. selected.along.with.corresponding.destinations..
These.form.the.metanodes,.which.may.be.incorporated.into.the.NFIC.resource.allocation.decisions.

The.algorithms.are.O(N3).in.the.number.of.nodes.in.the.NFIC,.which.means.that.adding.metanodes.to.
each.terminal.does.not.increase.the.order.of.the.complexity..However,.it.does.increase.memory.require-
ments,.as.new.edges.and.terminals.are.introduced.to.the.NFIC.with.weights.which.must.be.stored..Table.
34.2. shows. memory. data. for. the. NFIC. with. a. varying. number. of. metanodes. defined. per. terminal..
Memory.requirements.increase.considerably.over.the.multihop.NFIC,.although.since.all.but.two.edges.
into.and.out.of.metanodes.are.zero,.the.sparsity.of.the.resulting.NFIC.is.considerable..This.means.that.
even.for.large.numbers.of.defined.metanodes,.memory.complexity.does.not.overwhelm.the.algorithm.

34.4.3 Broader network Allocation

The.use.of.metanodes.in.the.resource.allocation.algorithm.as.illustrated.above.can.be.applied.to.much.
larger.networks,.where.the.polynomial-time.nature.of.our.solutions.permits.allocations.in.networks.of.
near-arbitrary.size.

Example 34.2

We.choose.to.illustrate.these.concepts.with.networks.in.which.pathloss.is.the.dominant.channel.
effect,.but.this.assumption.is.not.required.for.these.techniques.to.apply..We.make.this.choice.
since.it.helps.to.illustrate.where.cooperative.gains.exist.in.the.network..An.example.of.resource.
allocation. with. cooperation. is. shown. in. Figure. 34.8.. Here,. two. flows. compete. for. network.
resources,.and.both.are.able.to.leverage.cooperative.links..Since.the.network.is.dominated.by.
pathloss,.cooperation.will.assist.the.overall.throughput.of.the.flows.only.on.the.longest.hop.in.
the.route,.which.is.the.throughput.bottleneck.

This.is.clearly.illustrated.in.the.example.network,.where.the.routing.decision.for.the.lightly-
shaded.flow.changed.as.a.result.of. the.cooperative.metanode.being.available. in. the.NFIC..Had.
cooperation.not.been.available,.the.red.flow.would.have.followed.the.sequence.of.terminals.indi-
cated.by.the.broken.line.

34.4.4 Metanode Selection

In.the.previous.example,.the.network.was.constructed.to.highlight.the.use.of.a.metanode.in.the.NFIC.
to.contribute.rate.improvement..However,.because.Equation.34.20.determines.cooperative.rates.with.
terminals.in.the.specific.roles.of.(source,.relay,.destination),.the.triple.(S2,.R,.D2).supports.a.rate.which.

TABLE 34.2 Percentage.Increase.in.Memory.Requirements.over.
Multihop.NFIC.and.Sparsity.of.NFIC.Representation

Metanodes.per.Terminal Raw.Storage.Increase.(%) Sparsity.(%)

1 300 75
3 1500 93.75
5 3500 97.22
7 6300 98.44
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may.be.different.from.(S2,.D2,.R),.requiring.those.triples.to.be.represented.as.separate.metanodes.in.the.
NFIC,.even.though.the.terminals.involved.are.the.same.

For.the.resource.allocation.algorithms.to.have.access.to.all.possible.cooperative.resources,.a.meta-
node.must.be.created.for.each.combination.of.source,.relay,.and.destination..This.requires.considering.
all.possible.permutations.of.three.terminals.from.the.set.of.N,.given.by

.
N P N

N3 3=
−

!
( )! .

(34.21)

In.the.case.of.N.=.40,.the.number.of.possible.metanodes.is.59,280..This.clearly.introduces.combinato-
rial.complexity.and.memory.demands.to.the.NFIC.algorithms,.completely.overshadowing.the.efficiency.
gains.they.offer.for.noncooperative.resource.allocation..As.such,.an.efficient.method.of.defining.meta-
nodes.is.needed.such.that.the.allocation.algorithms.have.a.useful.selection.of.cooperative.links.without.
enumerating.all.triples.

The.channel.structure.in.the.pathloss.environment.can.be.exploited,.to.narrow.the.domain.of.potential.
metanodes.available.for.enumeration.in.the.NFIC..Specifically,.because.pathloss.dominates.the.channel.
conditions,.we.can.require.that.cooperation.(use.of.the.metanode).explicitly.aid.in.transmission,.that.is,.
the.channel.is.degraded:.min{|hsr|2,.|hrd|2}.≥.|hsd|2..As.such,.a.metanode.will never.be.defined.for.which.the.
both.hsr.and.hrd.are.small..Since.the.channel.coefficient.h.is.dictated.primarily.by.distance,.it.should.be.
ensured.that.enough.metanodes.are.defined.such.that.the.scheduling.and.routing.algorithms.can.exploit.
them.to.pass.data.through.the.network..In.other.words,.sufficient.geographical.coverage.must.be.offered.
to.justify.the.increase.in.algorithmic.complexity.

Algorithm 1: Distance-Based Metanodes

The.first.approach.is.to.define,.for.each.terminal,.a.specific.number.NR.of.cooperative.triples..These.
triples. are. selected. based. solely. on. distance:. for. terminal. x,. the. nearest. NR. terminals. (which. will.

Cooperative links increase capacity
on the longest hops in each route

FIGURE 34.8 Two-flow.network.in.which.NFIC.resource.allocation.was.used.with.metanodes.available..In.the.
allocation,.metanodes.corresponding.to.the.cooperative.terminals.shown.above.were.found.optimal.by.the.dynamic.
programming. routines,. and. in. the. case. of. the. lightly-shaded. flow,. use. of. the. cooperative. metanode. completely.
changed.the.routing.decision.for.the.flow.
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become.relays).are.identified.and.for.each.one,.choose.the.nearest.terminal.not.nearer.to.x.to.act.as.
the destination.in.the.triple..Thus,.here.and.in.the.following.algorithms,.the.number.of.metanodes.
is  N⋅NR,. so. the. total. number. of. nodes. in. the. NFIC. is. N(1.+.NR).. This. algorithm. is. formalized. as.
Algorithm.1.

Algorithm 2: Geographical Metanodes

The. previous. algorithm. is. geographically. insensitive,. in. that. it. defines. metanodes. for. each. terminal.
based.only.on.the.nearest.terminals,.but.without.consideration.for.their.relative.positions..As.illustrated.
in.Figure.34.9,.topological.condition.may.result.in.all.metanodes.for.a.particular.terminal.being.defined.
in.the.same.general.direction,.which.is.not.necessarily.helpful.to.the.routing.algorithms..As.such,.we.
describe.another.approach,.in.which.metanodes.are.defined.in.as.uniform.a.spatial.manner.as.possible..
In.this.approach,.the.area.around.each.terminal.is.partitioned.into.NR.sectors,.and.the.nearest.terminal.
in.the.sector. is.chosen.to.act.as.the.relay..Given.the.source.and.relay,. the.destination.is.chosen.as. in.
Algorithm.1.

Algorithm 1: Distance-Based Metanode Selection Algorithm

Data:.Set.of.N.network.terminals.T
Result:.Set.of.N(1.+.NR).nodes.N.for.the.NFIC
Create.an.empty.set.of.metanodes:
M.←.
foreach.t.∈.T.do
. Create.an.ordered.list.of.other.terminals,.starting.with.the.nearest.to
 t:.{t1,.t2,.. . .,.tN−1}
 foreach.i.∈.{1,.2,.. . .,.NR}.do
. . Assign.terminal.ti.as.relay.ri

. . Assign.terminal.nearest.to.ri.but.not.closer.to.t.as.destination.di

. . Add.the.metanode:.M.←.(t,.ri,.di)

. . Calculate.edge.for.E.using.(2)
Set.of.nodes.is.union.of.terminals.and.metanodes:
N.←.T.∪.M

FIGURE 34.9 Comparison.of.metanode.definition.algorithms.with.NR.=.3. for. the. same. terminal. in. the. same.
network..On.the.left,.distance-based.Algorithm.1.chooses.metanodes.in.the.same.general.direction..On.the.right,.
geographically.equalized.Algorithm.2.selects.metanodes.with.coverage.to.all.parts.of.the.region.
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Algorithm 2: Spatially-Aware Metanode Selection Algorithm

Data:.Set.of.N.network.terminals.T
Result:.Set.of.N(1.+.NR).nodes.N.for.the.NFIC
Create.an.empty.set.of.metanodes:
M.←.
foreach.t.∈.T.do
. Create.an.equi-angular.partition.of.the.area.A.around.t.with.NR

. sectors.υi.such.that. ∪ i
N

i
r A= =1υ

 foreach.i.∈.{1,.2,.. . .,.NR}.do
. . Assign.terminal.nearest.to.t.in.υi.as.relay.ri

. . Assign.terminal.nearest.to.ri.as.destination.di

. . Add.the.metanode:.M.←.(t,.ri,.di)

. . Add.edge.to.E.using.(2)
Set.of.nodes.is.union.of.terminals.and.metanodes:
N.←.T.∪.M

Algorithm 3: Range-extension Metanodes

The.third.mechanism.we.describe.is.a.hybrid.of.the.previous.two,.designed.to.exploit.cooperative.benefit.
to.allow.larger.packets.to.cross.the.network.in.fewer.hops..Relays.are.used.to.aid.in.the.transmission.of.
large.packets.from.the.source.well.beyond.nearby.intermediate.terminals,.thereby.increasing.through-
put.by.reducing.a.packet’s.time.in.transit..For.each.terminal.in.the.network,.the.geographic.partitioning.
approach.of.Algorithm.2.is.synthesized.with.the.distance-based.approach.of.Algorithm.1..A.key.distinc-
tion.is.that.instead.of.choosing.the.nearest.terminal.in.the.sector.as.the.relay,.the.terminal.in.the.γth.
distance.percentile.to.the.destination.is.selected,.and.the.terminal.near.the.halfway-point.to.the.source.
is.chosen.as.the.relay..The.effect.of.the.percentile.parameter.γ.on.throughput.is.shown.in.Figure.34.10..In.
this.manner,.metanodes.are.defined.to.exploit.the.cooperative.advantage.to.move.larger.packets.further,.
in.all.directions.of.the.network.

34.4.5 Simulation Results

34.4.5.1 cooperative Benefits in Large networks

To.compare.the.benefits.of.NFIC-metanode.resource.allocation.to.multihop.routing,.we.simulate.net-
works. and. allocate. resources. under. the. two. different. paradigms,. using. the. general. network. model.
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FIGURE 34.10 Study.of.how.the.percentile.parameter.γ.in.Algorithm.3.affects.throughput.for.a.variety.of.path-
loss.environments..As.illustrated.especially.for.α.=.2,.NFIC.allocation.algorithms.do.not.make.use.of.range.exten-
sion,.instead.deriving.higher.throughput.by.forming.routes.of.nearby,.higher-rate.cooperative.units..
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described.above..We.study.the.mean.throughput.for.a.varying.number.of.flows.in.the.region,.where.the.
schedules.and.routes.have.been.calculated.using.NFIC.techniques..Shown.in.Figure.34.11.is.a.compari-
son.of.throughputs.for.two.pathloss.environments,.free.space.(α.=.2).and.urban.(α.=.4).as.a.function.of.
the.number.of.flows.demanding.resources..The.solid.lines.are.mean.flow.throughputs.when.three.meta-
nodes.per.terminal.are.included.in.the.NFIC,.allowing.the.algorithm.to.exploit.cooperative.technologies.
where.needed..The.broken.line.indicates.throughputs.for.multihop-only.allocation.

We. observe. improvements. over. multihop. in. both. environments. and. for. all. levels. of. congestion,.
although.the.improvements.are.most.pronounced.with.low.pathloss.and.few.flows,.where.data.rates.can.
increase.by.a.factor.of.2..Gains.diminish.for.higher.pathloss.and.as.congestion.increases,.since.coopera-
tive.gains.are.affected.by.the.overall.higher.interference.temperature.in.the.network.

34.4.5.2 number of Metanodes

As.discussed.above,.the.number.of.metanodes.chosen.for.the.NFIC.affects.not.only.memory.complexity.
but.also.the.resource.allocation.selected..If.a.relatively.small.number.of.metanodes.are.defined,.they.may.
not.be.useful.in.the.routes.required.by.the.flows..Increasing.the.number.of.metanodes.defined.per.ter-
minal.does.increase.memory.requirements,.but.also.makes.cooperative.links.available.to.more.parts.of.
the.network..It.is.interesting.to.study.network.performance.as.a.function.of.how.many.metanodes.are.
defined.for.each.terminal.in.the.network.

Figure.34.12.show.this.relationship..For.each.terminal,.we.define.a.number.of.metanodes.using.local.
relays.as.described.above,.and.calculate.a. resource.allocation. for. that. topology.with. two. information.
flows..We.then.redefine.more.metanodes.and.recalculate.the.allocation,.plotting.the.mean.throughput.for.
the.flows.as.a.function.of.number.of.metanodes.we.have.defined..This.is.repeated.for.a.thousand.topolo-
gies,.and.average.results.are.reported..Throughput.increases.considerably.if.more.metanodes.are.defined.
in.the.case.of.low.pathloss,.less.so.if.pathloss.is.high..This.is.because.the.throughput.on.a.route.is.deter-
mined.by.the.“bottleneck.link”.which,.once.aided.with.cooperation,.may.remain.the.cooperative.link..
This.is.the.case.in.high-pathloss.environments,.where.the.cooperative.advantage.is.smaller..Cooperative.
units.are.much.more.effective.in.lower-pathloss.environments,.where.all.three.channels.are.stronger.

34.4.5.3 comparison of Metanode Selection Algorithms

Using.simulations,.we.now.compare.the.three.algorithms.presented.above..Our.simulations.are.con-
ducted.in.a.20-m.square.region,.with.PTx.=.1.and.No.=.0.1..The.intensity.of.the.Poisson.process.distribut-
ing. the. terminals. is. 0.1,. resulting. in. an. average. of. 40. terminals. per. network. realization,. distributed.
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FIGURE 34.11 Mean.throughput.for.networks.with.cooperative.links.(solid).and.multihop-only.routes.(broken)..
Cooperative. links,. represented. by. metanodes. in. the. NFIC,. considerably. increase. throughputs. for. low-pathloss.
environments,.especially.when.only.few.flows.are.competing.for.resources.
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uniformly.over.the.region..Sources.and.destinations.are.randomly.chosen,.and.the.pathloss.exponent.is.
varied.

We.first.compare.the.throughput.of.NFIC-allocated.schedules.for.a.variety.of.flow.demands.under.the.
three.metanode-definition.paradigms..For.each.randomly.selected.topology,.we.allocate.NR.=.4.meta-
nodes.for.each.terminal.according.to.the.algorithms.described.above..This.is.repeated.1000.times.for.
different.numbers.of.flows.requiring.service;.mean.throughputs.are.reported.in.Figure.34.13..In.this.
simulation,.α.=.2.and.γ.=.0.65.

Here,.we.note.that.regardless.of.the.competition.for.resources,.geographically.aware.metanode.defini-
tion.(Algorithm.2).outperforms.the.others..In.particular,.the.range-extension.definition.performs.only.
half. as. well,. particularly. when. competition. among. flows. for. resources. is. heavy.. This. suggests. that.
although.range-extension.cooperative.units.may.be.helpful.in.theory,.they.do.not.benefit.actual.topolo-
gies.nearly.as.much.as.cooperative.units.offering.routing.advantages.in.all.directions..This.is.further.
borne.out.by.the.fact.that.distance-based.definition.(Algorithm.1).is.also.completely.dominated.by.geo-
graphically.aware.definition,.suggesting.that.routing must be considered with cooperation.

The.range-extension.algorithm.is.parameterized.by.γ,.a. fractional.measure.of. the.range.extension.
expected.in.each.sector..For.three.flows,.we.compare.mean.throughputs.for.several.values.of.γ..Note.that.
for.all.α. and.especially. for. free-range.propagation,. range.extension.offers.no.clear.benefit. to.overall.
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FIGURE 34.13 Comparison.of.metanode.definition.schemes.under.a.variety.of.network.loads..Consistently,.the.
geographic.definition.algorithm.outperforms.the.other.two,.and.all.three.outperform.the.non-cooperative.multi-
hop.(MH).case.
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FIGURE 34.12 Mean.throughput.of.two.flows.as.a.function.of.the.number.of.metanodes.defined.for.each.termi-
nal. in. the. network.. More. metanodes. are. helpful. in. low-pathloss. regimes,. though. they. do. increase. memory.
requirements.
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resource. allocation.. This. suggests. that,. while. relays. can. be. helpful. for. transmitting. isolated. packets.
across.long.distances,.they.are.more.useful.in.increasing.data.rates.over.short.hops.

34.5 Summary and Perspectives

34.5.1 Summary

Multiuser.cooperation.holds.great.promise.as.a.technology.to.increase.both.data.rates.and.reliability.in.
next-generation.networks,.but.there.are.significant.challenges.to.its.deployment..From.a.technical.per-
spective,.the.challenges.span.several.layers:.from.the.question.of.signal.design.at.the.physical.layer.to.the.
question.of.mitigating.network-wide.interference.at.the.medium-access.layer,.there.are.a.variety.of.prob-
lems.which.must.be.addressed.before.cooperation.can.be.deployed.in.large.networks.

However,.barriers.to.introducing.user.cooperation.go.beyond.the.purely.technical..In.this.chapter,.we.
have.examined.cooperation.from.an.energy-efficiency.perspective,. in.which.we.considered.the.energy.
cost.to.individual.users.for.employing.cooperative.techniques..Cooperative.technology.exists.to.improve.
users’.performance,.but.only.if.users.are.willing.to.sacrifice.energy.on.behalf.of.others..This.problem.natu-
rally.lent.itself.to.a.game-theoretic.analysis..We.saw.that.even.if.users.are.purely.selfish,.they.have.incentive.
to.cooperate.if.they.look.at.payoffs.in.the.long.term..Particularly,.the.energy-efficiency.pair.corresponding.
to. the.Nash.bargaining.solution,.which.benefits.both.users,. is.a.Nash.equilibrium.of. the. infinite-stage.
game..Selfish.users.can.“negotiate”.with.each.other.to.cooperate.in.a.mutually.beneficial.way.

By.deriving.a.characterization.of. the.Nash.bargaining.solution.based.on.convex.optimization,.we.
constructed.an.algorithm.that.efficiently.finds.the.power.allocations.associated.with.the.Nash.bargain..
Simulation.results.showed.that.cooperation.permits.significant.gains.in.energy.efficiency,.up.to.100%.for.
users.with.weak.links.to.the.base.station.

In.a.larger.network,.the.primary.adverse.effect.of.cooperation.is.the.additional.interference.it.causes..
A.cooperative.link.requires.two.extra.transmissions,.spread.both.temporally.and.spatially:.the.source.
transmits. twice. and. a. geographically. separate. relay. transmits. once.. Nearby. transmissions. will. be.
affected.negatively.by.this.interference,.requiring.medium-access.control.mechanisms.to.carefully.man-
age.where.and.when.cooperation.is.deployed.

Here,.we.have.described.a.methodology.to.simultaneously.study.the.gains.offered.by.large-scale.coop-
eration.and.also.control.its.deployment.at.the.MAC.layer,.ensuring.that.it.is.used.only.where.it.benefits.
the.network.at.large..Doing.so.required.solving.a.mixed-integer.NP-hard.program,.for.which.we.pre-
sented.an.approximate.solution.via.a.decomposition.approach..Since.scheduling.and.routing.algorithms.
act.on.the.level.of.an.atomic.link,.we.described.a.low-complexity.method.of.representing.the.cooperative.
structure.as.such.to.these.algorithms..The.results.from.the.framework.showed.that.not.only.does.coop-
eration.benefit.the.broader.network,.but.the.gains.can.be.substantial.under.the.favorable.conditions.of.
high.pathloss.

34.5.2 Perspectives

This.chapter.reviews.but.a.small.piece.of.field.concerning.cooperative.communication.
For.fair,.energy-efficient.cooperation.at.the.physical.layer,.several.practical.issues.remain..We.have.

assumed.that.users.are.already.paired.up.for.cooperation.and.have.the.necessary.information.to.com-
pute.the.bargained.power.allocations..In.practice,.a.means.for.identifying.cellular.users.that.are.both.
close.by.and.have.sufficient.battery. life.to.consider.cooperation.is.necessary..There.also. is.required.a.
means.for.distributing.channel.state.information.among.cooperating.users.

In.terms.of.cooperation.at.the.medium-access.layer,.several.key.issues.remain.open..One.is.the.ques-
tion.of.whether.to.use.cooperation.to.increase.reliability.or.throughput;.in.our.study.here,.throughput.
maximization.was.the.goal..However,.in.large.networks,.a.cooperative.link.could.bolster.an.otherwise.
tenuous.link.across.a.large.distance,.for.example..The.optimization.program.here.takes.a.different.form,.
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and.will.result.in.a.different.solution.from.what.we.have.seen.in.this.work,.since.under.this.objective.
cooperation.may.be.used.to.overcome.interference.from.other users.

Another.issue.at.this.layer.is.that.of.delay..The.throughput-delay.trade-off.in.resource.allocation.deci-
sions.has.been.characterized.for.certain.types.of.cellular.and.mobile.networks,.but.never.when.coopera-
tion. has. been. available.. Synthesizing. the. throughput-centric. work. presented. in. this. chapter. with. a.
delay-optimal.solution.will.reveal.how.cooperation.best.aids.the.broader.networks:.whether.by.increas-
ing.short-distance.throughput.or.through.longer.yet.lower.rate.hops.

This.area.promises.to.remain.active.for.several.years.to.come,.and.we.expect.to.see.deployments.of.
cooperative.schemes.in.consumer.technology.in.the.near.future.
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35.1 introduction

Multihop.wireless.communication.networks.have.been.of.increasing.interest.over.the.last.decade..Two.
main. types. of. such. networks. have. emerged:. mobile. ad-hoc. networks. (MANETs). and. wireless. mesh.
networks.(WMNs)..MANETs.are.infrastructure-less,.nonhierarchical.wireless.networks.where.all.net-
work.entities.can.move.and.function.as.routers.and.discover.and.maintain.routes.to.other.entities.in.the.
network..On.the.other.hand,.WMNs.typically.have.a.hierarchical.structure.and.are.supported.by.an.
infrastructure..Furthermore,.the.functionalities.of.the.network.entities.may.vary.significantly.across.
the.layers.of.the.hierarchical.network.structure..While.MANETs.have.been.historically.envisioned.to.
serve.very.specialized.applications,.such.as.battlefields.and.emergency.situations,.WMNs.have.inspired.
numerous.general.applications.ranging.from.broadband.home.networking.to.community.networks.to.
high-speed.metropolitan.area.networks.(MANs).[1–3]..Particularly,.large-scale.WMNs.with.infrastruc-
ture.support.have.been.considered.as.an.affordable.and.scalable.solution.to.provide.broadband.packet.
data.communications.across.wide.geographic.areas,.thanks.to.their.inherent.advantages.such.as.robust-
ness.to.node.failures,.ease.of.deployment.and.maintenance,.and.low.initial.deployment.cost.[1–3].

In.this.chapter,.we.consider.large-scale.WMNs.that.serve.as.wireless.access.networks.over.large.geo-
graphic.areas..Such.an.application.scenario.of.WMNs.has.often.been.proposed.to.have.a.layered.network.
structure.[4,5],.which.typically.contains.end-users.(EUs).at.the.lowest.layer,.wireless.mesh.routers.(MRs).
in.the.middle.layer,.and.other.aggregation.nodes.at.the.top.layer..The.aggregation.nodes.of.the.highest.
layer.may.include.another.set.of.wireless.entities.that.communicate.wirelessly.with.the.wireless.MRs.of.
the.middle.layer,.or.may.be.entirely.wired.through,.for.example,.optical.or.DSL.networks..In.this.chap-
ter,.we.focus.on.the.two.lowest.layers.that.consist.of.EUs.and.wireless.MRs..A.set.of.wireless.MRs.is.
assumed.to.be.colocated.with.wired.network.entities.called.gateway.routers.(GRs).

Substantial. research.on.WMNs.has.been.conducted.and. several.protocols. have.been.proposed. by.
various. standardization. bodies. [3].. Particularly,. routing. for. multihop. wireless. communication. net-
works. has. been. extensively. studied. in. the. context. of. MANETs. [6–9]. and. more. recently. for. WMNs.
.[10–12]..Compared.to.routing,.research.on.medium.access.control.(MAC).for.WMNs.has.been.relatively.
sparse..The.majority.of.the.studies.on.MAC.for.WMNs.consider.contention-based.schemes.such.as.the.
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IEEE.802.11.MAC.protocol. that. is.based.on. the.carrier. sense.multiple.access. (CSMA).with.collision.
avoidance.(CA).principle..CSMA/CA-based.schemes. initiate. the.assessment.of. the.availability.of. the.
medium.or.resources.for.transferring.data.packets.mainly.by.sensing.or.measuring.the.power.level.of.
the.medium.directly..On.the.other.hand,.another. type.of.MAC.schemes.[13–15].has.been.proposed..
These.schemes.allocate.separate.resources.for.control.and.data.packets,.and.the.availability.of.resources.
for.transferring.data.packets.is.assessed.through.exchanging.control.packets.using.control.resources..
Data.resources.are.then.reserved.through.these.control.packets.

The.former.type.of.MAC.schemes.based.on.the.CSMA/CA.principle.inherently.has.less.control.over-
head.compared.to.the. latter.type.of.MAC.schemes.and.thus.may.lead.to.higher.network.throughput.
when.the.traffic.load.is.light..However,.as.the.traffic.load.increases.and.more.nodes.need.to.acquire.the.
medium.simultaneously,.it.may.become.possible.to.coordinate.data.packet.transmissions.among.nodes.
more.efficiently.when.resources.are.divided.for.control.and.data.packets.and.the.availability.or.usage.of.
data.resources.can.be.known.and.controlled.by.exchanging.control.packets..In.this.chapter,.we.focus.on.
the.latter.type.of.MAC.schemes.

In.this.chapter,.we.present.the.performance.of.large-scale.WMNs.that.serve.as.access.networks.over.
large.geographic.areas..The.WMNs.employ.a.set.of.MAC.protocols.created.in.[16–18].that.belongs.to.the.
latter.type.of.MAC.schemes.described.above,.and.their.performance.is.evaluated.through.a.large.simula-
tor.developed.in.[16–19].that.includes.measurements-based.models.for.radio.propagation.and.interfer-
ence. calculation. for. a. large. built-in. urban. area.. The. simulator. also. captures. the. stochastic. network.
behavior.resulting.from.random.traffic.arrivals,.admission.control,.and.queuing..Through.extensive.sim-
ulations.incorporating.such.details,.we.determine.the.performance.of.the.WMNs..Primary.factors.are.
identified.across.the.physical.(PHY),.MAC,.and.routing.layers.of.network.functions.that.affect.the.perfor-
mance.and.their.intricate.interactions.are.examined.to.explain.the.behavior.of.fundamental.performance.
metrics.including.the.network.throughput,.per-session.throughput,.and.blocking.and.dropping.rates.

35.2 MAc Framework and Protocols

35.2.1 MAc Framework

We.consider.a.MAC.framework.that.supports.explicit.cooperation.among.MRs.for.resource.reservation.
for.data.transmission..We.consider.a.time.division.multiple.access.(TDMA).and.time.division.duplex.
(TDD)-based. framework. with. a. single-frequency. channel.. MRs. and. EUs. share. the. same. frequency.
channel..Time.is.divided.into.time.slots.and.there.are.two.types.of.time.slots:.one.for.control.and.the.
other.for.data..In.our.TDMA,.an.MR.uses.different.data.time.slots.for.serving.different.EUs..However,.
each.data.time.slot.is.reused.across.the.network..In.TDD,.an.MR.or.an.EU.cannot.transmit.and.receive.
simultaneously.

Within. this. framework,. the. overall. operation. of. the. network. is. as. follows.. When. the. network. is.
deployed,.it.enters.the.preoperation.phase.during.which.the.network.runs.a.control.time.slot.assignment.
protocol..Once.control.time.slots.are.assigned.to.MRs,.the.network.starts.to.run.a.routing.protocol.to.
construct.routing.tables.at.MRs..Once.the.network.is.set.up,.it.enters.the.normal.operation.phase.during.
which.it.executes.a.data.time.slot.access.control.protocol.to.serve.EUs..The.network.needs.to.rerun.the.
control.time.slot.assignment.protocol.if.a.new.MR.is.added.to.the.network..In.addition,.routing.tables.
need.to.be.reconstructed.if.an.MR.fails.or.a.new.MR.is.added.to.the.network..The.network.could.perform.
such. reconfiguration.of. control. time. slots.or. routing. tables.proactively. by.entering. the.preoperation.
phase.periodically.

35.2.2 control time Slot Assignment Protocol

Control.time.slots.provide.a.random.access.channel.for.EUs.so.that.EUs.can.discover.the.network.and.
request.admission.to.the.network..Control.time.slots.also.provide.a.means.for.MRs.to.exchange.control.
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messages.among.themselves.for.such.operations.as.network.discovery,.routing.table.construction,.and.
resource.negotiation..Each.MR.is.associated.with.one.control.time.slot.

Assigning.broadcast.time.slots.to.network.entities.in.a.multihop.wireless.network.has.been.studied.
in  TDMA/FDMA-based. multihop. wireless. networks. [13,14,20–23].. In. these. studies,. the. underlying.
.physical-layer.behavior.and.the.interactions.among.network.entities.have.been.often.oversimplified.by.
not.representing.the.vagaries.of.radio.propagation.and.interference.encountered.in.actual.networks..For.
example,.it.is.assumed.that.two.nodes.either.perfectly.communicate.with.each.other.or.do.not.interact.
with.each.other.at.all..In.reality,.however,.even.when.two.nodes.cannot.communicate.with.each.other,.a.
node.may.still.interfere.with.another.node.depending.on.the.propagation.condition.between.the.two.
nodes..Due.to.different.assumptions.on.models.for.radio.propagation.and.interference.calculation,.these.
protocols.are.not.directly.applicable.to.the.network.considered.in.this.chapter.

In.this.chapter,.we.consider.the.protocol.created.in.[16],.a.protocol.through.which.every.MR.in.the.
WMN. acquires. one. broadcast. time. slot. that. supports. a. minimum. average. received. signal-to-.
interference-plus-noise.ratio.(SINR).from.the.MR.to. its.entire.neighbor.MRs..The.protocol. is.based.
on  contention-based. reservation. mechanisms. in. a. topology-dependent. manner. similar. to. those. in.
[13,14],.yet.incorporating.more.realistic,.measurement-based.models.for.the.underlying.physical-layer.
characteristics.and.behavior.exemplified.above.

35.2.3 Data time Slot Access control Protocol

Data.time.slots.are.used.to.transmit.user.data..We.consider.the.protocol.created.in.[17,18].for.controlling.
access.over.data.time.slots..Through.the.protocol,.network.entities.(MRs.and.EUs).exchange.resource.
negotiation.requests.over.control.time.slots.to.transfer.user.data.over.data.time.slots..The.protocol.sup-
ports.two.types.of.negotiation.among.network.entities..One.is.between.an.EU.and.its.associated.MR,.
and.the.other.is.among.one-hop.neighbor.MRs..In.the.former,.a.new.EU’s.admission.request.is.con-
trolled,.and.in.the.latter,.a.resource.request.by.a.neighbor.MR.is.controlled.

The.data.time.slot.access.control.protocol.is.fully.cooperative.and.distributed:.network.entities.nego-
tiate.among.themselves.for.resource.allocation,.and.the.messages.are.exchanged.only.among.one-hop.
neighbor.MRs.or.between.an.EU.and.its.associated.MR..Furthermore,.the.protocol.supports.adaptive.
resource.allocation.through.dynamic.allocation.of.data.time.slots.and.PHY.transmission.modes.over.
the.slots.as.well.as.through.user/queue.prioritization.

35.2.3.1 Admission and congestion control

A.crucial.component.of.the.data.time.slot.access.control.protocol.is.admission.and.congestion.control.
(ACC)..When.admitting.new.users,.it.is.critical.to.consider.the.current.resource.usage.of.existing.users..
If.the.network.admits.more.users.than.it.can.support,.the.quality-of-service.(QoS).as.measured.by.delay.
or.throughput.of.existing.users.may.degrade.to.an.unacceptable.level..For.multihop.networks,.it.is.more.
challenging.to.assess.the.resource.usage.of.existing.users.because.one.has.to.examine.resources.beyond.
the.first.hop,.that.is,.beyond.the.admitting.router.

Various. forms. of. admission. control. have. been. considered. for. multihop. wireless. networks.. In.
.[13–15,17,24],.schemes.have.been.considered.that.examine.the.medium.availability.only.for.the.first.hop.
but.not.beyond.it..Although.these.schemes.based.on.the.resource.availability.for.the.first.hop.may.be.
simple.and.even.work.well.under.light.traffic.loads,.they.fail.to.serve.the.admitted.users.under.heavy.
traffic.loads..Another.approach.[25,26].explicitly.probes.the.resource.availability.at.each.router.along.the.
way.to.the.destination.node.before.admitting.a.new.traffic.request..The.network.admits.a.new.traffic.
request.only.if.a.resource.is.available.at.the.time.of.probe..Although.this.approach.enables.the.network.
to.detect.congestion.sooner,.it.increases.the.setup.delay.before.a.new.user.is.admitted..Another.draw-
back.is.that.exchanging.probe.messages.incurs.excessive.control.overhead.

In.[18],.a.different.ACC.scheme.is.proposed..Under.the.scheme,.an.MR.admits.an.admission.request.
if.and.only.if.each.of.the.queues.at.the.MR.has.been.assigned.“sufficient”.resources,.and.the.MR.has.
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additional. resources. for. receiving. data. for. the. request.. The. ACC. policy. incorporates. the. resource.
.availability.at.the.routers.along.the.path.to.the.destination.router,.and.yet.utilizes.only.local.information.
available.at.the.admitting.router.and.has.a.minimal.increase.in.control.overhead..In.[18],.the.scheme.is.
shown.to.stabilize.the.network.even.under.heavy.traffic.loads.

Later.in.this.chapter,.network.performance.is.presented.under.the.ACC.scheme.created.in.[18],.and.
compared.with.that.under.the.scheme.considered.in.[17]..The.latter.scheme.in.[17].does.not.consider.the.
resource.availability.beyond.the.admitting.MR.and.tends.to.admit.more.sessions.than.the.network.can.
support.

35.2.4 Routing Protocol

The.WMN.simulator.considered.in.this.chapter.implements.a.proactive.routing.protocol.that.is.based.on.
minimum-cost.spanning.trees,.similar.to.the.hybrid.wireless.mesh.protocol.with.mesh.portals.of.the.
IEEE.802.11s.standards.[27,28]..Routing.tables.are.constructed.at.the.beginning.of.each.simulation.run.
and.remain.the.same.throughout.the.run.

Two. link. metrics. are. considered. in. this. chapter. for. best-effort. web. traffic:. one. link. metric. is. a.
constant,.and. the.other. link.metric. is. the.PHY.transmission. time.(or.air-time).per.unit.data. size.
under.a.certain.idealized.scenario.(see.[19].for.more.detailed.description.of.the.routing.metrics)..The.
path.or.routing.metric.is.defined.as.the.sum.of.the.link.metrics.along.the.path..Under.the.former.link.
metric,.the.path.or.routing.metric.becomes.the.number.of.hops.along.the.path,.and.an.MR.selects.
the.shortest.path.toward.the.destination.node..Under.the.latter.metric,.the.path.or.routing.metric.
becomes.the.sum.of.air-time.along.the.path.under.the.aforementioned.idealized.scenario..Either.of.
the.metrics.does.not.include.the.processing.delay.and.the.medium.access.acquisition.delay.at.inter-
mediate.MRs.

35.3 Performance evaluation

In.this.section,.we.present.the.performance.of.the.WMN.that.employs.the.control.time.slot.assignment.
protocol,.data.time.slot.access.control.protocol,.and.routing.protocol.described.in.the.previous.section..
Various.performance.metrics.are.determined.including.mean.network.throughput,.per-session.through-
put,.blocking.rate,.and.dropping.rate..The.mean.network.throughput.is.calculated.as.the.aggregate.size.
of.successfully.completed.sessions.across.the.network.per.unit.time,.and.the.per-session.throughput.is.
calculated.as.the.session.data.size.divided.by.the.session.delay.for.a.successfully.completed.session..The.
blocking.rate.is.the.ratio.of.the.number.of.blocked.sessions.to.the.number.of.arrived.sessions,.and.the.
dropping.rate.is.the.ratio.of.the.number.of.dropped.sessions.to.the.number.of.admitted.sessions..An.EU.
is.blocked. if. its.admission.request. is.not.accepted.after.a.maximum.number.of.retires..On.the.other.
hand,.an.admitted.EU.is.dropped.if.it.runs.out.of.data.time.slots.before.it.completes.transmitting.its.data.
to.the.network.

35.3.1 Performance under two Different Acc Schemes

In.this.section,.we.present.the.network.performance.under.two.different.ACC.schemes.created.in..[17,18]..
The.scheme.created.in.[17].is.denoted.as.AC_RO,.and.the.one.considered.in.[18].as.AC_RF.

35.3.1.1 network throughput

As.seen.in.Figure.35.1,.when.the.traffic.arrival.rate.is.small,.the.network.throughput.behaves.quite.simi-
larly.under.both.AC_RO.and.AC_RF:.the.mean.network.throughput.increases.almost.linearly.as.a.func-
tion.of.the.session.arrival.rate,.successfully.serving.most.of.the.EUs.arriving.to.the.network..However,.
as. the. arrival. rate. increases,. the. network. throughput. shows. a. remarkable. difference:. the. network.
throughput.starts.to.decrease.under.AC_RO.while.it.continues.to.increase.under.AC_RF.
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The.decrease.in.the.network.throughput.under.AC_RO.can.be.explained.as.follows..If.the.arrival.rate.
keeps.increasing,.at.some.point,.all.the.data.time.slots.become.exhausted..At.this.point,.the.network.
must.start.blocking.new.EUs..However,.many.of.the.MRs.may.still.find.resources.available.for.reception.
at.themselves.under.AC_RO,.and.those.MRs.continue.to.admit.new.EUs..These.admitted.EUs.incur.
additional. interference. to. the.network,. leading.to. lower.PHY.rates..The.resultant.aggregate.data.size.
transported.by.the.network.thus.decreases,.leading.to.the.decrease.in.the.network.throughput..On.the.
other.hand,.under.AC_RF,.the.network.begins.to.block.new.EUs.as.the.network.starts.to.saturate..When.
the.MRs.near.GRs.start.to.become.congested.such.that.some.of.their.existing.queues.do.not.receive.suf-
ficient.resources,.the.MRs.stop.accepting.admission.requests..Then,.their.children.MRs.successively.stop.
accepting.admission.requests.until.their.existing.queues.receive.sufficient.resources.from.these.parents.
MRs,.and.so.on..As.a.result,.the.network.reaches.a.balance.in.which.the.network.admits.only.as.many.
EUs.as.it.can.support.without.destabilizing.itself..The.diminishing.increment.with.the.increasing.arrival.
rate.results.from.the.fact.that.the.network.becomes.increasingly.utilized.and.the.idling.fraction.of.the.
network.diminishes.as.the.network.becomes.increasingly.loaded.

We.note.that.the.difference.resulting.from.the.two.different.routing.metrics.described.in.a.previous.
section.is.insignificant.compared.to.the.difference.from.the.two.different.ACC.policies..This.somewhat.
small.difference.follows.from.the.fact.that.the.simulated.WMN.has.rather.shallow.spanning.trees.for.
routing.

35.3.1.2 Per-Session throughput

As.seen.in.Figure.35.2,.under.both.AC_RO.and.AC_RF,.the.mean.per-session.throughput.decreases.as.
the. traffic. arrival. rate. increases.. However,. under.AC_RO,. under.a. heavy. traffic. load,. the. number. of.
active.EUs.in.the.network.keeps.increasing.and.the.session.delay.also.keeps.increasing.as.the.system.
evolves.over.time..The.network.employing.AC_RO.thus.cannot.guarantee.a.stable.per-session.through-
put.under.modest.or.heavy.traffic.loads..On.the.other.hand,.under.AC_RF,.the.network.remains.stable.
under. heavy. traffic. loads.. The. number. of. active. EUs. in. the. network. and. the. session. delay. remain.
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.stationary.over.time.and.consequently,.the.network.can.guarantee.a.stable.mean.per-session.throughput.
even. under. heavy. traffic. loads.. The. decrement. in. the. per-session. throughput. diminishes. with. the.
increasing.traffic.arrival.rate..We.expect.that.the.mean.per-session.throughput.would.converge.as.the.
network.resources.are.increasingly.utilized.with.the.increasing.traffic.arrival.rate.

35.3.2 Performance under Different Mesh Sizes

In.this.section,.we.present.the.scalability.behavior.of.several.fundamental.performance.metrics.as.we.
vary.the.network.topology.by.deploying.different.numbers.of.GRs.while.keeping.the.number.and.loca-
tions.of.MRs.the.same..Recall.that.GRs.are.colocated.with.MRs..The.number.of.MRs.served.by.one.GR.
is.varied.over.1,.2,.5,.10,.20,.40,.and.80..We.consider.the.“min_air-time”.routing.metric.and.the.AC_RF.
ACC.scheme.in.this.section.

35.3.2.1 network throughput

As. seen. in. Figure. 35.3,. the. mean. network. throughput. generally. increases. as. the. session. arrival. rate.
increases.given.the.network.topology.and.the.routing.metric..However,.as.the.arrival.rate.keeps.increas-
ing,.the.network.becomes.overloaded.and.starts.to.saturate,.and.the.increment.in.the.mean.network.
throughput.decreases.and.eventually.diminishes.

The.network.throughput.behavior.can.be.explained.with.two.related.quantities:.the.mean.PHY.trans-
mission.rate.of.successfully.received.data.packets,.and.the.mean.aggregate.number.of.active.data.time.
slots.used.across.the.network..As.more.EUs.arrive.and.are.admitted.to.the.network.under.a.higher.session.
arrival.rate,.the.interference.level.on.data.time.slots.becomes.higher.and.thus,.the.supportable.PHY.trans-
mission.rate.becomes.lower.and.more.data.time.slots.are.used..As.the.session.arrival.rate.keeps.increas-
ing,.all.the.usable.data.time.slots.eventually.become.exhausted,.and.both.of.the.aggregate.number.of.used.
data.time.slots.across.the.network.and.the.mean.supportable.PHY.transmission.rate.saturate.
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different.admission.and.congestion.control.schemes.under.(#MRs):(#GRs).=.40:1..(Adapted.from.H..Lee.and.D..Cox,.
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Figure.35.3. shows. that. the.network. throughput. improves. significantly.as.more.GRs.are.deployed..
There.are.two.major.factors.that.lead.to.such.improvement..One.is.the.shorter.average.path.length,.that.
is,.fewer.MRs,.which.each.EU.data.go.through.to.reach.the.backbone.network..Another.key.factor.is.the.
fact.that.each.GR.serves.fewer.MRs.on.average,.and.thus.each.MR.interacts.with.fewer.other.MRs..This.
leads.to.fewer.constraints.on.the.usage.of.a.data.time.slot.at.an.MR.and.in.turn.to.increased.reuse.of.each.
data.time.slot..With.more.deployed.GRs,.significantly.more.data.time.slots.can.be.used.simultaneously.
and.each.data.time.slot.can.be.reused.considerably.more.

35.3.2.2 Per-Session throughput

As.seen.in.Figure.35.4,.the.mean.per-session.throughput.generally.decreases.with.the.increasing.session.
arrival.rate.given.the.network.topology.and.the.routing.metric..The.lower.per-session.throughput.under.a.
higher.arrival.rate.results.from.a.longer.session.delay,.which.is.in.turn.attributed.to.two.main.factors:.the.
lower.mean.PHY.transmission.rate.on.data.time.slots.due.to.increased.interference,.and.the.longer.delay.
in.acquiring.resources.at.MRs.due.to.more.EUs.competing.for.the.same.resources..Figure.35.4.also.dem-
onstrates.that.for.an.admitted.EU,.a.stable.mean.per-session.throughput.is.provided.under.each.session.
arrival.rate.and.that.the.mean.per-session.throughput.does.not.diminish.even.under.heavy.traffic.loads..
It.also.indicates.that.the.mean.per-session.throughput.considerably.improves.with.more.deployed.GRs.

Due. to. the. tree. structure.of. the. routing. tables,. the.mean.per-session. throughput.provided.at.an.MR.
greatly.varies.depending.on.the.path.length.from.the.MR.to.its.best.GR.and.the.number.of.MRs.served.by.
the.same.GR..Generally,.a.significantly.larger.mean.per-session.throughput.is.provided.at.an.MR.that.is.
fewer.hops.away.from.its.best.GR..As.more.GRs.are.deployed,.the.per-session.throughput.increases.while.the.
overall.trend.with.the.increasing.session.arrival.rate.remains.the.same.under.each.GR.topology.scenario.

35.3.2.3 Blocking Rate

As.seen.in.Figure.35.5,.the.blocking.rate.increases.with.the.increasing.session.arrival.rate.given.the.net-
work. topology. and. the. routing. metric.. This. monotonicity. follows. from. the. fact. that. under. a. higher.
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arrival.rate,.a.new.EU.arriving.to.the.network.sees.more.EUs.on.average.that.are.being.served.at.the.MR.
to.associate.with,.and.thus.has.a.higher.probability.of.being.blocked..As.the.network.starts.to.saturate.
with.the.increasing.session.arrival.rate,.the.blocking.rate.increases.very.sharply.as.seen.in.Figure.35.5..
This.sharp.increase.results.from.the.fact.that.the.number.of.EUs.supportable.by.the.network.saturates.
with.the.increasing.arrival.rate.

We.also.calculate.the.blocking.rate.for.each.MRn,.where.MRn.denotes.an.MR.that.is.n.hops.away.from.
its.best.GR..The.blocking.rate.at.MR0.is.significantly.smaller.than.those.at.MRn,.n.>.0.in.all.cases..This.is.
due.to.the.fact.that.blocking.at.MR0.occurs.only.when.there.is.no.resource.left.for.receiving.data.for.a.
new.EU..It.turns.out.that.MR0.still.tends.to.have.a.few.data.time.slots.available.for.reception.for.a.new.
EU.even.when.the.overall.blocking.rate.becomes.as.high.as.50%.

On.the.other.hand,.one.has.to.consider.two.main.factors.to.understand.the.blocking.rates.at.MRn,.
n.>.0..One.factor.is.the.amount.of.opportunity.that.MRn.acquires.for.forwarding.data,.and.the.other.
factor.is.the.amount.of.radio.resources,.that.is,.data.time.slots.and.the.supportable.PHY.transmission.
rates.over.them,.which.are.available.at.MRn..The.chance.or.opportunity.that.MRn2.acquires.for.forward-
ing.data.is.smaller.than.that.of.MRn1,.n1.<.n2..On.the.other.hand,.due.to.the.tree.structure.of.the.routing.
tables,.MRn2. serves. fewer.EUs.on.average.and. thus. tends. to.have.more.available.data. time. slots. and.
higher.supportable.PHY.rates.than.MRn1..Depending.on.the.mesh.size.and.the.traffic.load.in.the.net-
work,.the.blocking.rate.at.MRn1.can.be.smaller.or.larger.than.MRn2..Please.refer.to.[19].for.more.detailed.
discussions.

35.3.2.4 Dropping Rate

Recall.that.an.EU.releases.a.data.time.slot.after.a.maximum.number.of.unsuccessful.retransmissions.on.
the.slot,.and.becomes.dropped.if.it.runs.out.of.data.time.slots..The.successive.retransmission.failures.
are primarily.due.to.new.interfering.transmissions.on.the.same.data.slot.that.were.not.seen.when.the.
data.slot.was.assigned.to.this.new.EU..As.seen.in.Figure.35.6,.when.the.network.is.lightly.loaded,.the.
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dropping. rate. generally. increases. with. the. increasing. session. arrival. rate.. This. monotonic. increase.
under.light.traffic.loads.follows.from.two.factors:.one.is.that.there.are.more.new.transmissions.on.each.
data.time.slot.when.more.new.EUs.are.admitted.across.the.network.under.a.higher.arrival.rate..The.
other.factor.is.that.when.the.network.is.lightly.loaded,.the.interference.level.on.a.data.time.slot.is.low.
enough.so.that.multiple.MRs.across.the.network.may.see.the.same.data.time.slot.available.and.assign.the.
slot.to.new.transmissions.

As.the.arrival.rate.keeps.increasing.and.the.network.becomes.increasingly.saturated,.the.number.
of.new.EUs.that.are.admitted.at.once.across.the.network.tends.to.saturate.as.well..Consequently,.the.
probability.of.a.new.EU.getting.dropped.due.to.additional.new.transmissions.also.tends.to.saturate..
Furthermore,.as.seen.in.Figure.35.6,.the.dropping.rate.may.even.start.to.decrease.with.the.increasing.
arrival.rate.in.some.cases..This.decrease.can.be.explained.as.follows..If.the.mesh.size.is.small.enough.
and.the.traffic.load.in.the.network.is.high.enough.so.that.the.interference.level.on.data.time.slots.is.
too.high. for. the. same.data. time.slot. to.be.assigned. to.multiple.new.transmissions. simultaneously,.
then,.each.data. time.slot.assigned. to.a.new.EU.or.new. transmission.may.not. suffer. from.as.much.
increase.in.the.cochannel.interference.as.it.did.under.a.lower.arrival.rate,.leading.to.a.decrease.in.the.
dropping.rate.

We.also.calculate.the.dropping.rate.for.each.MRn..The.dropping.rate.at.MRn2.tends.to.be.smaller.than.
that.at.MRn1,.n1.<.n2..This.is.because.MRn2.tends.to.have.more.available.data.time.slots.on.average.than.
MRn1,.and.thus.a.data.time.slot.chosen.for.a.new.EU.at.MRn2.tends.to.have.a.lower.interference.level.
under. the. employed.data. time. slot. selection.algorithm.. The.reason. why. the.dropping. rate. at. MR0. is.
noticeably.higher.than.those.at.MRn,.n.>.0.is.that.the.blocking.rate.at.MR0.is.significantly.smaller.than.
those.at.MRn,.n.>.0,.and.thus.an.admitted.EU.tends.to.get.assigned.data.time.slots.with.far.stronger.
interference.

35.4 conclusion

In.this.chapter,.we.focused.on.WMNs.that.serve.as.access.networks.over.large.geographic.areas,.and.
presented.protocols.and.performance.behavior.that.are.based.on.more.realistic.models.for.physical.
and.networking.layers.of.network.functions.that.have.been.often.oversimplified.in.the.literature..We.
first.presented.a.set.of.MAC.protocols.that.incorporate.such.models.for.the.WMNs..We.then.pre-
sented.the.performance.of. the.WMNs.obtained.through.a. large.simulator. that. incorporates.mea-
surement-based.models.for.radio.propagation.and.interference.calculation.for.a.large.built-in.urban.
area..We.first.compared.the.impact.of.two.ACC.schemes.on.the.network.performance,.and.demon-
strated.that.the.ACC.scheme.AC_RF.was.able.to.stabilize.the.network.even.under.heavy.traffic.loads..
We.then.investigated.the.impact.of.different.mesh.sizes.on.the.performance,.and.demonstrated.that.
with.more.deployed.GRs,.that.is,.more.backbone.support.to.the.network,.the.network.throughput.
and. per-session. throughput. improved. significantly.. Under. each. simulated. scenario,. we. identified.
major.factors.that.affect.the.performance.behavior.and.showed.that.the.PHY,.MAC,.and.routing.lay-
ers.of.network.functions.interact.with.one.another.in.a.complicated.manner.to.determine.the.net-
work.performance.
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36.1 introduction

IP.multimedia.subsystem.(IMS).is.an.architectural.framework.for.delivering.multimedia.services.stan-
dardized.by.the.Third-Generation.Partnership.(3GPP/3GPP2).in.late.1999..IMS.enables.multimedia.and.
voice.services.to.be.delivered.in.a.well-structured.manner..It.facilitates.services.integration.over.disparate.
networks,. including.the.Internet.and.cellular.networks..IMS.enables.advanced.services.such.as.email,.
video.conference,.presence,.chat,.push.to.talk.(PTT),.and.IPTV.to.become.widely.available.to.the.users.

The. services. infrastructure. has. traditionally. evolved. in. a. “stove-piped”. manner. as. shown. in.
Figure 36.1a,.where.services.are.established,.maintained,.and.terminated.independently.of.each.other..A.
number.of.functions.common.to.many.services.such.as.billing,.quality.of.service.(QoS),.and.user.profile.
are.developed.and.maintained.specifically.for.each.service,.thereby.increasing.the.cost.of.development.
and. maintenance. as. well. as. decreasing. the. utilization. of. resources.. The. stove. piped. arrangement. is.
unsuitable.because.of.its.inability.to.share.common.functions.and.in.view.of.the.tremendous.demand.
for.new.types.of.services.together.with.the.exponential.increase.in.the.number.of.users.

The.IMS.system.is.organized.as.a.layered.architecture.where.functions.are.built.on.top.of.each.other.in.a.
horizontal.manner.as.illustrated.in.Figure.36.1b..When.structured.in.this.manner,.the.system.allows.mul-
tiple.services.to.share.a.common.set.of.functions.without.the.need.to.redevelop.each.function..separately.for.
each.service..This.concept.of.reuse.of.functions.and/or.capabilities.will.pave.the.way.for.rapid.service.devel-
opment.and.eliminate.redundant.development.efforts.associated.with.every.new.service.development.
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IMS.is.access.and.device.independent..It.can.be.integrated.with.3G.and.4G.networks.regardless.of.the.
network.technology.(WLAN,.LTE,.WiMax,.etc.)..The.user.can.use.IMS.services.regardless.of.the.device.
used..IMS.is.capable.of.delivering.services.with.QoS.to.the.user..It.facilitates.rapid.service.development,.
and.has.the.potential.to.offer.a.rich.suite.of.applications.to.the.users..This.approach.encourages.service.
providers. to. establish. a. service. creation. platform. open. to. third-party. vendors.. In. addition. to. 3GPP,.
other.standardization.bodies.have.embraced.IMS.protocol.developments.which.are.based.on.the.IETF-
defined.session.control. [1]..A.complementary.effort.by.Open.Mobile.Alliance.(OMA).[2]. is.aimed.at.
stimulating.the.creation.and.adoption.of.new.enhanced.mobile.services.such.as.video,.entertainment,.and.
information.services..The.alliance.works.toward.standardization.and.interoperability.of.all.application-
related.issues.

After.an.introduction.to.IMS.in.Section.36.2.with.an.overview.of.the.architecture,.the.protocol.suite,.
and.the.control.structures,.Sections.36.3.provides.an.analysis.of.the.impact.of.introducing.services.and.
integrating.IMS.with.CDMA/WLAN.hybrid.networks..Section.36.4.provides.a.summary.of.the.insights.
from.the.analysis.of.Section.36.3.

36.2 iP Multimedia Subsystem

Service.providers.anticipate.that.IMS.will.benefit.the.end.users.by

•. Facilitating.delivery.of.services.with.QoS.to.the.end.user
•. Enabling.an.environment.for.the.development.of.new.and.advanced.blended.services
•. Ensuring.secure.transactions.of.user.information
•. Facilitating. the. collection. of. all. services. utilized. by. a. user. that. can. be. supplied. to. the. billing.

.systems.to.create.an.integrated.bill
•. Facilitating.the.delivery.of.services.over.disparate.networks
•. Facilitating.ease.of.use.of.services.by.allowing.users.to.create.a.single.profile.and.register.once.for.

all.the.services

Figure.36.2.illustrates.the.relationship.between.the.IMS.layer,.different.types.of.wireless.and.wireline.
networks. such. as. WiFi,. universal. mobile. telecommunications. system. (UMTS),. long-term. evolution.
(LTE),.and.the.public.switched.telephone.network.(PSTN),.and.the.application.layer.

The.IMS.layer.provides.many.common.services,.including.registration,.authentication,.user.data.pro-
visioning,.session.negotiations,.and.data.collection.for.billing.and.charging.purposes..This.layer.includes.
IMS.entities.such.as.call.session.control.functions.(CSCFs).and.home.subscriber.server.(HSS).

Traditional services framework

(a) (b)

IMS framework

Applications logic

Common functions

Services authentication

Network infrastructure

Service N Service 2 Service 1

QoS
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Billing
functions
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QoS
functions

Billing
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QoS
functions

Billing
functions

User profile

FIGURE 36.1 (a).Traditional.service.framework.and.(b).IMS.framework.
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The.application.layer.includes.all.the.application.servers.that.offer.a.variety.of.services.and.applica-
tions.to.the.end.user..Most.of.these.application.servers.utilize.the.session.initiation.protocol.(SIP).as.the.
signaling.protocol.for.services.negotiation.

In.a.typical.service.scenario,.a.user.requests.a.service.via.an.access.network..The.request.is.subse-
quently.transferred.from.the.access.network.to.the.IMS.subsystem,.where.the.request.is.processed.and.
then.forwarded.to.the.application.layer..Figure.36.1.shows.some.example.applications.such.as.presence,.
Parlay.X,.and.IPTV.

IMS’s.core.network.server.is.a.CSCF.server..This.function.takes.on.four.different.variations,.which.are.
proxy,. serving,. interrogating,. and. emergency. call. session. control. functions,. abbreviated. as. P-CSCF,.
S-CSCF,.I-CSCF,.and.E-CSCF,.respectively..The.serving.CSCF.is.considered.to.be.the.brain.of.IMS..Each.
server.performs.different.tasks.to.ensure.service.delivery.to.the.user.

36.2.1 iMS control Functions

The. P-CSCF,. being. located. in. the. visitor’s. network,. serves. as. the. first. point. of. contact. for. the. user..
Subsequently,.the.user’s.requests.are.processed.by.I-CSCF.and.then.P-CSCF..In.order.to.access.the.IMS.
system,.users.need.to.have.at.least.one.address.of.the.IMS.system..In.the.3GPP.design,.users.need.to.per-
form.P-CSCF.discovery.mechanism..P-CSCF.carries.out.several.tasks.as.highlighted.below.[3]:

•. During.a.registration.request,.P-CSCF.will.review.the.request.and.then.reroute.it.to.the.appro-
priate.I-CSCF.based.on.the.user’s.home.location.

•. After.acquiring.the.address.of.S-CSCF.during.the.registration.process,.P-CSCF.is.responsible.for.
rerouting.SIP.packets.to.S-CSCF.
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FIGURE 36.2 IMS.architecture.
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•. P-CSCF.is.responsible.for.maintaining.a.secure.connection.with.the.user.
•. It.composes.and.decomposes.SIP.messages.
•. It.manages.emergency.calls.and.forward.them.to.the.E-CSCF.server.[1].
•. It.generates.charging.information.and.forward.it.to.the.charging.entity.
•. It.updates.the.SIP.packets.with.the.network.information.
•. In.some.cases,.it.hides.the.network.topology.

The.I-CSCF,.which.is.located.in.the.home.network,.can.access.the.IMS.system.data.base.HSS..The.
following.list.highlights.the.tasks.performed.by.I-CSCF:

•. It. is. responsible. for. retrieving. the. S-CSCF. address. from. HSS. and. rerouting. SIP. packets. to.
S-CSCF

•. It.is.responsible.for.rerouting.packets.to.a.different.IMS.network.
•. It. is. responsible. for. receiving. and. rerouting. SIP. messages. arriving. from. a. different. IMS.

system.

The.S-CSC.is.considered.the.most.important.server.that.is.located.in.the.home.network.and.that.
maintains. access. to. HSS.. S-CSCF. carries. out. major. tasks. within. the. IMS. system. as. highlighted.
below:

•. Authorizing.and.authenticating.users.during.registration
•. Serving.as.an.SIP.registrar,.accessing.HSS.using.the.diameter.protocol,.and.providing.HSS.with.

the.user.information.to.ensure.secure.sessions
•. Checking.SIP.messages.to.determine.if.an.application.server.is.needed.and.filtering.the.messages.

using.trigger.points,.and.forwarding.the.message.to.the.correct.application.server
•. Managing.and.terminating.sessions.as.necessary.[4].and.handling.user.requests.for.registration.

and.downloading.user.profile.from.HSS
•. Collecting.charging.information.for.services.utilized.by.the.users.and.proving.the.information.to.

the.charging.unit
•. Deregistering.users.when.required
•. Routing.SIP.messages.to.IMS.systems.in.different.domains

The.E-CSCF.server.has.been.added.recently.by.3GPP.standardization.and.Federal.Communications.
Commission.(FCC).to.provide.emergency.access.to.users..The.server’s.task.is.to.overview.emergency.
calls..On.receiving.an.emergency.call,.it.retrieves.user.location.and.information.through.dedicated.loca-
tion.servers.and.then.forward.the.location.of.the.user.to.the.appropriate.emergency.dispatcher.service..
E-CSCF.provides.an.essential.delay-sensitive.service.to.the.user.[1].

The.HSS.serves.as.the.main.database.of.the.IMS.system.by.maintaining.profiles.of.users.with.informa-
tion. to. identify,. register,. authenticate,. and.authorize.users. so.as. to.enable. the.users. to.avail. the. rich.
multimedia.services.enabled.by.IMS..There.might.be.more.than.one.HSS.so.that.the.system.can.scale.
with.increasing.subscribers..HSS.keeps.the.subscription.information.of.the.user.by.applying.a.criterion.
known.as.initial filter criteria.(iFC),.which.are.logical.filters.that.contain.trigger.points.that.get.down-
loaded.to.S-CSCF.when.the.user.registers.

Application servers.represent.the.end.point.that.process.requests.for.services.initiated.by.the.user..
IMS.has.multiple.servers.assigned.to.perform.various.services..Most.of.these.servers.have.built-in.
SIP.proxies.[5]..To.ensure.that.every.user.is.served.by.the.requested.services,.the.HSS.will.choose.the.
right.application.server.based.on.the.user-requested.services.and.the.applicable.policies..Application.
servers.are.considered.as.some.of.the.most.essential.entities.as.they.facilitate.the.use.of.a.rich.set.of.
services.by.the.user..Service.providers.are.deploying.what.is.referred.to.as.service-oriented architec-
tures. (SOA). to.provide. integrated.services. to.end.users..SOA.is.capable.of. supporting. third-party.
applications.[3].
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Media resource function. (MRF).is.a.node.responsible.for.media.control. in.the.home.network..It. is.
divided. into. two. functions,. media resource function controller. (MFRC). and. media resource function 
processor.(MRFP)..MRFC.performs.media.control.such.as.sending.announcements.and.transcoding.of.
media.whereas.MRFP.processes.MRFC.instructions,.media.streaming.by.multiple.parties,.and.codec.
media.information..An.H.248.interface.[6].facilitates.media.capability.negotiation.between.the.nodes.
requesting.the.establishment.of.a.session.

Breakout gateway control function.(BGCF).is.responsible.for.routing.SIP.messages.to.a.circuit.switch-
ing.network;.it.uses.telephone.numbers.to.route.calls.to.the.PSTN.

36.2.2 iMS Protocol Suite

Within.the.IMS.system,.a.number.of.protocols.play.an.important.role.in.facilitating.the.IMS.system.to.
successfully.deliver.services.to.the.end.user..Some.significant.ones.are.briefly.described.below.

. 1.. Session initiation protocol (SIP). SIP.is.an.application.layer.protocol.created.by.IETF.(Internet.
Engineering.Task.Force)..SIP.is.one.of.the.most.essential.protocols.for.multimedia.session.man-
agement.that.is.used.to.create,.maintain,.and.terminate.sessions..SIP.is.responsible.for.the.session.
management.of. services. such.as.video.conference,.voice.over. IP. (VoIP),. chat,. and.multimedia.
streaming..For.this.reason,.SIP.was.adopted.by.3GPP.as.the.signaling.protocol.for.session.man-
agement..Media.stream.is.transported.using.the.real-time.transport.protocol.(RTP).[7].

. 2.. Session description protocol (SDP) The.SDP.created.by.IETF.defines.the.format.of.the.SIP.mes-
sages..SIP.defines.the.type.of.information.being.sent,.while.SDP.represents.the.format.of.these.
messages.

. 3.. Real-time transport protocol (RTP) The.RTP.protocol.introduced.by.IETF.defines.the.formats.of.
the.media.packets.to.be.delivered..It.is.used.to.deliver.multimedia.steams.in.services.such.as.VoIP,.
video.conference,.and.other.IMS.applications.

. 4.. Diameter protocol. The.diameter.protocol.designed.by.IETF.is.an.authorization,.authentication,.
and.accounting.(AAA).protocol,.and.is.a.successor.to.the.RADUIS.protocol..The.diameter.protocol.
is.chosen.to.manage.the.delivery.of.IMS.client.information.between.I-CSCF,.S-CSCF,.and.HSS.

SIP.being.the.most.important.of.the.protocols.within.the.IMS.suite.of.protocols,.a.brief.description.of.
the.protocol.is.provided.below.

36.2.3 SiP Architecture

To.keep.track.of.the.users.and.the.session,.SIP.requires.all.the.users.to.register.before.establishing.a.ses-
sion..SIP.entities.include.the.following:

User agent client.(UAC).is.the.entity.that.requests.a.session.or.service..Prior.to.requesting.service,.
the.SIP.client.needs.to.register.(see.Figure.36.3).

User agent server.(UAS).is.the.entity.that.receives.and.responds.to.the.service.request.initiated.by.
UAC..A.SIP.server.can.be.another.user’s.agent.

SIP proxy is.the.entity.that.reroutes.SIP.messages..This.capability.facilitates.SIP.messages.to.be.
routed.to.the.final.destination.by.multiple.SIP.proxies..Unlike.the.“best-effort”.IP.routing,.SIP.
message.requests.and.responses.should.follow.the.same.routing.hops.to.keep.track.of.the.ses-
sion.state..However,.that.is.not.the.situation.with.RTP.packets.that.carry.media.stream..The.
media.stream.in.either.direction.follows.the.best-effort.IP.routing.scheme.

SIP registrar:.Each.UAC.needs.to.register.with.the.service..The.registration.request.is.processed.by.
the.SIP.registrar.server,.which.keeps.track.of.user.registrations..The.SIP.registrar. is.usually.
integrated.with.the.SIP.proxy.
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36.2.4 SiP Methods

As.shown.in.Figure.36.4.[7],.SIP.messages.are.described.using.SDP..The.first.part.of.the.message.is.the.
message.header.which.represents.the.purpose.of.the.message.indicated.by.the.SIP.method.type,.the ini-
tiating.and.receiving.address.information,.and.the.sequence.of.the.message..The.second.part.of.the.mes-
sage. (separated. by. space). represents. information. about. the. media. such. as. encoding. and. decoding.

Redirect server

SIP proxy SIP proxy

UAS

IP cloud

SIP
RTP

UAC

Registrar server

FIGURE 36.3 SIP.architecture.

INVITE sip:name1@operator.com SIP/2.0 
V=SIP/2.0/UDP 
193.215.131.000;maddr=239.128.16.254;ttl=16 
V:SIP/2.0/UDP 128.16.64.19 
F:sip:name2@operator.com 
I:62729-27@128.16.64.19 
C:application/sdp 
CSeq:4711 INVITE 
1:187
V=0

O=user153655765235687637 in IP4 128.3.4.5 
S=Mbone Audio 
I=Discussion of Engineering Issues 
E=company@operator.com
C= In IP4 224.2.0.1/127 
T=0
M=Audio3456/RTP/AVP0 

FIGURE 36.4 SIP.INVITE.
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information.(codec.specifications),.device.information,.a.line.indicating.the.SIP.method,.together.with.
the.main.purpose.of.the.SIP.message.and.the.address.which.initiated.the.request.

Besides.the.INVITE.method,.SIP.deploys.various.other.methods.while.communicating.with.nodes..
SIP. messages. or. methods. [1]. are. sent. and. received. within. the. SIP. packets.. Table. 36.1. lists. the. SIP.
methods.

36.2.5 User identification in iMS

The.IMS.system.uses.different.kinds.of.identities.to.identify.the.user.within.the.system;.each.has.its.own.
purpose..The.users’.IDs.may.be.public.or.private.

IMS.users’.public.user.identities.are.used.as.a.contact.address.or.a.business.card.and.it.is.used.by.IMS.
to.route.SIP.messages.to.other.users..Public.user.identity.comes.in.the.format.of.SIP.URL.(name@opera-
tor.com.or.000-00-0000@operator.com). or.as. a.TEL.URL.(+000-00-0000)..Users.may.have.multiple.
public.user.identities.

Each.IMS.user.may.be.assigned.one.or.more.private.user.identities..This.identity.is.used.internally.by.
IMS.to.identify.user.information.while.registering.or.authenticating..Users.are.normally.not.aware.of.
this.address,.which.is.in.the.format.of.network.access.identifier.(name@operator.com)..Both.private.and.
public.identities.are.stored.in.HSS.

36.2.6 iMS Services

IMS.provides.powerful.session.and.service.management..The.following.list.highlights.the.most.com-
mon.services:

Presence.service.provides.information.concerning.the.status.and.availability.of.the.users..This.service,.
which.updates.users’.presence.information.dynamically. in.real.time,.makes.communications.among.
users.more.convenient..User.information.may.include.[3]

•. Availability
•. User.device.capabilities
•. User.location
•. Current.activity
•. Communication.preferences

Presence.servers.are.part.of.the.IMS.application.layer..IMS.users.subscribe.with.their.presence.infor-
mation.“presentities”.to.resources.list.(user.contact.list)..Users.who.request.the.resources.list.are.called.

TABLE 36.1 SIP.Methods

SIP.Method Meaning

INVITE A.UAC.invokes.the.INVITE.method.to.request.session.establishment
REGISTER Register.the.address.listed.in.the.To.header.of.the.SIP.message
CANCEL Cancel.pending.requests
OPTIONS Queries.the.server.for.its.capabilities
SUBSCRIBE Subscribe.the.user.for.event
PUBLISH Publish.an.event.to.the.server
NOTIFY Notify.the.user.of.a.new.event
INFO Send.midsession.information,.no.modification.applied.to.the.states
MESSAGE Transport.instant.messages.by.SIP
ACK Acknowledge.the.invite.request
UPDATE Modify.the.session.state
PRACK Provisional.acknowledgment
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“Watchers.”.The.IMS.user.updates.“publish”.their.“presentities”.to.the.resources.list.to.be.watched.by.
others.

Conferencing. facilitates. session. establishment. between. two. or. more. users. due. to. powerful. session.
management.mechanism.

Push to talk.enhances.a.user’s.experience.with.a.Walki.Talki-like.service.by.allowing.users.to.push.a.
terminal.button.and.speak.with.another.user.without.the.need.to.dial..PTT.server.is.also.associated.with.
XDMS.server.

Instant message.enables.users.to.send.IM.messages.through.the.IMS.system..IMS.has.two.modes.for.
sending.IM..The.first.mode.is.session.based,.and.the.second.is.pager.based.

36.2.7 Quality of Service

Service.providers.are.required.to.provide.a.certain.level.of.service.performance.for.the.users.depending.
on.the.service.level.subscription..Service.providers.reserve.resource.to.ensure.service.delivery.with.QoS..
In.IMS,.different.priorities.may.be.assigned.to.different.services,.as.some.services.are.less.delay.tolerant.
than.others..QoS.is.impacted.upon.by.the.following.factors.[8,9]:

•. Delay.and.jitter
•. Cost
•. Bit.error.rate
•. Likelihood.of.failure
•. Throughput

QoS.is.a.key.metric.that.may.be.related.to.the.user.experience..QoS.may.be.enforced.using.the.dif-
ferentiated.services.or.Diffserv. technique.defined.by.IETF.[10].and.adopted.by.3GPP.for.use.by.IMS..
Diffserv.follows.the.idea.of.differentiating.packet.flows.into.3GPP.QoS.classes.shown.in.Table.36.2.

36.2.8 iMS Procedures

36.2.8.1 P-cScF Discovery

Before.using.IMS.services,.users.need.a.starting.point.to.reach.and.interact.with.the.IMS.system.to.per-
form.registration.and.authentication..Since.P-CSCF.is.the.first.and.only.contact.with.users,.UACs.obtain.
the.address.of.P-CSCF.by.a.discovery.process..Two.standards.are.used.for.proxy.discovery;.the.first.one.
is.by.using.the.dynamic.host.configuration.protocol.(DHCP),.and.the.second.by.the.discovery.process.
used.in.GPRS..In.the.DHCP.procedure,.the.user.sends.a.query.to.the.DHCP.server,.the.server.queries.
the.domain.name.system.(DNS).server.and.forward.the.proxy.address.to.the.user.[3]..In.the.GPRS.dis-
covery.process,.users.request.P-CSCF.address.in.the.PDP.context.activation.request..The.gateway.GPRS.
support.node.(GGSN).processes.the.request.and.sends.the.proxy.address.to.the.user.

36.2.8.2 iMS Registration

IMS.users.need.to.perform.the.registration.procedure.with.the.system.before.establishing.any.service..
The.registration.procedure. in.general.establishes.a.connection.with. the.user,. loads. the.user’s.profile,.
authenticates.the.user.and.allocates.resources,.and.establishes.security.agreements..During.registration,.

TABLE 36.2 3GPP.QoS.Classes

Class.Type Service.Example

Conversational.class Voice
Streaming.class Video.conference
Interactive.class Web.browsing
Background.class Email
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IMS.terminals.register.their.public.user.identities.with.the.home.network..Usually,.the.P-CSCF,.which.
is.located.in.the.visitor.network,.ensures.that.capabilities.and.roaming.agreements.are.available.to.con-
tact.the.home.network..The.user.starts.the.registration.by.sending.an.SIP.registration.request.[4]..The.
registration.process.is.illustrated.in.Figure.36.5.

. 1.. The.user.initiates.the.SIP.method.REGISTER;.P-CSCF,.being.located.in.the.visitor’s.network,.will.
perform.DNS.query.for.the.URI.of.I-CSCF..When.forwarding.the.REGISTER.method,.the.proxy.
inserts.its.address.to.make.sure.it.receives.back.SIP.methods.to.its.own.address.

. 2.. The.I-CSCF.serves.as.a.router.and.a.load.balancer..The.I-CSCF.will.look.into.the.REGISTER.mes-
sage.and.extract.the.user.public.and.private.identities.and.network.ID.and.then.send.diameter.
protocol.user-authentication.request.(UAR).to.the.HSS.[11].

. 3.. The.HSS.examines.the.received.information,.and.verifies.that.roaming.agreements.are.in.place.in.
case.a.visitor.network.ID.is.received.

. 4.. The.HSS.authenticates. the.user. and.assigns. the.appropriate. S-CSCF. to. the.user,. then. forward.
them.in.its.response.diameter.user-authentication.answer.(UAA).

. 5.. The. I-CSCF. receives. the. UAA. and. extracts. the. S-CSCF. address. and. then. forward. the. SIP.
REGISTER.to.the.S-CSCF.

. 6.. The. S-CSCF. receives. the. REGISTER. request. and. sends. the. multimedia. authorization. answer.
(MAA).

. 7.. Upon.receiving.the.MAA.message,.the.HSS.saves.the.S-CSCF.URI..The.HSS.sends.MAA.back.to.
the.S-CSCF.which.contains.authentication.information.of.the.user.

. 8.. As.part.of.the.security.system,.IMS.users.are.required.to.accept.a.challenge..Basically,.the.IMS.
proposes.a.challenge.for.the.user.as.a.form.of.protecting.the.system.from.flooding.with.fake.users’.
request.

. 9.. The.user.will.send.a.registration.request.again.with.the.challenge.reply.which.gets.processed.as.
before.

UA
1. Register

P-CSCF
2. Register

I-CSCF HSS

3. Diameter UAR
4. Diameter UAA

5. Register
6. Diameter MAR

7. Diameter MAA

8. 401 Unauthorized9.401 
Unauthorized

12. Register
13. Diameter UAR

14. Diameter UAA

15. Register

16. Diameter SAR

17. Diameter SAA

18.200 OK19.200 OK20.200 OK

10.401 
Unauthorized

11. Register

S-CSCF

FIGURE 36.5 IMS.user.registration.procedure.
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. 10.. In.the.second.attempt,.the.I-CSCF.will.send.the.registration.information.to.the.HSS.in.the.form.
of.UAR.

. 11.. The.HSS.sends.back.UAA.which.includes.the.address.of.the.S-CSCF.allocated.to.the.user.

. 12.. The.I-CSCF.sends.the.REGISTER.to.the.S-CSCF.with.the.user.information.

. 13.. The.S-CSCF.receives.the.user.information.and.sends.the.SAR.diameter.message.to.notify.the.HSS.
that.the.user.is.registered.and.authenticated.

. 14.. The.HSS.receives.SAR.diameter.message.and.sends.the.user.profile,.user.public.identity,.and.the.
iFC.to.indicate.the.application.server.with.which.the.user.will.be.connected.

. 15.. The.S-CSCF.sends.200.OK.to.indicate.the.registration.procedure.was.successful.

36.3 Scalability Analysis of iMS

36.3.1 impact of Service Usage

The.goal.of.IMS.is.to.bring.forth.the.flexibility.and.power.of.the.Internet.to.3G.cellular.systems.and.to.
evolve.cellular.networks.along.their.path.toward.and.beyond.3G..Among.the.services.facilitated.by.IMS.
are. video. conferencing,. chat,. instant. messaging,. PTT.. The. SIP,. whose. purpose. is. to. handle. sessions,.
forms.a.major.protocol.of.the.IMS.standard..SIP.facilitates.the.establishment,.modification,.and.termi-
nation. of. sessions. in. IMS.. The. IMS. system. is. designed. to. have. registration. areas.. Registration. areas.
constitute.a.number.of.cells..Whenever.a.user.arrives.at.a.registration.area,.the.user.terminal.initiates.a.
registration.request..The.analysis.shows.the.rate.of.queries/updates.to.IMS.servers,.which.are.triggered.
as.a.result.of.a.user’s.request.for.a.service.or.due.to.users.moving.into.a.new.registration.area..The.analysis.
assumes.several.parameters.of.a.3G.system.such.as.the.density.of.the.3G.terminals,.total.number.of.cells.
per.registration.area,.average.speed.of.a.terminal,.and.the.average.rate.at.which.each.service.is.initiated.
by.a.terminal..The.analysis.incorporates.mobility.models.to.ensure.realistic.performance.analysis..The.
analysis.utilizes.the.fluid.flow.model.which.has.been.applied.to.ANSI-41.and.GSM.systems.[12,13]..The.
analysis.utilizes.gamma.and.uniform.distributions.for.the.residence.time.of.a.user.in.a.registration.area.
to.determine.the.registration.rate..The.analysis.examines.the.effects.of.the.gamma.distribution.for.the.
residence.time.by.varying.gamma’s.parameters.(shape.parameter.and.the.scale.parameters)..In.order.to.
conduct.the.analysis,.the.following.assumptions.are.made,.some.of.which.are.taken.from.earlier.papers.
(see.Reference.13)..According.to.the.fluid.flow.mobility.model,.the.rate.of.registration,.R,.is.given.by

.
R L
=
ρν
π

where.ρ.is.the.terminal.density.per.unit.area,.v.the.velocity.of.the.terminal.km/h,.and.L.the.length.of.the.
perimeter.length.of.the.region.(km).

Assumptions:

•. Total.number.of.registration.areas.=.226
•. Registration.area.size.=.60.km2

•. L.=.30..984.km
•. Speed.v.=.6.km/h
•. Mean.density.=.48.IMS.terminals/km2

•. Average.IM.rate.=.2/h/terminal
•. Average.chat.rate.=.1.5/hr/terminal
•. Average.PTT.rate.=.3/h/terminal
•. Average.number.of.video.conferences.=.1/h/terminal

As.an.example.of.sizing.calculations,.the.above.equation.can.be.applied.to.calculate.registration.rate.
initiated.by.users.following.the.fluid.flow.model..Each.registration.request.then.initiates.a.signaling.flow.
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using.which.one.can.calculate.the.rate.of.queries/updates.to.each.IMS.server.due.to.user.mobility.lead-
ing.to.registration.requests..Using.the.service.mix.assumptions.stated.above,.and.the.signaling.flow.for.
each.service,.rate.of.queries/updates.to.each.server.can.be.calculated..The.signaling.flows.due.to.registra-
tion.as.well.as.other.services.are.not.shown.here.due.to.space.limitations.(see.Reference.3.for.further.
details)..Figure.36.6a.shows.the.number.of.hits.while.requesting.registration..Figure.36.6b.shows.the.
number.of.queries.to.the.IMS.servers.while.using.services.mix.consisting.of.instant.messaging,.PTT,.
chat,.and.video.conferencing.for.both.the.originating.and.the.terminating.ends.

36.3.2 impact of cDMA2000–WLAn integration

This. analysis. shows. the. impact. of. delivering. 3G. services. to. user. terminals. over. hybrid. WLAN/
CDMA2000.networks..Such.hybrid.networks.have.multifaceted.objectives:.offer.improved.3G.multime-
dia.services.to.users,.increase.the.reliability.of.the.system,.and.enhance.in-building.coverage.thereby.
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facilitating. service.providers. to.extend.wireless. services. to.enterprises..The.hybrid.network.will. also.
facilitate.terminals.to.access.different.networks.to.obtain.the.needed.services.without.being.obligated.to.
have.different.billing.information.or.different.accounts..The.IMS.service.infrastructure.will.facilitate.
service.delivery.transparently.over. the.hybrid.CDMA2000.and.WLAN.network.to.different. types.of.
terminals,.thereby.providing.transparency.of.service.delivery.to.networks.and.terminal.types..Besides.
its.applicability.to.3G.networks,.IMS.is.also.being.considered.by.researchers.as.part.of.the.4G.family.due.
to.its.advanced.features.and.the.number.of.disparate.services.that.can.be.provided.such.as.PTT,.video.
conferencing,.presence,.and.web.services.to.the.user..In.designing.a.service.infrastructure.for.either.3G.
or.4G.networks,.IMS.components.are.distributed.according.to.their.functions.into.the.integrated.design.
as.part.of.the.service.and.application.layer..To.mimic.user.movement,.the.analysis.considers.mobility.
models..The.analysis.carried.out.is.intended.to.help.network.designers.and.architects.of.3G.and.4G.net-
works.with.insights.into.the.signaling.load.generated.by.IMS.due.to.user.mobility.and.the.frequency.of.
invocation.of.services.as.well.as.into.ways.to.distribute.the.load.and.scale.network.design.

36.3.2.1 cDMA2000 and WLAn interworking

We.analyze. the.deployment.of. IMS.within. the.CDMA2000/WLAN.hybrid.network..The.integration.
between.different.networks.will.facilitate.the.development.of.new.services.that.can.be.attractive.to.the.
users..The.users.will.also.have.different.networks.to.connect.to.depending.on.their.location..Expanding.
this.idea.can.serve.well.for.the.3G.and.beyond.services.development.[14]..The.hybrid.network.structure.
provides.WLAN.users.with.IMS.services,.which.will.require.the.integration.of.WLAN.with.a.service.
provider’s.CDMA2000.network..The.interworking.of.WLAN.within.CDMA2000.will.provide.a.view.of.
the.user.benefits.of.having.hybrid.networks..The.scheme.is.adapted.from.Reference.15..In.this.scheme,.
WLANs.serve.as.the.access.provider.network.and.CDMA2000.network.serves.as.the.backbone.network,.
where.the.IMS.main.core.belongs..The.authors. in.Reference.16.proposed.two.interworking.schemes,.
tightly.coupled.interworking.and.loosely.coupled.interworking..Loosely.coupled.integration.is.a.more.
flexible. scheme. in. comparison. with. the. tightly. coupled. integration.. The. tightly. coupled. integration.
requires.that.either.or.both.networks.belong.to.the.same.service.provider.or,.in.the.case.of.multiple.ser-
vice.providers,.it.requires.having.certain.physical.interfaces.between.the.networks..In.loosely.coupled.
integration,.the.WLAN.gateway.is.connected.to.the.packet.control.function.(PCF).through.the.Internet..
The.PCF.views.the.WLAN.network.as.another.3G.network.and.reroutes.the.packets.to.the.packet.data.
serving.node.(PDSN),.which,.in.turn,.routes.the.packets.to.the.home.network..Here,.PDSN.acts.as.the.
connection.point.between.the.radio.access.and.IP.network.

36.3.2.2 iMS integration

Figure.36.7.shows.the.overall.design.of.the.system..Since.P-CSCF.is.the.first.contact.with.the.user,.the.
P-CSCF.is.integrated.with.PCF..The.HSS.is.integrated.with.home-AAA.(H-AAA).to.provide.access.to.
the. user. profile. for. updates. and. authentication. purposes.. The. entities. S,I-CSCF. are. integrated. with.
home.agent.(HA).to.facilitate.access.to.the.HSS.and.to.ensure.accessibility.by.I-CSCF.to.other.3G.net-
works..CDMA2000.supports.mobile.IP.[17],.which.requires.that.all.visitor.networks.contain.the.foreign.
agent.(FA).and.the.foreign-authentication.authorization.accounting.(F-AAA).servers.while.the.home.
networks.contain.the.HA.and.the.H-AAA.server.

36.3.2.3 Scenarios

The.CDMA2000.network.consists.of.registration.areas.(shown.hexagonal.in.shape)..It.is.assumed.that.
these.areas.have.a.uniform.size.and.they.contain.WLAN.networks.(hot.spots).such.as.airport,.univer-
sity,.libraries,.and.so.on,.as.shown.in.Figure.36.7..It.is.preferable.for.the.mobile.terminal.to.switch.to.the.
WLAN.network.in.order.to.utilize.the.increased.bandwidth.available.within.the.WLAN..Two.scenarios.
are.considered:.in.the.first.one,.the.mobile.terminal.moves.from.CDMA2000.to.WLAN.network..The.
second. complementary. scenario. assumes. that. a. mobile. terminal. also. roams. in. the. WLAN. network.
while.using.IMS.services.
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The.mobile.terminal.may.roam.from.the.WLAN.network.back.to.the.CDMA2000.network..In.order.
to.capture.the.services.offered.by.the.system,.it.is.assumed.that,.in.both.scenarios,.the.mobile.terminal.
utilizes.IMS.services.while.moving.from.one.network.to.the.other..It.is.also.suggested.in.both.scenarios.
that.a.user.will.automatically.switch.to.the.WLAN.network.as.soon.as.that.user.enters.the.WLAN.net-
work..In.order.to.ensure.service.continuity,.a.mobile.terminal.needs.to.register.while.moving.to.a.new.
network..The.registration.should.take.place.within.the.access.network.and.the.IMS.service.plane.itself..
To.examine.the.design.complexity.of.such.a.system,.user.mobility.should.be.modeled.appropriately..The.
CDMA2000.network.users’.movement.is.considered.to.be.of.faster.pace.compared.to.the.WLAN.users,.
the.movement.of.which.is.modeled.by.fluid.flow.mobility.model..Users.within.WLAN.network.tend.to.
move.slower.and.exercise.more.random.movements.in.comparison.with.CDMA2000.network.users,.for.
which. the. random. walk. mobility. model. is. suitable.. The. following. section. further. explains. the. two.
mobility.models..The.analysis.is.illustrated.via.an.example,.which.requires.that.further.assumptions.be.
made.as.follows:

•. Total.number.of.registration.areas.within.the.CDMA2000.service.provider.domain.=.50
•. Registration.area.size.=.30.km2

•. L.=.15.5.km
•. Speed.v.=.6.km/h.in.the.CDMA.area
•. Mean.density.ρ.=.210.IMS.terminals/km2

•. Number.of.WLAN.areas.=.10
•. WLAN.radius.=.20,.40,.60,.80,.100.m
•. WLAN.density.=.0.1.terminals/m2

•. Total.number.users.within.the.hybrid.system.of.networks.=.3,15,000

The.analysis. is.carried.out.by.assuming.a.CDMA2000.network.model.with.50.cells..This.network.
model.includes.10.WLANs..User.density.is.different.in.both.networks..User.density.within.WLAN.is.
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FIGURE 36.7 Hybrid.network.architecture.
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assumed.to.be.greater.than.that.in.CDMA2000.due.to.the.nature.of.these.networks..The.WLAN.net-
works.will.generally.be.of.different.sizes..It.is.assumed.that.a.small.fraction.of.the.users.in.the.CDMA2000.
will. join.the.WLANs.as.they.move.into.hot.spots.covered.by.the.WLANs.such.as.airports,.shopping.
malls,.restaurants,.universities,.or.others,.stay.within.the.WLANs.for.a.period.of.time,.and.then.move.
back.into.the.CDMA2000.network..The.design.assumes.loosely.coupled.interworking.between.WLANs.
and.the.CDMA2000.network..Calculations.are.carried.out.for.the.five.different.WLAN.radii.ranging.
from.20.to.100.m..Registration.needs.to.take.a.place.each.time.a.user.moves.from.CDMA2000.network.
to.a.WLAN.and.vice.versa..Figure.36.8. shows. the. registration.flow.diagram.when.users.move. from.
CDMA2000.network.to.a.WLAN..Figure.36.9.depicts.the.registration.flow.diagram.for.the.scenario.of.
a. user. moving. from. a. WLAN. into. CDMA2000. network.. When. WLANs. are. integrated. with. the.
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CDMA2000.network.to.form.a.hybrid.network,.the.rate.of.access.to.the.IMS.servers.increases..Based.on.
the.assumptions,.the.load.can.be.determined.by.knowing.the.total.number.of.users.moving.into.WLANs.
per.unit.time.and.multiplying.by.the.accesses.to.each.server.per.activity..The.flow.diagrams.show.the.
number.of.accesses.to.each.IMS.server.while.performing.registration..As.an.example,.in.Figure.36.8,.the.
number.of.access.to.the.AAA.server.due.to.registration.of.a.terminal.is.5..Note.that,.in.both.scenarios,.
the.rate.of.accesses.to.each.server.is.found.by.multiplying.the.average.user.crossing.times.the.number.of.
access.to.each.server.taken.from.the.flow.diagrams..Fluid.flow.represents.the.user.movement.pattern.
within. the. CDMA2000. network. from. which. the. rate. of. boundary. crossings. from. CDMA2000. to. a.
WLAN.is.determined..The.total.number.of.accesses.is.then.given.by

. Total.number.of.accesses.=.R..A,

where.R.is.the.fluid.flow.rate.of.registration.and.A.is.the.number.of.access.to.each.of.the.IMS.entities..For.
the.random.walk.model,.a.MATLAB•.simulation.model.is.used,.cell.residence.time.is.assumed.to.be.
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exponentially. distributed.. The.duration. of. calls. is. exponential. with. mean.equal. to. 1/μ. and. new. call.
arrival.to.the.mobile.terminal.is.a.Poisson.process.with.rate.λ..The.call-to-mobility.ratio.represents.the.
average.number.of.calls.the.user.receives.divided.by.the.average.number.of.registration.areas.visited.by.
the.user..The.CMR.is.assumed.to.be.equal.to.5..Figure.36.10.shows.the.number.of.accesses.to.IMS.servers.
(P-CSCF,.I-CSCF,.and.S-CSCF).per.second.with.pure.CDMA2000.network.taking.into.consideration.
the.existence.of.hot.spots..We.assume.that.the.user.mobility.within.the.hotspots.follows.fluid.flow.model..
The.figure.shows.that.the.rate.of.accesses.to.the.IMS.servers.actually.decreases.with.increasing.hot.spot.
radius..The.reason.for.the.decrease.in.rate.is.due.to.the.fact.that.the.users.move.slowly.within.a.hot.spot.
than.within. the.CDMA2000.network..WLAN.deployment. in. these.areas.will.be.based.on.customer.
demands.and.needs..We.assume.that.in.order.to.enhance.the.service.offering.WLAN.is.considered.inte-
grated.with.the.CDMA2000.network,.Figure.36.11.shows.the.incremental.access.rate.to.the.IMS.servers.
and.CDMA2000.servers.per.second.with.the.hybrid.network.case.incorporating.WLANs..As.the.area.
increases. the.number.of.users.within.the.WLAN.increases.which. increases. the.crossing.rate..As.the.
figure.shows,.the.P-CSCF.and.the.S-CSCF.process.the.added.signaling..However,.since.the.I-CSCF.sever.
reroutes.incoming.queries.to.the.S-CSCF.server.or.other.networks.and.also.accesses.the.HSS.server,.it.is.
affected.the.most,.processing.maximum.number.of.additional.queries.among.the.IMS.servers.[18].
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36.4 conclusions

The.analysis.in.Section.36.3.reveals.that.the.rate.of.queries/updates.to.services.due.to.service.requests.
initiated.by.users.can.be.an.order.of.magnitude.more.than.that.due.to.registration.activity.alone..As.the.
number.of.services.increases,.and.along.with.it.the.associated.signaling,.it.is.clear.that.heavy.load.will.
be.placed.on.the.IMS.servers,.which.must.therefore.be.designed.to.handle.the.load..The.analysis.also.
reveals.that.user.mobility.patterns.influence.the.signaling.load..For.example,.assuming.suitable.shape.
and.scale.parameters,.one.can.show.that.Gamma.distribution.can.place.three.times.as.much.load.on.
IMS.servers.due.to.registration.signaling.as.does.the.fluid.flow.mobility.model..Consequently,.network.
engineers.must.ensure.that.they.take.into.account.appropriate.user.mobility.patterns..The.analysis.also.
reveals.that.S-CSCF.is.loaded.the.most.among.the.IMS.servers.due.to.service.requests.while.I-CSCF.is.
loaded.the.most.during.registration.[19].

The.analysis.further.provides.insight.into.the.impact.on.signaling.due.to.the.integration.of.IMS.
with.a.CDMA2000.and.WLAN.hybrid.network..Two.types.of.mobility.are.considered:.the.first.one.
represents.the.movement.of.the.user.from.CDMA2000.to.WLAN.and.the.second.one.represents.the.
movement.from.WLAN.to.CDMA2000..The.integration.is.analyzed.using.fluid.flow.for.the.first.sce-
nario.and.random.walk.for.the.second.scenario;.assumptions.are.made.concerning.a.service.provid-
er’s.deployment..A.MATLAB.simulation.model.is.utilized.for.the.random.walk.model.to.analyze.the.
rate.of.accesses.to.the.IMS.servers..The.results.reveal.that.integrating.CDMA2000.with.WLAN.will.
increase.the.signaling.to.IMS.servers..The.number.of.accesses.to.the.servers.may.vary.depending.on.
the.assumptions.made.

The.analysis.provides.network.designers.insights.into.the.size.of.the.IMS.servers.required.to.support.
WLAN.and.3G.users.by.determining.the.overall.load.on.the.system..It.provides.designers.with.the.nec-
essary.tools.to.scale.the.IMS.system.with.growth.in.the.number.of.users,.and.usage.rate..To.reproduce.
such. analysis,. the. designer. should. determine. the. user. mobility. behavior,. and. based. on. the. mobility.
model(s),.the.number.of.the.boundary.crossings..Knowing.the.rate.of.boundary.crossings.by.users,.the.
number.of.registrations.initiated.by.users.from.one.network.to.another.can.be.estimated.and.subse-
quently,.by.determining.the.number.of.queries.to.each.server,.the.registration.load.can.be.determined..
The.analysis. is. targeted.mainly. to.help. IMS.network.designers.and.architects.and. therefore. the.flow.
diagram.only.takes.into.consideration.the.IMS.entities.

Acknowledgment

This.research.was.supported.in.part.by.the.National.Science.Foundation.Grant.EPS-0701890.

References

. 1.. 3rd.Generation.Partnership.Project.(3GPP),.IP.Multimedia.Subsystem.(IMS),.TS23.228,.Rel10.

. 2.. http://www.openmobilealliance.org/.

. 3.. M..Poikselka,.G..Mayer,.H..Khartabil,.and.A..Niemi,.The IMS IP Multimedia Concepts and Services for 
the Mobile Domain,.Wiley,.2004,.ISBN.0-470-87113-X.

. 4.. G..Camarillo.and..M..Garcia-Martin,.The 3G IP Multimedia Subsystem (IMS),.John.Wiley,.2006,.ISBN.
0-470-01818-6.

. 5.. M.. Koukal. and. R.. Bestak,. Architecture. of. IP. multimedia. subsystem,. Proceedings of the 48th 
International Symposium,.Zadar,.Croatia,.pp..323–326,.2006.

. 6.. F..Cuervo,.N..Greene,.A..Rayhan,.C..Huitema,.B..Rosen,.and.J..Segers,.Megaco.protocol.version.1.0,.
IETF.RFC.Request.for.Comments:.3015,.November.2000.

. 7.. Internet.Engineering.Task.Force.(IETF),.Session.initiation.protocol.(SIP),.RFC.3261,.June.2002.

. 8.. M..Wuthnow,.M..Stafford,.and.J.Shih,.IMS A New Model for Blending Applications,.Informal.Telecoms.
&.Media,.2009.



712 Mobile Communications Handbook

. 9.. U..Iqbal,.S..Sohail,.and.M..Javed,.SIP.based.QoS.management.architecture.for.IP.multimedia.subsys-
tems.over.IP.access.networks,.World.Academy.of.Science,.Engineering.and.Technology,.64,.2010.

. 10.. S..Blake,.D..Black,.M..Carlson,.E..Davies,.Z..Wang,.and.W..Weiss,.An.architecture.for.differentiated.
services,.IETF RFC Request for Comments,.December,.2475,.1998.

. 11.. Z.. Bei,. Analysis. of. SIP. in. UMTS. IP. multimedia. subsystem,. PhD. thesis,. North. Carolina. State.
University,.USA,.p..91,.2003.

. 12.. W..Wang.and. I..Akyildiz,. intersystem. location.update.and.paging. schemes. for.multitier.wireless.
networks,. International Conference on Mobile Computing and Networking,. Massachusetts,. USA,.
2000,.pp..99–109.

. 13.. S.. Mohan. and. R.. Jain,. Two. user. location. strategies. for. personal. communications. services. IEEE 
Personal Communications,.1,.42–50,.1994.

. 14.. D..Dunwang,.L..Xia,.and.Z..Hua,.Study.of.multi-connection.mechanism.in.IMS,.Communications 
and Mobile Computing (CMC) International Conference,.Shenzhen,.China,.vol..1,.pp..345–349,.2010.

. 15.. J..Xiao,.C..Huang,.and.J..Yan,.A.flow-based.traffic.model.for.SIP.messages.in.IMS.IEEE GLOBCOM 09,.
pp..1–7,.2009.

. 16.. M.. Buddhikot,. G.. Chandranmenon. et  al.,. Design. and. implementation. of. a. WLAN/CDMA2000.
interworking.architecture,.IEEE Communications Magazine,.41,.90–100,.2003.

. 17.. H..Mahmood.and.B..Gage,.An.architecture.for.integrating.CDMA2000.and.802.11.WLAN.Networks,.
IEEE 58th Vehicular Technology Conference,.VTC2003,.vol..3,.2003.

. 18.. L..Saleem,.R..Ghimire,.and.S..Mohan,.An.analysis.of.IP.multimedia.subsystems.for.a.hybrid.network,.
IEEE 4th International Conference on Internet Multimedia Services Architecture and Applications 
(IMSAA),.Bangalore,.India,.pp..1–6,.2010.

. 19.. L..Saleem.and.S..Mohan,.A.complexity.analysis.of.IP.multimedia.subsystems.(IMS),.First International 
Symposium on Advanced Networks and Telecommunications Systems (ANTS),. Mumbai,. India,.
December.2007.



713

37.1 introduction

Since.J..Mitola.III.proposed. the.concept.of.cognitive.radio.(CR).[1],.cognitive.radio. technology.with.
federal.communication.commission.(FCC).endorsement.has.been.widely.considered.as.an.emerging.
solution.of.crowded.spectrum.for.future.wireless.communications..Haykins’.classic.paper.in.2005.[2].
summarized.important.tasks.to.facilitate.CRs..Particularly,.the.CR-transmitter.(CR-Tx).shall.identify.
the.spectrum.hole.or.white.space.in.the.spectrum.for.primary.system.(PS),.such.that.CR-Tx.can.take.this.
opportunity.to.transmit.its.message.or.packet(s).to.the.CR-receiver.(CR-Rx)..We.may.name.such.a.link-
level. transportation. of. packets. between. CR-Tx. and. CR-Rx. as. a. sort. of. opportunistic. transmission..
However,. another. major. challenge. arises. to. deal. with. multiuser. opportunistic. transmissions. and. to.
network.CRs.through.opportunistic.transmissions.into.the.multihop.cognitive.radio.network.(CRN)..
This.chapter.therefore.summarizes.state-of-the-art.CRN.technology.and.its.research.opportunities.at.
the.horizon.

37.2 cooperative cognitive Radio networks and Modeling

Once.CR-Rx.successfully.receives.the.packet.(or.a.message).from.CR-Tx;.an.immediate.challenge.would.
be.to.transport.such.a.packet.from.source.(node).to.destination.(node)..Multihop.ad.hoc.network.of.CRs.
obviously.serves.the.general.purpose.of.CRN..Similar.concepts.were.developed.independently.in.earlier.
days.around.the.birth.of.CR.to.demonstrate.more.networking.efficiency.[3,4]..However,.we.can.leverage.
cooperative.networking.among.coexisting.multiradio.networks.that.can.be.heterogeneous.PSs.and.het-
erogeneous.CR.ad.hoc.networks,.to.form.the.most.general.CRN..In.other.words,.as.shown.in.Figure.37.1,.
cooperative.relays.among.nodes.in.PSs.and.heterogeneous.CR.ad.hoc.networks.can.be.used.to.realize.a.
general-sense.multihop.CRN,.say.in.Reference.5.

As.a.matter.of.fact,.multihop.CRN.via.cooperative.relay.forms.heterogeneous.wireless.networks..We.
still.wish.to.know.whether.CR.can.improve.network.efficiency.or.not,.which.is.the.ultimate.purpose.of.
CRN..A.simple.exploration.was.conducted.in.Reference.6,.by.considering.a.CR.source.node.to.send.a.
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Cognitive Radio Networks

37.1. Introduction.......................................................................................713
37.2. Cooperative.Cognitive.Radio.Networks.and.Modeling..............713
37.3. Spectrum.Sensing.and.Tomography.for.CRN..............................715
37.4. Spectrum.Sharing.and.Dynamic.Spectrum.Management..........717
37.5. Routing,.Power.and.Interference.Control,.and.
. QoS.Guarantees.................................................................................719
37.6. Applications.to.Cellular.Systems.and.Machine-to-Machine.

Communications.and.International.Standards............................721
References.......................................................................................................723Kwang-Cheng Chen



714 Mobile Communications Handbook

packet.to.the.CR.destination.node.via.cooperative.and.opportunistic.relay.through.a.primary.system/
network,.without.the.interfering.PS.operating..The.networking.coding.concept.is.used.to.develop.the.
principles.of.routing.algorithm..By.generating.random.network.topology.to.simulate.such.a.scenario,.
without. extra. bandwidth. (i.e.,. just. using. transmission. opportunities. from. PS),. 130%. networking.
throughput.gain.is.observed.in.average,.with.92%.chances.to.have.gain.(i.e.,.no.gain.due.to.prohibition.
to.interfere.PS.in.some.cases)..This.experiment.supports.a.critical.fact.that.multihop.CRN.can.indeed.
greatly. enhance. networking. throughput. without. increasing. frequency. spectrum,. much. more. than.
increasing.at.the.physical.layer.due.to.transmission.opportunities.

CRN.can.be.categorized.into.three.types.to.reuse.spectrum.opportunities:.interweave,.overlay,.and.
underlay.[7]..The.interweave.paradigm.is.the.original.idea.of.cognitive.radio.to.create.the.opportunis-
tic.communications.(or.transmission.opportunities).if.the.primary.system.is.not.transmitting..The.
overall. spectrum. utilization. is. enhanced. by. opportunistic. reuse. when. spectrum. holes. (or. white.
spaces).exist..The.overlay.paradigm.proceeds.under.the.assumption.that.cognitive.radios.know.the.
channel.gains,.codebooks,.and.messages.from.noncognitive.radios..CRs.can.transmit.simultaneously.
with.noncognitive.radios,.and.appropriate.using.of.a.part.of.the.CR’s.power.to.relay.the.message.can.
offset.CR’s.interference.to.noncognitive.radios..Overlay.may.be.close.to.information.theoretic.limit..A.
more.practical.paradigm.of.CRN.targeting.higher.spectrum.utilization.(than.interweave).is.underlay.
to.allow.CRs.transmitting.simultaneously.with.non-CRs.as.long.as.the.invoked.interference.is.below.
the.acceptable.limit,.and.typically.through.spatial.reuse.to.achieve.this.goal..In.this.chapter,.we.treat.
interweave.paradigm.as.the.link-level.CR.and.underlay.as.the.new.paradigm.of.CRN.consisting.of.
multiple.CR.links.

To.realize.general-sense.multihop.CRN,.we.have.to.first.understand.the.nature.of.opportunistic.links.
and.appropriate.model(s).to.develop.technologies.of.CRN..Note.that.CR.can.transmit.only.when.PS.is.
not. transmitting,. for.any.single. link..Assuming.that.a.primary.communication.system.(or.pair(s).of.
transmitter.and.receiver).is.functioning,.a.cognitive.radio.that.is.the.secondary.user.for.the.spectrum.
explores.channel.status.and.seeks.an.opportunity.to.utilize.such.a.spectrum.for.communication..The.
channel.can.be.commonly.modeled.as.an.Elliot–Gilbert.channel.with.two.possible.states:.existence.of.
primary.user’s.activity.(i.e.,.CR.transmission.opportunity.not.available).and.nonexistence.of.primary.
user’s.activity.(i.e.,.CR’s.transmission.opportunity.available)..Stefan.Geirhofer,.Lang.Tong,.and.Brian.M..
Sadler.have.measured.WLAN.systems.to.statistically.model.the.“white.space”.for.cognitive.radio.trans-
mission.by.the.semi-Markov.model.[8]..Considering.the.practical.operation.of.CRs,.Figure.37.2.sum-
marizes.CR.opportunistic.operation.using.an.embedded.continuous-time.Markov.chain.model,.which.
may.serve.a.basis.to.study.more.functions.of.CRN..Of.course,. there.are.more.detailed.studies.of.CR.
modeling,.such.as.References.9.and.10..However,.Figure.37.2.offers.an.opportunity. to. initiate.useful.
explorations.on.the.networking.functions.of.CRN.
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37.3 Spectrum Sensing and tomography for cRn

Conventional.spectrum.sensing.to.detect.or.to.sense.spectrum.hole(s).or.white.space(s).at.the.link.level.
(i.e.,.for.an.opportunistic.transmission.between.a.CR-Tx.and.CR-Rx.pair).targets.at.a.single.primary.
system.and.is.used.to.decide.between.the.two.hypotheses.in.discrete-time.statistical.signal.processing.
[11],.namely
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where. y[n]. represent. observation. samples,. s[n]. and. w[n]. are. contributed. from. PS. signal. and. noise,.
respectively,.and.h.is.the.channel.gain.observed.at.the.CR..Numerous.techniques.to.achieve.the.goal.of.
spectrum.sensing.have.been.proposed,.while.details.can.be.found.in.References.11.and.12..Generally.
speaking,.among.extensive.literatures,.the.basic.principles.include

•. Energy.detection
•. Matched.filtering
•. Cyclostationary.detection
•. Wavelet.detection
•. Covariance-based.detection
•. Multiple.antenna

However,.local.detection.at.the.CR.might.not.be.enough..Figure.37.3.delineates.the.well-known.hid-
den.terminal.problem.to.reveal. insufficiency.of. local.sensing.at.CR.due.to.either.blocking.or. fading..
A helpful.approach.is.through.cooperation,.which.is.known.as.cooperative.sensing.[13–15].by.placing.
multiple.sensors/detectors.in.different.locations..To.implement.cooperative.spectrum.sensing,.CRs.first.
send. the. raw. data. they. collect. to. a. combining. user. or. fusion. center.. Alternatively,. each. node. may.
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FIGURE 37.2 A.model.of.CR.link.availability..(a).CR.transmission.opportunity.window.and.(b).State.transition.
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.independently.perform.local.spectrum.sensing,.then.reports.either.binary.decision.or.test.statistics.to.a.
combining. node.. Finally,. the. combining. node. makes. a. decision. on. the. presence. or. absence. of. the.
licensed.signal.based.on.its.received.information.

A.straightforward.form.of.cooperative.spectrum.sensing.is.to.transmit.and.to.combine.the.samples.
received.by.all.CR.nodes/sensors.in.the.local.spectrum.sensing.phase.[12]..Using.random.matrix.theory,.
combining. to.process.all. the.samples.can.be.developed..Considering. total.K.CRs.and.each.taking.N.
samples,.we.denote.yk(n).as.the.sample.received.by.the.kth.CR/sensor.at.the.nth.time.instant,.to.con-
struct.the.observation.matrix
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Although.multiple.CRs.are.involved,.opportunistic.link.establishment.is.still.the.only.concern.in.coop-
erative.sensing..CRN.must.transport.packets.under.multiple.opportunistic.links,.and.thus.spectrum.sensing.
must.be.able.to.support.networking.function.such.as.medium.access.control.(MAC).and.routing.for.mul-
tiple.CRs.in.the.CRN,.which.creates.a.new.scenario.of.spectrum.sensing.beyond.traditional.detection.and.
estimation.for.a.specific.radio.link..A.possible.approach.is.to.use.statistical.inference.[16].or.even.learning.
to.learn.radio.resource.availability.of.portion.or.entire.radio.resource.of.CRN..A.simple,.but.useful,.example.
to.leverage.statistical.inference.into.such.scenario.can.be.illustrated..Suppose.that.a.CR-Tx.can.observe.link.
behaviors.of.a.PS.transmitter–receiver.pair,.which.can.be.represented.as.“1”.for.active.transmission.and.“0”.
for.inactive.in.a.given.time.slot..We.may.model.such.behavior.as.a.Bernoulli.process.(i.e.,.each.observation.
following.an.i.i.d..Bernoulli.random.variable)..The.key.question.is.“can.we.predict.the.availability.of.the.next.
time.slot.based.on.an.earlier.observation.of.L.time.slots?”.Actually,.this.can.be.achieved.by.the.well-known.
Laplace.formula.[16]..Let.nL.be.inactive.(radio.resource.available).time.slots.among.these.L.observations..
The.probability.of.the.next.slot.available.for.CR.utilization.(radio.resource.available).is
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Generalizing.this.concept.with.well-known.tomography,.CRN.tomography.has.been.developed.[17].
to.know.a. lot.more. information.than.traditional.sensing.over.a.single.radio. link,. in.CRN.operation..
Consequently,. spectrum. sensing. of. CRN. can. be. treated. into. four. categories. on. the. following. bases:.
(i) active.probing.or.passive.detection.and.(ii).to.acquire.link-level.information.or.to.acquire.network-
level.information..Passive.detection.on.link.availability.as.traditional.CR.spectrum.sensing.falls.into.one.
of.these.four.categories..With.realizing.network-level.information.such.as.radio.resource,.readers.can.
easily.tell.the.difference.between.sensing.for.CR’s.transmission.opportunity.and.sensing.for.CRN,.under.
this. framework..Another.statistical. technique,. information. fusion,. is.useful. in.spectrum.sensing..To.
obtain.the.observation.matrix,.some.extra.transmissions.from.cooperative.sensors.are.needed,.which.
wastes.a.lot.of.communication.bandwidth.that.is.targeted.to.save.in.cognitive.radio..In.[54],.heteroge-
neous.information.fusion.is.introduced.to.observe.different.types.of.information.at.the.CR-transmitter..
Appropriate.fusion.can.infer.spectrum.availability.as.good.as.cooperative.sensing,.without.cooperative.
sensors..Currently,.significant.amount.of.research.efforts.are.taken.toward.reliable.spectrum.sensing.as.
its.key.role.in.dynamic.spectrum.access.

37.4 Spectrum Sharing and Dynamic Spectrum Management

As.a.matter.of.fact,.multiuser.CR.communications.have.been.discussed.extensively.in.Haykins’.classic.
paper.[2],.including.coordination.of.transmissions.(widely.known.as.MAC),.transmission.power.con-
trol,.and.the.associated.game.theory.treatment.

MAC.of.cognitive.radios.when.spectrum.opportunities.are.available.has.been.discussed.in.various.
ways..A.straightforward.thinking.is.to.treat.MAC.of.these.CRs.as.the.classical.multiple.access..As.CRs.
are.usually.distributed.and.centralized.control.may.not.exist.unless.a.common.control.channel.is.avail-
able.in.those.systems.such.as.IEEE.802.22,.distributed.random.access.mechanisms.are.usually.consid-
ered,. such. as. ALOHA. and. CSMA. (carrier. sense. multiple. access),. while. Reference. 18. summarizes. a.
review.of.several.interesting.explorations.

Another. interesting.approach. is. to.study. the.MAC.design.as.a.mathematical.optimization..Let.us.
consider. a. set. of. frequency. bands. to. represent. the. general. case,. although. more. dimensional. radio.
resource.can.be.considered..Suppose.the.frequency.bands.that.we.are.interested.in.(typically.PS.operat-
ing).are.a. set.of.numbered.bands,. M.=.{1,. . .,M}..At. time. tn,. the.CRN.operation.allows.an.update.of.
spectrum.utilization..The.nth.observation.(or.allocation).time.interval.is.[tn,tn+1)..Due.to.the.opportunistic.
nature.of.each.link.(thus.frequency.band).modeled.as.a.Markov.chain,.the.ith.frequency.band.is.available.
following.a.Bernoulli.process.with.probability.πi.available,.and.is.invariant.to.time.

We.define.the.following.indicator.function:
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For.perfect.spectrum.sensing,.we.can.determine.(37.1).in.a.reliable.way..However,.any.spectrum.sens-
ing.has.some.vulnerable.situations,.and.thus.we.need.to.consider.more.to.decide.MAC..Following.(37.1),.
the.probability.mass.function.(pmf).of.Bernoulli.random.variable.at.the.ith.frequency.band.is

. f x x xi n i i i1 1[ ]( ) ( ) ( )|π π π δ= + − . (37.2)

It.is.reasonable.to.assume.{ [ ]}1 1i i
Mn = .independent,.n.=.1,.. . .,.L,.where.L.implies.the.observation.interval.

depth..Denote

. π π π= [ , , ]1 … M
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For.reliable.CR.operation,.spectrum.sensing.is.necessary,.so.that.CR-Tx.can.have.information.about.
the.availability.of.each.frequency.band..However,.for.network.operations.on.top.of.CR.links,.the.strategy.
would.be.highly.related.to.π.

Case.1:.π.is.known.
Case.2:.π.is.unknown.
Case.3:.π.can.be.detected.or.estimated.via.some.CRN.sensing.or.tomography.methods.

Traditional.CR.functions.as.follows:.At.time.tn,.CR.learns.the.availability.of.a.selected.frequency.band.
sn.(typically.via.spectrum.sensing)..If.1 1sn n( ) = ,.information.amount.B.can.be.successfully.transmitted..
For.L.time.durations,.the.overall.throughput.is

.
W n

n

L

sn
= ∑

=1
1 ( )

. (37.3)

In.case.π.is.known,.the.spectrum.sensing.strategy.for.a.CR.is.simply.to.select.channel.i = arg max� i i∈Mπ .
to.sense..Then,.access.decision.is.therefore.optimally.or.suboptimally.made.based.on.certain.deci-
sion.criterion.and.conditions,.such.as.formation.as.a.partially.observed.Makovian.decision.process.[19]..
More.in-depth.explorations.can.be.found.in.Reference.20,.and.some.detailed.reviews.in.References.
12.and.21..The.authors.in.Reference.22.consequently.suggest.a.framework.for.CRN.functions,.one.
step.closer.to.realistic.CRN.

Keen.readers.may.note.that.effective.access.and.thus.throughput.really.relies.on.effective.sensing..The.
relationship.between.throughput.and.sensing.is.therefore.important..In.a.CRN,.the.secondary.users.are.
allowed.to.utilize.the.frequency.bands.of.primary.users.when.these.bands.are.not.currently.being.used..
To.support.this.spectrum.reuse.functionality.achieving.spectrum.efficiency,.the.secondary.users.shall.
sense.the.radio.frequency.environments.for.transmission.opportunities..This.can.be.viewed.from.two.
parameters.associated.with.spectrum.sensing:.probability.of.detection.and.probability.of.false.alarm..
The.higher.the.probability.of.detection,.the.better.the.primary.users.are.protected..However,.from.the.
secondary.users’.perspective,.the.lower.the.probability.of.false.alarm,.the.more.chances.the.channel.can.
be.reused.when.it.is.available,.thus.the.higher.the.achievable.throughput.for.the.secondary.network..In.
Reference.23,.authors.study.the.problem.of.designing.the.sensing.duration.to.maximize.the.achievable.
throughput.for.the.secondary.network.under.the.constraint.that.the.primary.users.are.sufficiently.pro-
tected.. Sensing-throughput. is. thus. a. trade-off. mathematically.. Using. an. energy. detection. sensing.
scheme,.the.existence.of.optimal.sensing.time.is.proved,.which.yields.the.highest.throughput.for.the.
secondary. network. [23].. This. optimal. sensing. time. decreases. when. distributed. spectrum. sensing. is.
applied..An.optimal.joint.design.has.been.proposed.[24]..However,.almost.all.existing.research.efforts.
assume.synchronous.operation.of.CRs.and.PS,.which.is.obviously.far.away.from.the.true.situation,.as.it.
takes.a.huge.amount.of.communication.overhead.to.reach.this.status,.or.is.nearly.impossible.due.to.the.
nature.of.CRs’.operation..An.ice-breaking.study.in.Reference.25.considers.asynchronous dynamic chan-
nel access.with.only.prior knowledge.about.the.frame.length..Under.the.new.operating.philosophy.facili-
tated.by.game.theory,.asynchronous.dynamic.spectrum.access.achieves.surprising.performance.better.
than.that.of.synchronous.operation,.which.opens.a.new.door.toward.practical.CRN.design.in.a.distrib-
uted.way.as.the.most.recent.state.of.the.art.

On.the.other.hand,.the.above.optimization.of.channel.utilization.leads.to.a.new.research.subject.of.
spectrum.sharing.or.spectrum.management,.that.is,.how.to.utilize.a.collection.of.frequency.bands,.M,.
for.homogeneous.or.heterogeneous.CRN(s)..To.fully.exploit.spectrum.management,.we.have.to.consider.
a.more.general.situation.related.to.networking.technology.and.networking.economy..What.is.the.reason.
for.PS.to.allow.CR.operation?.The.reasons.might.be.that.(i).PS.users.can.gain.some.incentives.from.such.
a.way.of.operation.and.(ii).the.CR.concept.can.indeed.enhance.entire.spectrum.utilization.so.that.the.
regulator.would.enforce.CR.as.a.policy..As.the.spectrum.access.or.utilization.actually.involves.more.
than.technical.concerns.and.also.economic.incentives,.it.brings.spectrum.management.under.CRN.to.a.



719Cognitive Radio Networks

new.wide-open.interdisciplinary.study..Game.theory.(auction.could.be.considered.as.a.game).has.been.
introduced.to.model.such.behaviors.[26,27],.which.set.up.the.ground.for.possible.commercial.operation.
of.CRN..Spectrum.sharing.has.been.studied.not.only.in.centralized.infrastructure.wireless.networks.but.
also.in.multihop.ad.hoc.networks.[28]..There.exist.some.good.follow-up.explorations..To.be.practically.
feasible,.we.have.to.ensure.satisfaction.from.four.parties.in.the.CRN.operation:

. 1.. Primary.system.users

. 2.. Cognitive.radios.(secondary).users

. 3.. Service.provider(s)

. 4.. Regulator.wishing.to.optimize.total.spectrum.utilization

A.spectrum-management.policy.framework.based.on.the.Vickrey.auction.has.been.proposed.[29].
such. that.CR.mobile. stations.can.compete. for.utilization.of. the.primary.user.network.spectrum.
bands.available.for.opportunistic.transmissions..It.is.shown.that.CRN.can.indeed.satisfy.the.above.
four.different.parties.to.achieve.a.win–win.situation,.as.a.practical.technoeconomic.foundation.of.
CRN.

37.5  Routing, Power and interference control, 
and QoS Guarantees

The.fundamental.task.of.networking.functions.might.be.routing.in.multihop.CRN..As.a.matter.of.fact,.
routing.for.mobile.ad.hoc.networks.has.been.extensively.studied.in.the.literature.and.we.do.not.repeat.it.
here..Due.to.the.opportunistic.and.dynamic.nature.of.CRN,.routing.appears.to.be.a.great.intellectual.
challenge.in.multihop.CRN..Reference.11.gives.a.summary.of.some.initial.thinking.to.completely.deal.
with.such.challenges,.namely,.opportunistic.links,.sensing.reliability.and.overhead,.dynamic.topology,.
likely.unidirectional. links,.heterogeneous.wireless.networks,.calerability,.and.so.on.which.suggests.a.
wide-open.research.opportunity,.particularly.for.multihop.ad.hoc.CRN.

Since.the.basic.CR.operation.must.not.interfere.with.the.transmissions.of.the.licensed.or.primary.
users.(PUs),.this.generally.incurs.a.trade-off.in.the.CRN.performance..In.order.to.evaluate.this.trade-off,.
a.distributed.CR.routing.protocol.for.ad.hoc.networks.(CRP).is.proposed.[30].to.achieve.(i).explicit.pro-
tection.for.PU.receivers.that.are.generally.not.detected.during.spectrum.sensing,.(ii).allowing.multiple.
classes.of.routes.based.on.service.differentiation.in.CR.networks,.and.(iii).scalable,.joint.route-spectrum.
selection..A.key.novelty.of.CRP.is.the.mapping.of.spectrum.selection.metrics.and.local.PU.interference.
observations. to.a.packet. forwarding.delay.over. the.control.channel..This.allows. the.route. formation.
undertaken.over.a.control.channel.to.capture.the.environmental.and.spectrum.information.for.all.the.
intermediate.nodes,.thereby.reducing.the.computational.overhead.at.the.destination..Further.underlay.
ad.hoc.CRN.routing.is.still.subject.to.innovative.breakthroughs.

As.a.matter.of.fact,.another.major.challenge.of.CRN.functions.is.its.operating.in.the.interference-
limited.environments,.particular.for.underlay.CRN.that.brings.the.benefits.of.spectrum.efficiency.as.a.
major.attraction.of.CRN..Consequently,.good.mathematical.modeling.of.interference.in.wireless.net-
works.is.greatly.needed..The.mathematical.model.of.network.interference.has.been.well.organized.and.
demonstrated.how.to.model.CRs.[31]..The.interference.in.large.wireless.networks.has.remarkably.been.
explored.in.Reference.32,.which.is.useful.to.understand.some.fundamental.behaviors.in.interference-
limited.wireless.networks..As.each.link.in.such.wireless.link.may.suffer.severe.fading.and.potential.out-
age,.random.graph.model.of.wireless.networks.becomes.an.important.analytical.tool,.while.Reference.
33.presents.an.award-winning.review,.based.on.stochastic.geometry..There.are.generally.three.critical.
factors.in.such.modeling:

. 1.. Spatial.distribution.of.the.nodes

. 2.. Wireless.propagation.characterization

. 3.. Overall.impact.of.interferers.including.mobility.and.session.lifetime
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We.can.always.describe.network.topology.via.a.graph. G = ( , )V E ,.defined.by.the.collection.of.vertices,.
V,.and.the.collection.of.edges,.E..A.vertex.represents.a.node.in.a.wireless.network.and.an.edge.represents.a.
link.between.two.nodes..Erdös.and.Rényi.pioneered.the.random.graph.theory..Among.a.number.of.ran-
dom.graph.methodologies,.we.usually.model.the.spatial.distribution.of.the.nodes.according.to.a.homoge-
neous.Poisson.point.process.in.the.two-dimensional.infinite.plane..The.probability.of.n.nodes.being.inside.
a.region.R.(not.necessarily.connected).depends.only.on.the.total.area.AR.of.the.region.and.is.given.by

.
P{ | } ( )

! ,n A
n e nR

n
ARR = ≥−λ λ 0

where.λ.is.the.spatial.density.of.(interfering).nodes.
Regarding.propagation.and.fading.effect,.the.received.power,.PRx,.at.a.distance.r.from.a.transmitter.

with.power.PTx.is

.
P P Z

rRx
Tx k k

d=
Π

2

where.d.is.the.amplitude.loss.exponent.depending.on.the.environment.with.typical.range.from.0.8.(hall-
ways). to. 4. (dense. urban),. and. 1. for. free-space. propagation. from. point. source.. {Zk}. are. independent.
random.variables.to.account.for.propagation.effects.such.as.fading.and.shadowing..An.earlier.model.of.
link.availability.can.also.serve.the.purpose.of.modeling.session.lifetime.

Based.on.such.analytical.methodology,.some.important.issues.can.be.derived.for.routing.(and.other.
network.functions).of.CRN..The.first.wanted.might.be.connectivity.for.a.node.in.CRN.[34],.and.its.result-
ing.delay..Transmission.capacity.is.also.desirable.to.know.but.it.is.hard.to.calculate.precisely,.with.bound.
being.available.in.[35]..As.the.connectivity.is.critical.for.routing.algorithm,.connectivity.of.cooperative.
multihop. ad. hoc. CRNs. can. be. found. [36].. We. do. expect. a. lot. of. fruitful. results. coming. from. global.
researchers..However,.there.are.more.network.functions.for.CRN.as.new.challenges,.particularly.under.the.
random.nature.of.opportunistic.links.in.CRN..MIMO-empowered.multihop.CRN.to.optimize.through-
out.was.introduced.[37]..While.dealing.with.end-to-end.control,.Figure.37.4.suggests.a.view.to.form.mul-
tiple.paths.between.source.and.destination.for.multihop.CRN..After.reorganization,.these.paths.are.just.
like.MIMO.by.a.directed.graph.between.source.node.and.destination.node..This.concept.was.first.applied.
to.end-to-end.error.control.[38]..With.a.hybrid.ARQ.on.top.of.a.multipath.concept,.we.can.achieve.reliable.
communications,.while.any.single.path.of.multipath.may.fail,.without.feedback.control.that.is.particularly.
critical.for.opportunistic.links..When.we.have.to.deal.with.quality.of.service.(QoS).as.the.fundamental.
need.of.networking,.we.can.again.apply.formation.of.multipath.to.reach.statistical.control.of.QoS.[39],.and.
further.consider.routing.and.QoS.together.[40].with.help.from.the.effective.bandwidth.

There.are.more.issues.of.concern.in.CRN.networking,.for.example,.QoS.provisioning.of.heteroge-
neous.services.in.CRN.[41].and.delay.of.real-time.traffic.over.CRN.[42]..Furthermore,.for.multimedia.
communications,.in.addition.to.typical.QoS.factors.such.as.radio.link.reliability,.maximum.tolerable.
communication. delay,. and. spectral. efficiency,. CR. spectrum. sensing. frequency. and. packet-loading.
scheme.have.great.impacts.on.multimedia.QoS..The.optimal.spectrum-sensing.frequency.and.packet-
loading.solutions.for.a.multichannel.can.be.obtained.by.using.the.combination.of.Hughes–Hartogs.and.
discrete. particle. swarm. optimization. (DPSO). algorithms. with. experimental. verifications. [43]..
Associated.with.QoS,.call.admission.and.capacity.analysis.are.considered.in.Reference.44.

Researchers.have.started.to.note.spectrum.sensing.associated.with.location.for.different.purposes.[45]..A.
different.thinking.may.arise.when.implementing.routing.algorithms,.to.route.based.on.the.spectrum.map..
The.spectrum.map.indicates.radio.resource.versus.location.information,.at.a.given.time.and.a.given.fre-
quency.band..Such.spectrum.map.was.first.constructed.via.synthetic.aperture.radar.[46]..As.CRN.routing.
may.not.require.precise.information.from.the.spectrum.to.save.communication.overhead,.a.compressed.
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sensing-based.approach.has.been.proposed.[47]..With.the.aid.from.spectrum.map,.routing.for.CRN.can.be.
facilitated.through.modifying.well-known.opportunistic.routing.over.opportunistic.links.[48].

37.6  Applications to cellular Systems and Machine-to-Machine 
communications and international Standards

Although.it.might.take.a.while.to.really.facilitate.complete.CRN.technology.for.wide.applications,.we.
can.still.take.advantage.of.the.CRN.concept.into.the.immediate.system.application.scenario..A.possible.
application.scenario.is.femto-cell.technology.in.3GPP.so.that.3G.LTE.(long-term.evolution).and.LTE-A.
can.well.extend.network.coverage.and.thus.better.networking.throughput..However,.femto-cell.systems.
are.not.arranged.in.a.perfectly.controlled.way.as.traditional.3G.cellular.systems,.due.to.easy.installation..
This.creates.a.lot.of.new.challenges.in.system.design.such.as.synchronization,.interference.alignment,.or.
radio.resource.management..Let.us.look.at.radio.resource.management.of.OFDMA,.that.is,.to.allocate.
radio.block.(RB,.grid.of.frequency–time.transmission.bandwidth).

As.a.misalignment.between.femto-cells.and.Macrocell. to.greatly.degrade.system.performance,.we.
may.propose.that.the.cognitive.radio.resource.management.(CRRM).consists.of.the.following.steps.[49]:

. 1.. The.femto-BS.periodically.senses.the.channel.to.identify.which.RB.to.be.occupied.by.the.Macrocell..
The.sensing.period.is.Ts.frames.and.each.channel.sensing.persists.for.one.frame,.to.align.with.RB.
on.the.cell.boundary..Thus,.for.the.femto-cell,.a.frame.is.referred.to.the.“sensing.frame”.if.the.
femto-BS.performs.channel.sensing.at.that.frame..On.the.other.hand,.a.frame.is.referred.to.the.
“data. frame”. if. the. femto-BS. does. not. perform. channel. sensing. at. that. frame.. The. femto-BS.
.cannot.perform.data.transmission.and.reception.within.the.sensing.frame.

Path G1

Source node

Unused nodes
Relay nodes

Source
node ns

Path G2

Path GK

Multihop CRN using cooperative relay

(a)

(b)

Destination
node

Destination
node nD

Directed graph model after all relays

FIGURE 37.4 Multipath.formation.of.multihop.CRN..(a).Using.cooperative.relay..(b).Graph.model.of.multipath.
relay.
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. 2.. The.femto-BS.senses.the.received interference power on.each.RB.within.the.sensing.frame.

. a.. If.the.received interference power on.an.RB.exceeds.a.certain.threshold,.the.RB.is.identified.as.
being.occupied.by.the.Macrocell.

. b.. Otherwise,.the.RB.is.unoccupied.by.the.Macrocell.

. 3.. In. subsequent.data. frames,. the. femto-BS.only.allocates.unoccupied.RBs.sensed. in. the. sensing.
frame.to.its.femto-MSs.

. 4.. The.femto-BS.also.extracts.the.following.parameters.from.channel.sensing:

. a.. The.traffic.load.of.the.Macrocell

. b.. The.RBs.allocation.correlation.probability.of.the.Macro.cell

. c.. The.fraction.of.correlated.RBs.allocation.of.the.Macrocell.through.the.effective.bandwidth.
facilitation.of.radio.resource.allocation

This.approach.to.leverage.CR’s.sensing.to.greatly.improve.RB.allocation.is.adopted.in.3GPP.and.
can. be. generalized. into. two-tier. macro-femto. heterogeneous. wireless. networks.. Various. ways. are.
summarized.to.implement.such.a.concept.into.different.types.of.systems.[50],.as.an.immediate.real-
ization.of.CRN.

As.a.matter.of.fact,.another.promising.application.for.CRN.is.machine-to-machine.(M2M).commu-
nications,.which.has.to.deal.with.a.tremendous.number.of.wireless.devices.and.likely.has.to.transport.
traffic.through.spectrum.sharing.mechanism.due.to.the.scare.spectrum..Figure.37.5.depicts.such.an.
application.scenario,.similar.to.Internet.of.Things.(IoT).or.cyber-physical.systems.(CPS)..It.is.challeng-
ing.to.establish.effective.communication.between.cloud.and.data.aggregators.or.even.machines..3GPP.
LTE-A. is. therefore. considering. machine-type communication. (MTC),. and. access. for. such. massive.
devices. becomes. an. immediate. challenge. [55].. For. the. “swarm. communications”. at. the. edge. of. the.
Internet.for.tremendous.amount.of.sensors.and.machines.to.data.aggregators.as.local.networks.shown.
in.Figure.37.5,.spectrum-sharing.networks,.likely.CRN,.might.be.the.only.solution.

Infrastructure

Gateway Gateway

Router

Swarm

Data
aggregator

Cloud

Machine/sensor Machine/sensor

FIGURE 37.5 Scenario.of.M2M.communications.
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The.concept.of.cognitive.radio.has.been.adopted.in.international.communication.standards.for.
years..While.dealing.with.the.coexistence.in.Bluetooth.2.0.and.IEEE.802.15.2.in.the.first.couple.of.
years.of. the. twenty-first. century. (shortly. after. the.birth.of. cognitive. radio. in.1999),. adaptive. fre-
quency.hopping.(AFH).technology.was.applied.by.first.conducting.spectrum.sensing.at.the.2.4.GHz.
ISM.band,.and.then.real-time.adjusting.hopping.patterns.to.avoid.interference.from.other.systems.
for. successful. transmission,. particularly. for. stream. traffic.. The. later. examples. include. sensing. to.
avoid. radar. signals. in. 5.GHz. wireless. LANs,. and. Detect-And-Avoid. (DAA). for. ultra-wide-band.
communications..However,.they.are.just.examples.of.cognitive.radio.as.a.core.technology.in.a.stan-
dard..The.very.first.international.standard.effort.for.cognitive.radio.should.be.IEEE.802.22.to.allow.
transmission.over.TV.white.spaces..Actually,.IEEE.802.19.is.dealing.with.technical.advisory.to.mul-
tiradio.coexisting.systems,.while.cognitive.radio.technology.is.definitely.within.the.scope..The.IEEE.
802.22. Working. Group. was. formed. in. November. 2004. for. Wireless. Regional. Area. Networks.
(WRAN)..This.working.group.is.dedicated.to.develop.an.air.interface.(i.e.,.MAC.and.PHY).based.on.
CRs.for.unlicensed.operations.in.the.TV.broadcast.bands..This.standard.plays.a.key.role.in.the.evolu-
tion. of. CRs. and. goals. at. defining. an. international. standard. that. may. regulate. in. any. regulatory.
regime.

The. IEEE. P1900. Standards. Group. was. established. in. 2005. jointly. by. the. IEEE. Communications.
Society.and. the. IEEE. Electromagnetic. Compatibility. Society..The.objective. is. to.develop. supporting.
standards.dealing.with.new.technologies.and.techniques.for.next-generation.radio.and.advanced.spec-
trum. management.. Note. that. this. sponsor. group. was. called. SCC41—The. Standards. Coordination.
Committee.41..Currently,. there. is.an.ever-increasing.number.of. international. standards.considering.
CRN.technology.due.to.the.shortage.of.radio.spectrum..Both.ITU.and.ETSI.are.seriously.considering.
CR.into.wireless.communications.and.networks.[51].

As.a.conclusion.to.this.chapter,.although.facing.tremendous.technology.challenges.subject.to.more.
imaginative.approaches.such.as.biology-inspired.thinking.[52].or.sociological.thinking.[53],.CRNs.are.
definitely. the. direction. for. future. wireless. communications. and. networks. so. that. a. large. number. of.
wireless.devices.can.be.connected.to.improve.the.quality.of.human.life.
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38.1 introduction and Motivations

The.“always.connected”.paradigm.is.becoming.a.reality.for.more.and.more.people..Users,.in.fact,.clearly.
appreciate.being.constantly.connected.with.each.other.and.to.the.Internet..Consequently,.companies.
are.supporting.such.appreciation.with.a.wide.offer.of.mobile.devices.and.applications..As.a.result,.there.
has.been.an.increasing.effort.in.the.design.and.development.of.applications.and.systems.able.to.provide.
connectivity.to.people.wherever.they.happen.to.be.

Among.the.numerous.scenarios,.vehicle-based.communication.has.been.receiving.increasing.atten-
tion..In.rich.countries,.in.fact,.individuals.spend.on.average.over.100.h.a.year.in.commuting.time.alone.
(see,.e.g.,.the.United.States.case.(US.Census.Bureau.2011)),.with.an.upward.trend.(DFT.2011)..The.same.
is.expected.to.happen.to.approximately.three.billion.people.living.in.today’s.defined.“developing.coun-
tries”.by.2050,.when. they.will.obtain.a.purchasing.power.comparable. to. today’s.average.US.citizen.
(Goldman.Sachs,.2011)..Moreover,.besides.the.communications.needs.of.individuals,.motor.vehicles.
are.ripe.to.start.communicating.per.se,.as.objects..Communicating.with.other.vehicles.as.well.as.with.
the.roadside.infrastructure.and.with.the.world.at.large,.for.reasons.ranging.from.security.to.parking,.
from.traffic.optimization.to.energy.conservation..The.communications.technology—from.wireless.to.
software—is,.in.fact,.finally.mature.for.breaking.the.traditional.informational.autism.of.vehicles..It.is.
true.that.at.least.10%.of.the.cars.will.need.to.be.equipped.with.communication.units.in.order.to.reach.
the.minimum.penetration.rate.to.trigger.the.wide.adoption.of.inter-vehicle.applications.and.services.
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(Ergen.2010)..But.when.that. tipping.point. is.reached,. inter-vehicle.communications.are.expected.to.
spread.rapidly.

Initially.conceived.for.the.communication.of.data.coming.from.local.sensors,.inter-vehicle.commu-
nications.are.now.being.studied. in. the.context.of.a.much. larger.range.of.applications,.as.mentioned.
above..This.chapter.intends.to.describe.the.main.concepts.behind.inter-vehicle.communication.technol-
ogy,.and.to.present.some.of.the.most.promising.standards,.applications.and.projects.

The.rest.of.this.section.is.devoted.to.familiarizing.the.reader.with.some.key.concepts,.while.the.rest.
of.the.chapter.is.organized.as.follows..Section.38.2.characterizes.the.models.used.in.vehicle-to-vehicle.
data.communication..Section.38.3.analyzes.current.and.emerging.applications.of.interests..Section.38.4.
presents.a.survey.of.existing.testbeds.and.projects,.as.well.as.thematic.and.joint.actions.and.networks..
Finally,.Section.38.5.draws.the.conclusions.

38.1.1 inter-Vehicle networks

At.the.time.of.writing,.a.global.consensus.on.how.to.refer.to.a.generic.communication.involving.vehicles.
has.not.yet.been.reached.due.to.the.heterogeneity.of.characteristics.involved.in.this.scenario:.moving.
nodes.(vehicles),.fixed.nodes.(roadside.infrastructure),.ad hoc.networking,.mesh.networking.

The. most. common. acronym. that. is. now. used. to. refer. to. inter-vehicle. communications,. VANET.
(Vehicular.Ad hoc.NETworks),.has.been.coined.only.recently.by.Laberteaux.in.2004,.with.respect.to.the.
first.studies.in.this.area.of.research.that.can.be.dated.back.to.the.1980s..Although.originally.adopted.to.
reflect.the.ad hoc.nature.of.inter-vehicle.networks.(Hartenstein.and.Laberteaux.2008),.VANET.is.now.
commonly.used.to.indicate.a.generic.communication.system.where.one.or.more.communicating.devices.
are.located.on.vehicles.(Hartenstein.and.Laberteaux.2010)..Other.taxonomies.include.the.V2X.(Ström.
et al..2010).and.VC.(Sichitiu.and.Kihl.2008).schools.where.the.term.V2X.identifies.Vehicle-to-X.connec-
tions,. while. the. term. *VC. identifies. *-vehicle. communications.. Table. 38.1. presents. a. detailed. list. of.
acronyms.and.their.meaning.with.respect.to.the.type.of.communication.they.refer.to.

Throughout.this.chapter,.we.will.use.the.notation.that.provides.case-by-case.the.best.clarity.in.the.
context..A.more.detailed.analysis.of.the.topic.is.carried.out.in.Section.38.2.

38.1.2 channel characterization and Mobility Models

Defining.appropriate.channel.characterization.and.mobility.models.in.inter-vehicle.communications.
is. a. challenging. task.. VANETs. represent. in. fact. a. particularly. challenging. class. of. Mobile. Ad hoc 
NETworks.(MANETs).(Chlamtac.et al..2003).due.to.the.peculiar.features.of.channel.and.nodes..On.one.
side,.channel.conditions.are.rapidly.varying.in.an.unpredictable.way,.depending.for.instance.on.the.
location.(urban.or.rural.surrounding.environment).and.on.the.time.of.the.day.(rush.hours.or.not)..On.
the.other.side,.the.high.mobility.of.the.nodes.causes.extreme.difficulty.in.creating.a.realistic.mobility.
model..Section.38.2.discusses.with.more.details.the.aspects.concerning.channel.characterization.and.
node.mobility.

TABLE 38.1 V2X.and.*VC.Taxonomies

Taxonomy

Communication.Type

Between.Vehicles
Between.Vehicles.and.

Infrastructure
Between.Vehicles.and.

Infrastructure.through.Vehicles

V2X V2V.(Vehicle-to-vehicle) V2I.
(Vehicle-to-
infrastructure)

V2V2I.
(Vehicle-to-vehicle-to-
infrastructure)

*VC IVC.(Inter-vehicle.
communication)

RVC.(Roadside-vehicle.
communication)

HVC.(Hybrid-vehicle.
communication)
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38.1.3 Standardization Actions

Although.in.theory.several.existing.communication.technologies.can.be.employed.to.provide.connec-
tivity.in.VANETs.(e.g.,.cellular.mobile.networks.and.Wimax),.the.peculiarities.of.inter-vehicle.commu-
nications. considerably. reduce. their. effectiveness. and,. as. a. consequence,. make. their. adoption. for.
Intelligent.Transportation.Systems.(ITS).applications.all.but.straightforward..Several.public.and.private.
standardization.bodies.and.consortia.are.proposing.their.own.standards.and.protocols.suited.to.inter-
vehicle.communication..This.implies.the.assignation.of.specific.frequency.bands,.and.the.definition.of.
communication.protocols,.frameworks,.and.standards.for.interoperability.

Table.38.2.shows.a.resume.of.the.frequency.bands.assigned.for.ITS..Although.almost.all.regions.con-
centrate.the.dedicated.bands.in.the.frequency.interval.5.7–5.9.GHz,.it.can.be.observed.that.a.frequency.
band.common.for.all.regions.still.does.not.exist..In.order.to.promote.the.interoperability.of.inter-vehicle.
communications,.there.is.an.ongoing.joint.action,.supported.mainly.by.the.ETSI.Technical.Committee.
on.ITS.(ETSI.TC.ITS),.trying.to.define.a.universal.frequency.band.to.be.dedicated.to.ITS,.most.likely.in.
the.range.of.5.8–5.9.GHz.

For. what. concerns. the. communication. protocols,. three. main. standardization. actions. can. be.
identified:

•. WAVE, IEEE 1609 WG..The.IEEE.Working.Group.1609,.constituted. in.2006,. is.developing.the.
Wireless.Access.in.Vehicular.Environment.(WAVE).family.of.standards..WAVE,.also.known.as.
802.11p,.is.an.extension.of.the.IEEE.802.11.standard.aimed.at.enhancing.the.behavior.of.802.11.in.
ITS.applications..It.is.based.on.Dedicated.Short-Range.Communications.(DSRC,.ASTM.standard.
E2213-03)..Figure.38.1.shows.a.synthetic.view.of.the.WAVE.protocol.stack..The.WAVE.standards.
family.is.composed.by.IEEE.1609.0.(WAVE.architecture),.1609.1.(Remote.Management.Services),.
1609.2. (Security. Services),. 1609.3. (Network. Services),. 1609.4. (Multichannel. operations),. and.
1609.11.(Over-the-air.Electronic.Funds.Collection).(WAVE.2011).

•. CALM, ISO TC 204 WG 16..The.Technical.Committee.204,.Working.Group.16.of.the.International.
Organization.for.Standardization.(ISO).started.in.2001.the.development.of.the.“Basic.Set.of.ITS.
Communication. Standards”. under. the. work. title. “Communication. Access. for. Land. Mobiles”.
(CALM)..CALM.intends.to.define.a.family.of.international.standards.for.a.common.architecture,.
protocols.and.interface.definitions.for.wireless.communications,.in.order.to.provide.interoperable.
access.technologies.for.ITS.applications.and.services.(CALM.2011).

•. ETSI TC ITS. The.mission.of.the.European.Telecommunications.Standards.Institute.(ETSI).ETSI’s.
Technical.Committee.on.ITS,.constituted. in.2007,. is. the.creation,.harmonization.and.mainte-
nance.of.standards.and.specifications.for.the.use.of.information.and.communications.technolo-
gies.in.future.transport.systems..Most.of.the.‘ongoing.standardization.activities.within.this.TC.
are.focused.on.wireless.communications.for.vehicle-to-vehicle.and.vehicle-to-roadside.communi-
cations. (ETSI.2011)..On.September.2010. the.ETSI.TC.ITS.WG.published. the. standard.named.
ETSI.EN.302.665.on.the.ITS.communication.architecture.

Finally,.to.promote.interoperability,.the.US.Department.of.Transportation.developed.the.SAE.J2735.
(version.2,.2009).Message.Set.Dictionary.to.support.interoperability.among.DSRC.applications.through.
the.use.of.standardized.message.sets,.data.frames,.and.data.elements.(SAE.2011).

TABLE 38.2 Frequency.Bands.Allocated.for.ITS

Region Frequency.Bands.(MHz) Reference

ITU-R.(ISM.band) 5725–5875 Art..5.of.Radio.Regulations
Europe 5795–5915;

5855/5875–5905/5925
ETS.202-663,
ETSI.EN.302-571,.ETSI.EN.301-893

North.America 902–928,.5850–5925 FCC.47.CFR.Parts.90.and.95
Japan 715–725,.5770–5850 MIC.EO.Article.49
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38.1.4 overview of the Applications of interest

Future.vehicles.will.be.accessorized.with.a.number.of.electronic.controls.and.devices..Such.equipment.
will.pave.the.way.for.a.variety.of.possible.applications.to.improve.both.road.safety.and.traffic.efficiency..
More.and.more.participants,.not.only.governments.and.vehicle.manufacturers,.but.also.local.retailers.
and.consumers,.will.be.attracted.to.VANETs.and.will.benefit.from.it..A.survey.on.the.three.main.catego-
ries. of. VANET. applications. and. a. characterization. of. the. recurring. communication. patterns. is. pre-
sented.in.Section.38.4.

38.2 Data communication

The.increased.interest.of.the.scientific.and.industrial.community.on.VANETs.has.produced.a.significant.
amount.of.surveys.on.the.various.aspects.related.to.this.scenario..This.section.focuses.on.the.definition.
of. the. inter-vehicle. communication. paradigms,. mobility. models. and. routing. schemes.. For. readers.
requiring.more.details.on.these.topics,.an.accurate.survey.on.mobility.models.can.be.found.in.Härri.
et al..(2009),.while.Sichitiu.and.Kihl.(2008).and.Willke.et al..(2009).focus.more.on.the.requirements.and.
characteristics.of.intervehicle.communication.protocols.

38.2.1 communication Paradigms

We.can.identify.three.main.systems.for.vehicular.communication:.vehicle-to-vehicle.(V2V),.vehicle-to-
infrastructure.(V2I),.and.vehicle-to-vehicle-to-infrastructure.(V2V2I).(here.we.follow.the.taxonomy.of.
Sichitiu.and.Kihl.2008).

V2V.systems.are.pure.ad hoc.networks.that.rely.only.on.the.in-vehicle.communication.equipment.
and.do.not.connect.to.any.fixed.roadside.infrastructure..They.can.be.further.divided.in.single-hop.
and.multi-hop.V2V.systems..The.former.allow.only.short-range.communications,.while.the.latter.are.
used.to.extend.the.communication.range.at.the.expenses.of.an.increased.complexity.of.the.system..
In.multi-hop.V2V.the. intermediate.vehicles. relay. the.messages. to. the.vehicles. that.are.not. in. the.
transmission. range. of. the. original. sender,. thus. a. network. layer. capable. of. multi-hop. routing. is.
needed.
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In.V2I.systems.vehicles.communicate.solely.with.roadside.infrastructure.when.inside.the.transmis-
sion.range..Hot.spots,.like.road.intersections,.parking.lots,.gas.stations,.and.so.on,.are.relatively.easily.to.
cover.for.providing.special.services.to.passing.by.vehicles..On.the.contrary,.road.coverage.is.extremely.
expensive.using.802.11.wireless.technology.and.802.16.or.3G.is.required.

V2V2I.systems.are.frequently.suggested.to.extend.the.coverage.of.V2I.systems.through.vehicle-to-
vehicle.message.relay..As. in.multihop.V2V.systems,.mobile.nodes.behave.as.routers.and.allow.other.
vehicles.to.connect.to.the.infrastructure.even.if.they.are.not.in.the.direct.transmission.range..In.urban.
scenarios,.with.a.high.vehicle.density,.V2V2I.systems.may.allow.a.considerable.reduction.in.the.number.
of.roadside.equipment.with.respect.to.V2I.only.systems.

38.2.2 channel and Mobility Models

Intervehicle.communications.are.hard.to.model..VANETs.can.be.in.fact.assimilated.to.distributed.sys-
tems.made.of.nodes.moving.with.variable.speeds.and.various.degrees.in.movement.patterns.(Blum.et al..
2004)..Due.to.the.very.high.number.of.varying.parameters.involved,.an.accurate.and.general.model.does.
not.exist.yet..Each.model.presents.its.advantages.and.disadvantages.based.on.how.it.addresses.the.pecu-
liar.characteristics.of.intervehicle.communications..An.extensive.survey.of.mobility.models.for.VANETs.
can.be.found.in.Härri.et al..(2009)..In.the.following.we.focus.on.three.peculiar.characteristics:.the.place.
and.time.of.the.communication,.and.the.mobility.model.

•. Place of the transmission.. Channel. conditions. vary. based. on. the. surrounding. environment.
(e.g., urban.or.rural)..The.environment.has.a.dramatic.effect.on.the.quality.of.the.received.signal..
For. example,. intervehicle. communication. in. urban. environments. is. usually. disturbed. by. the.
presence.of.several.objects.and.obstacles.that.lead.to.a.lower.signal.quality.(Mos̈ke.et al..2004).

•. Time of the transmission..The.time.in.which.communication.is.performed.is.very.important.to.
deduct.the.actual.characteristics.of.the.communication.channel..For.example,.a.vehicle-to-vehicle.
communication.has.far.more.probability.to.experience.transmission.errors.if.performed.during.
peak.time.in.the.center.of.a.big.city.than.if.performed.on.an.extra-urban.road.segment.without.
traffic.(Bucciol.et al..2005).

•. Mobility model..Movement.of.cars.follows.specific.patterns..When.VANETs.were.introduced,.sev-
eral. papers. focused. on. the. random. waypoint. mobility. model. (nodes. randomly. change. speed.
and direction.during.the.simulation)..A.good.model.should.take.into.account.the.geographical.
positioning.of.the.communicating.objects.(e.g.,.road.maps),.as.well.as.usual.car.mobility.patterns.
(e.g., cars.tend.to.accelerate.after.crossing.an.intersection).(Härri.et al..2009).

38.2.3 Routing Schemes

Great.research.efforts.have.been.spent.in.the.last.decade.on.routing.in.MANETs.and.a.number.of.rout-
ing.protocols.were.developed.in.that.context;.for.example,.optimized.link.state.routing.(OLSR).(Jacquet.
et al..1998),.ad hoc.on-demand.distance.vector.(AODV).(Perkins.and.Royer.1999).(Perkins.et al..2003),.
dynamic.source.routing.(DSR).(Johnson.and.Maltz.1996).(Hu.et al..2007),.and.so.on..The.same.proto-
cols,.often.with.some.modifications.to.better.suit. the.different.scenario,.were.proposed.for.VANETs..
However,.the.vehicular.scenario.is.characterized.by.specific.properties,.at.the.routing.level,.that.make.
them.suboptimal.for.multihop.communication.in.an.IVC.system..In.fact,.in.a.VANET,.routing.protocols.
can. be. optimized. assuming. that. the. position. of. the. vehicles. is. known—hopefully. all. cars. will. be.
equipped.with.a.global.positioning.system.(GPS)—and.that.their.movements.can.be.predicted.with.a.
good.degree.of.precision.having.some.knowledge.of.the.road.layout..Additionally,.vehicle.mobility.pat-
terns.need.to.be.considered.in.the.design.of.a.routing.protocol.for.two.main.reasons,.first,.because.the.
high.mobility.of.nodes.causes.frequent.network.partitioning.and.merging,.and.second,.because.mobility.
can.be.exploited.to.increase.the.performance.of.the.network,.as.shown.in.Grossglauser.and.Tse.(2002).
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We.identify.five.categories,.summarized.in.Table.38.3,.to.briefly.describe.the.most.common.approaches.
presented.in.the.literature:.topology-based,.cluster-based,.geographical,.movement-based,.and.broad-
cast.routing.

38.2.3.1 topology-Based Routing

VANETs.and.MANETs.share.some.ad hoc.routing.protocols.based.on.the.network.topology,.that.is,.how.
nodes.are.connected.together..However,.VANETs.present.a.much.more.dynamic.topology.than.MANETs.
and.studies.have.demonstrated.that.this.type.of.protocols—for.example,.AODV,.OLSR,.and.DSR—suffer.
from. the. high. vehicle. mobility. pattern. showing. poor. route. convergence. and. low. communication.
throughput.(Fussler.et al..2003)..Several.modification.have.been.proposed.to.reduce.the.effect.of.fre-
quent.route.breakages,.for.example.in.Menouar.et al..(2005).adding.a.prediction.of.the.future.position.
as.a.function.of.the.current.position,.direction,.and.speed,.or.in.Namboodiri.et al..(2004).trying.to.pre-
dict.the.link.lifetimes.

38.2.3.2 Geographical Routing

In.this.category.we.consider.both.position-based protocols.(e.g.,.LAR,.DREAM,.GPSR.(Karp.and.Kung.
2000)).and.geocast protocols (e.g.,.GAMER,.LBM).where.the.former.are.related.to.one-to-one.communi-
cations. and. the. latter. to. one-to-many. communications.. Vehicle. location. can. be. determined. by. the.
onboard.GPS.equipment.and.routing.strategies.are.based.on.the.geographical.position.of.the.destination.
of.a.packet,.if.possible.exploiting.also.the.limitations.of.vehicle.movements,.that.must.follow.the.road.
layout,.and.the.analytical.models.of.traffic.patterns..Studies.(Fussler.et al..2003).have.proved.geographi-
cal.routing.algorithms.a.promising.approach.for.VANETs.compared.to.topology-based.routing.

In.the.Greedy Perimeter Stateless Routing (GPSR).(Karp.and.Kung.2000).packets.are.always.forwarded.
to.the.node.that.is.geographically.closest.to.the.destination.in.order.to.maximize.the.progress.of.the.
packet.toward.its.destination..If.the.greedy.approach.fails.reaching.a.dead.end,.face.routing.is.used.to.
identify.another.node.from.which.the.greedy.algorithm.can.be.resumed..In.metropolitan.scenarios.this.
technique.is.heavily.limited.by.the.frequent.obstacles.that.prevent.direct.communication.between.vehi-
cles..To.address.this.issue.Lochert.(Lochert.et al..2003).proposed.the.Geographic Source Routing (GSR).
protocol.that.adds.knowledge.from.a.digital.street.map.to.identify.junctions.that.must.be.traversed.using.
a.shortest.path.algorithm..Forwarding.between.junctions.is.then.done.in.a.position-based.manner..The.
same.author.proposed.the.Greedy Perimeter Coordinator Routing (GPCR).protocol.(Lochert.et al..2004).
that.does.not.need.access.to.a.street.map.and.do.not.use.source.routing..Two.algorithms.are.used.to.
detect.vehicles.in.a.junction.as.a.function.of.the.position.and.direct.reachability.of.their.neighbors..Such.
vehicles.are.then.elected.as.coordinators.and.take.care.of.the.true.routing.process,.in.fact,.as.long.as.
nodes.are.in.a.street,.a.restricted.algorithm.is.used..A.more.advanced.algorithm.was.proposed.in.Liu.
et al..(2004),.Anchor-based Street and Traffic Aware Routing (A-STAR),.which.incorporates.traffic.aware-
ness.by.using.both.static.and.dynamic.rated.maps.

Geocast. protocols. (Maihofer. 2004). are. a. specialization. of. multicast. routing. where. flooding. is.
restricted.to.a.specific.location.called.zone of relevance (ZOR)..Most.algorithms.are.based.on.modifica-
tions.of.broadcast.flooding.to.minimize.the.network.overhead.by.reducing.the.number.of.re-broadcasts..

TABLE 38.3 Taxonomy.of.Routing.Protocols

Topology Position Geocast Mobility

General AODV
DSR
OLSR

DREAM
GSR

GAMER
LBM

VTRADE

Sparse MDDV MDDV
VADD

Dense HSR GPCR
CPSR

GeoGRID UMB
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That.is,.nodes.do.not.rebroadcast.packets.immediately,.but.wait.for.some.time.to.make.a.decision.about.
it..For.example,.a.vehicle.may.choose.not.to.rebroadcast.if.it.overhears.a.peer.farther.from.the.source.
doing.so.(Yang.et al..2004)..To.deal.with.frequent.network.partitions.Maihöfer.(Maihofer.and.Eberhardt.
2004).proposed. to.add.a. small.cache. to. the.routing. layer. to.hold.packets. that.cannot.be. forwarded.
instantly,.messages.are.then.forwarded.when.another.vehicle.comes.in.the.node.transmission.range..
Maihöfer.also.proposed.the.abiding geocast.(Maihofer.et al..2005),.that.is,.a.time.stable.geocast.proto-
col,.where.senders.can.define.a.lifetime.for.the.permanence.of.the.message.in.the.zone.of.relevance..The.
message.is.then.retransmitted.whenever.a.node.inside.the.destination.region.detects.a.new.neighbor.

38.2.3.3 Mobility-Based Routing

In.addition.to.the.information.on.vehicle.position.and.road.layout,.mobility-based.routing.protocols.
explicitly. exploit. vehicle. mobility. for. information. dissemination. (e.g.,. VADD. (Zhao. and. Cao. 2006),.
VTRADE.(Sun.et al..2000),.UMB.(Korkmaz.et al..2004))..Here.the.problem.of.network.sparsity.and.
network.partitioning.is.addressed.making.messages.move.forward.the.destination.by.means.of.vehicle.
movements..The.Mobility-Centric Data Dissemination protocol.(MDDV).(Wu.et al..2004).is.a.combina-
tion.of.opportunistic,.geographical,.and.trajectory-based.forwarding.where.the.message.is.carried.by.
vehicles.(called.message head).moving.in.the.direction.of.the.destination..Only.message.heads.are.in.
charge.of. the.routing,.nearby.nodes.(that.cannot.help.moving.the.message.closer. to.the.destination).
contribute. exchanging. meta-data. information. that. includes. “estimated”. message. head. location. and.
transmission.time.

38.2.3.4 cluster-Based Routing

Cluster-based. routing. is. a. form.of.hierarchical. routing. that.defines. two.or.more. levels.of. routing. to.
reduce.the.amount.of.routing.information.overhead..It.can.be.adapted.to.topological.(e.g.,.HSR.(Iwata.
et al..1999),.geographical.(e.g.,.GeoGRID.(Maihofer.2004)).and.other.kind.of.protocols..The.cluster.is.
a—as.much.as.possible—stable.set.of.connected.vehicles..Within.the.cluster.nodes.communicate.via.
direct.links.(or.through.broadcast.(Durresi.et al..2005)),.while.between.clusters.messages.are.forwarded.
by.cluster-heads.that.act.as.gateways..The.definition.of.the.hierarchical.network.infrastructure.is.crucial.
for.the.protocol,.but.the.overhead.required.to.create.and.maintain.such.information.increases.with.the.
network.dynamics.and.clusters.tend.to.be.too.short-lived.

38.2.3.5 Broadcast Routing

Broadcast.is.frequently.useful.in.VANETs,.however,.the.bandwidth.requested.for.the.transmission.can.
increase.exponentially.with.the.number.of.nodes..Thus,.broadcast.protocols.employ.different.methods.
to.reduce.such.overhead.using.probability-based.(Alshaer.and.Horlait.2005),.location-based.(Benslimane.
2004),.direction-based.(Korkmaz.et al..2004),.hierarchical.(Little.and.Agarwal.2005).or.message-utility-
based.(Wischhof.and.Rohling.2005).algorithms.

38.3 Vehicular Applications

Advances. in. “on. vehicle”. electronics,. computing,. communications,. and. sensing. have. significantly.
increased.the.interest.for.innovative.applications.being.able.to.exploit.the.unique.potential,.and.relative.
low.operational.cost,.of.vehicular.communication.networks.to. increase.traffic.safety.(Sengupta.et al..
2007)..Although.the.prime.motivation.of.such.applications.will.always.be.to.reduce.the.number.of.acci-
dents.and.save.human.lives,.this.wireless.scenario.provides.also.a.promising.platform.for.other.services.
ranging.from.traffic.management.to.commercial.or.comfort.applications.

In.contrast.with.conventional.ad hoc.networks,.vehicular.ad hoc.networks.(VANETs).offer.a.rich.set.
of.opportunities. for.embedding. intelligent.communication-based. systems. to. solve. real-life.problems.
such. as. tourist. information. and. assistance,. parking. availability. notification,. and. traffic. condi-
tion .warnings..VANETs.have.fewer.constraints.on.processing.power.and.provide.much.more.storage,.
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.processing,.and.communication.capacity.than.personal.or.sensor-based.ad hoc.networks..As.a.conse-
quence.vehicles.can.form.a.perfect.mobile.platform.for.data.gathering,.processing,.and.dissemination.
(i.e.,.Vehicular.Sensor.Networks.(Lee.et al..2006,.2009)).

In.the.challenging.vehicular.networking.scenario.where.performance.of.links.is.highly.variable.and.
where.a.complete.path.from.source.to.destination.does.not.exist.for.most.of.the.time,.nodes.play.a.three-
fold.role.as.producers,.consumers,.and.forwarders.of.information.(e.g.,.road,.traffic,.weather.condition.
reports)..Advanced.services.may.be.offered.if.vehicles.actively.contribute.to.the.system.also.as.interme-
diaries.taking.custody.of.data.during.blackouts.and.forwarding.it.when.connectivity.resumes.(i.e.,.store-
carry-forward.message.switching.mechanism.(Wisitpongphan.et al..2007)).

In. the. following. we. identify. the. three. main. categories. used. to. classify. vehicular. applications.
and  analyze. four. recurrent. communication. patterns. that. form. the. basis. for. the. design. of. such.
applications.

38.3.1 categories

Communication-based.applications.for.vehicular.networks.are.commonly.classified.into.three.major.
categories:.vehicle.safety,.traffic.management,.and.infotainment.

Vehicle safety..Surrounding.vehicles,.traffic.signals,.and.road.conditions.are.actively.monitored.in.
order. to. warn. drivers. against. potential. dangers. such. as. collisions. with. other. vehicles. and.
obstacles. (collision. warning),. signal. violations. (violation. warning),. or. bad. road. conditions..
The.major.characteristic.of.these.applications.is.that.they.have.very.strict.real-time.demands,.
both.on.communication.reliability.and.latency.(less.than.100.ms.of.delay.are.needed.for.colli-
sion.avoidance.(Biswas,.Tatchikou,.and.Dion.2006)).

Traffic management..Traffic.and.road.conditions.are.actively.monitored.by.vehicles.on.the.road.
that.share.this.information.with.other.nodes.in.the.surrounding.area.or.in.a.specific.location.
(e.g.,. an. intersection).. The. main. objective. is. to. enable. a. more. efficient. traffic. flow. control.
reducing.both.congestion.problems.and.travel.times,.and,.ultimately,.improving.driver.satis-
faction.(Nadeem.et al..2004)..Typical.applications.(e.g.,.congested.road.notification,.parking.
availability. location,. intersection. assistance,. emergency. vehicle. signaling). have. less. strict.
requirement.on.latency.and.reliability.than.safety.applications..On.the.other.hand,.they.rely.
on. routing. protocols. that. take. advantage. of. the. relatively. long. communication. range. pro-
vided.by.DSRC.to.disseminate.the.information.in.a.particular.direction.or.area,.also.called.
zone-of-relevance.(ZOR).

Infotainment..Different.information.services.are.provided.to.drivers.to.make.the.travel.more.effi-
cient,.productive,.and.pleasant..Various.traveler.information.and.service.announcement.appli-
cations. belong. to. this. category. (i.e.,. gas. station,. restaurant,. hotels. advertisement). (Nandan.
et  al.. 2006).. In. this. case. roadside. infrastructure. and. multi-hop. communication. is. used. to.
propagate.messages.from.a.certain.location.to.the.surroundings.as.the.drivers.pass.by..Most.
work.has.also.been.focused.on.connecting.vehicular.networks.to.the.Internet.for.email.access,.
web. browsing,. and. content. download. in. order. to. extend. the. car. entertainment. system,. for.
example,.with.real-time.multimedia.streaming.(Guo.et al..2005).

38.3.2 communication-Based characterization

Looking.at.the.three.categories.of.vehicular.services.from.a.communication-based.perspective.we.can.
identify.some.networking.issues.that.clearly.affect.various.design.aspect.of.the.applications.envisioned.
so.far..Accordingly,.we.can.group.the.communication.characteristics.and.requirements.to.define.a.set.of.
common. design. patterns,. often. called. communication patterns (Schoch. et  al.. 2008),. which. form. the.
basis.for.building.a.VANET.application.
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38.3.2.1 network-Related Application Requirements

Each.application.defines.some.network-related.requirements.that.drive.the.choice.of.the.communica-
tion.architecture.and.protocols.to.be.used..We.highlight.some.of.them.as.follows.

•. Zone-of-relevance (ZOR).is.the.geographical.region.that.should.be.covered.by.the.communica-
tion. network.. Depending. on. the. application. can. be. small,. medium,. or. large.. In. particular,.
safety.applications.(e.g.,.collision.warning,.violation.warning).propagate.their.messages.only.in.
a.small.area.that.usually.is.no.more.than.a.few.hundred.meters..On.the.other.hand,.traffic.man-
agement.and.infotainment.applications.tend.to.cover.larger.areas,.approximately.in.the.order.of.
kilometers. for. road. or. traffic. condition. information. and. virtually. everywhere. for. content.
download.

•. Application trigger condition (ATC).defines.how.a.message.transmission.is.scheduled.and.it.can.be.
periodic,. event.driven,.or.user. initiated..Safety.applications. tend. to. send.periodic.messages. to.
constantly.inform.the.surrounding.vehicles.of.the.danger..Traffic.management.applications.are.
usually.triggered.by.some.events,.such.as.traffic.congestions..While.infotainment.applications.are.
manually. activated. by. the. driver. (e.g.,. music. download). or. by. a. software. agent. in. the. car.
(e.g., announcement.of.a.closer.and.cheap.gas.station.of.the.preferred.brand).

•. Transmission pattern (TP).specifies.how.many.nodes.are.involved.in.the.transmission.and.recep-
tion.of.the.messages.and.it.can.be.one-to-many,.one-to-a-zone,.one-to-one,.and.many-to-one..
Some. safety. applications. inform. all. vehicles. in. every. direction. (one-to-many). for. example. to.
prevent.a.crash..Other.safety.applications.and.most.of.the.traffic.management.ones.address.vehi-
cles.within.a.specific.zone.(one-to-a-zone)..Instead,.infotainment.applications.are.more.prone.to.
the.one-to-one.transmission.pattern.

38.3.2.2 communication Patterns

The.particular. set.of.network.characteristics.associated. to.each.kind.of.application. lead. to.a. specific.
design.of.the.communication.system..We.summarize.from.Schoch.et al..(2008).the.most.recurring.sys-
tem. architectures. in. three. plus. one. communication. pattern:. beaconing,. geobroadcast,. unicast,. and.
information.dissemination.

Beaconing.is.characterized.by.a.periodic.single-hop.broadcast.scheme.to.continuously.inform.all.
the.nodes. in. the.reception.range..The.communication.scheme. is. rather. simple,. that. is,. it. is.
periodic,.strictly.unidirectional,.and.messages.are.not.forwarded..On.the.other.hand,.being.
this.scheme.typically.used.for.safety.applications,.the.latency.and.reliability.demands.are.very.
high.(Rossi,.Fracchia,.and.Meo.2008).

Geobroadcast.refers.to.the.immediate.transmission.to.other.vehicles.in.a.certain.area..Message.
forwarding.is.based.on.node.location.instead.than.on.their.address..Most.traffic.management.
applications.rely.on.location-based.multicast.routing..The.transmission.is.unidirectional.and.
generally. triggered.by.an.event.(e.g.,.vehicle.collision.or. traffic.congestion)..The.forwarding.
scheme.must.be.tailored.not.to.cause.congestion.problems.in.high.node.density.conditions:.in.
order. to.minimize. the.number.of.unnecessary. transmissions.each.node.needs. to.use. some.
heuristic.to.decide.whether.to.forward.a.message.or.not..Latency.needs.are.less.strict.than.in.
safety.applications,.but.certain.services.like.accident.warning.may.require.a.high.delivery.suc-
cess.ratio.

Unicast.is.the.most.common.choice.for.infotainment.applications.that.are.activated.by.the.user.
interaction.and.may.require.a.connection-oriented.bi-directional.one-to-one.communica-
tion. channel. (e.g.,. Internet. browsing).. Safety. and. traffic. management. applications. do.
not usually.require.bidirectional.channels.as.in.unicast,.so.this.pattern.is.commonly.associ-
ated. to. low. priority. communications. that. tolerate. high. delays. and. exploit. packet.
retransmissions.
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Information dissemination. is.a.natural.extension.of.the.previous.three.information.forwarding.
patterns..First,.store-carry-forward.message.switching.mechanisms.are.required.to.allow.node.
communications.if.no.simultaneous.multihop.paths.are.available.at.any.time..In.this.type.of.
pattern,. the. mobility. of. devices. becomes. an. opportunity. for. communication. rather. than. a.
challenge,.routes.are.built.dynamically.and.any.possible.node.can.opportunistically.be.used.as.
the.next.hop,.if.it.is.likely.to.bring.the.message.closer.to.the.final.destination(s)..Second,.exploit-
ing.the.communication.opportunities.between.mobile.vehicles.for.message.forwarding.is.only.
the.first.step,.that.is,.vehicles.can.collaborate.also.by.sharing.resources,.information,.and.pro-
cessing.power..In.this.scenario.data.are.not.only.routed.to.the.destination,.but.also.processed.
and.enriched.by.the.intermediate.nodes..This.enables.the.possibility.to.efficiently.solve.collab-
orative. tasks.such.as.detecting.a. traffic. jam..In.context-adaptive.data.dissemination.studies.
(Kosch.et al..2006).messages.are.not.given.an.explicit.destination,.but.information.is.spread.
according.to.its.contextual.relevance.that.also.defines.its.forwarding.priority.if.bandwidth.is.
scarce.. Clearly,. this. mechanism. can. be. adopted. when. latency. requirements. are. somewhat.
relaxed. and. effective. message. dissemination. is. by. far. the. most. important. QoS. parameter.
together.with.information.quality.and.its.convergence.within.the.network.

38.4 Projects and Actions

The.first.projects.on.intervehicle.communications.were.developed.in.the.seventies.and.focused.on.group.
cooperative.driving.by.the.Association.of.Electronic.Technology.for.Automobile.Traffic.and.Driving.
(JSK).in.Japan..Since.then,.the.evolution.in.the.fields.of.computing.and.radio.communication.and.the.
constant.increase.in.the.number.of.cars.(together.with.consequent.issues.and.challenges).have.paved.the.
way.to. the.proliferation.of.several. initiatives.worldwide.aimed.at.solving.some.of. the.ITS.challenges.
through.the.intelligent.adoption.of.intervehicle.communication.techniques.

VANET-related.activities.are.particularly.active. in. three.regions:. the.European.Union,. the.United.
States,.and.Japan.*.The.European.Commission.is.the.main.promoter.of.this.kind.of.activities.in.Europe,.
especially. through. the. eSafety (http://ec.europa.eu/information_society/activities/esafety/). and. ICT.
programmes.. eSafety. is. the. program. of. the. Europe’s. Information. Society. that. intends. to. promote. a.
quicker.development.and.increased.use.of.smart.road.safety.and.eco-driving.technologies..Since.2002,.
the. program. has. co-funded. several. projects. in. the. context. of. intervehicle. communications.. In. the.
United.States,.activities.are.boosted.by.the.US.Department.of.Transportation.(USDOT,.http://www.its.
dot.gov/),.while.in.Japan.the.role.is.covered.by.ITS.Japan.(http://www.its-jp.org/).

This.section.summarizes.in.a.nonexhaustive.way.some.of.the.main.projects,.consortia.and.testbeds.
created.in.the.three.regions.as.reported.in.Table.38.4..The.list.does.not.include.standardization.actions.

*. We.will.not.mention.here.initiatives.pushed.by.private.companies.only.

TABLE 38.4 Summary.of.Existing.Projects,.Consortia,.and.Testbeds

Consortia Safety Communication Other.Services Testbeds

EU C2C-CC
AKTIV

eSafetySupport
PReVENT
SAFESPOT
SEVECOM
PRESERVE
WATCH-OVER

DIRICOM
GeoNet
NOW
AutoNomos
C-VIS

SEISCIENTOS
DRIVE-IN

iTetris
PRE-DRIVE
SIM-TD

USA VII
CAMP
PATH

CarTel CarTorrent C-VeT

Japan ITS.Japan ASV
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by.governments.and.public.entities,.which.have.already.been.covered.in.Section.38.1..The.following.five.
categories.of.actions.have.been.identified:

. 1.. Consortia..The.lack.of.globally.recognized.standards.for.intervehicle.communication,.as.well.
as.the.relative.novelty.of.IVC.technologies,.has.given.birth.to.a.significant.number.of.consortia,.
trying.to.put.together.a.critical.mass.and.reach.a.general.consensus.in.specific.regions.of.the.
world.and.within.specific.topics,.such.as,.communication.protocols.and.security.

. 2.. Safety..In.the.context.of.IVC,.safety.has.the.double.meaning.of.road.safety.(targeted.to.decreas-
ing.the.number.of.accidents).and.data.safety.(targeted.to.securing.the.data.communications)..
The.two.aspects.are.partially.overlapping,.since.in.order.to.provide.a.safe.system,.secure.inter-
change.of.data.to.avoid.the.risk,.among.others,.of.cheating.and.malicious.attacks,.has.to.be.
guaranteed.

. 3.. Communication..This.category.groups.the.studies.on.the.communication.protocols.and.strate-
gies.that.fall.out.of.the.context.of.public.standardization.bodies.and.entities.

. 4.. Testbeds..Before.the.commercialization.and.the.deployment.of.IVC.solutions.and.platforms,.
they.have.to.be.carefully.tested..This.category.intends.to.review.real-life.experiments.on IVC.

. 5.. Other services..This.category.groups.projects.that,.such.as.the.wireless.toll.collection.mecha-
nisms,.aim.at.providing.value-added.services.through.IVC.

The.rest.of.the.section.is.dedicated.to.a.short.description.of.the.main.actions.for.each.category.

38.4.1 consortia

Adaptive and Cooperative Technologies for the Intelligent Traffic.(Aktiv,.http://www.aktiv-online.
org/english/)..Aktiv.is.a.German.research.initiative.that.brings.together.29.partners.focused.on.
three.main.projects:.traffic.management,.active.safety.and.cooperative.cars..Aktiv’s.goal.is.to.
improve.both.traffic.safety.and.traffic.flow.in.the.future.

California Partners for Advanced Transportation Technology. (PATH,.http://www.path.berkeley.
edu/)..PATH,.established.in.1986,.is.administered.by.the.Institute.of.Transportation.Studies.
(ITS).of.the.University.of.California,.Berkeley,.in.collaboration.with.the.California.Department.
of. Transportation. (Caltrans).. PATH. is. a. multi-disciplinary. program. with. staff,. faculty. and.
students.from.universities.statewide,.and.cooperative.projects.with.private.industry,.state.and.
local.agencies,.and.nonprofit.institutions.

Car2Car Communication Consortium.(C2C-CC,.http://www.car-to-car.org/)..C2C-CC.is.a.non-
profit.industrial-driven.organization.initiated.by.European.vehicle.manufacturers.supported.
by.equipment.suppliers,.research.organizations,.and.other.partners..C2C-CC.is.dedicated.to.
the. objective. of. further. increasing. road. traffic. safety. and. efficiency. by. means. intervehicle.
communication.

Crash Avoidance Metrics Partnership.(CAMP)..CAMP.is.an.initiative.started.in.1995.by.Ford.and.
General. Motors. intended. to. facilitate. industry. consensus. on. the. objectives. of. future. crash.
avoidance.countermeasure.systems.and.the.way.of.testing.them..CAMP.has.supported.several.
research. projects. with. the. US. Department. of. Transport,. including. the. Vehicle. Safety.
Communications.(VSC-I,.VSC-II,.VSC-A).projects.and.smaller.focused.consortia,.such.as.the.
Crash.Imminent.Braking.(CIB).consortium.and.the.Vehicle.Safety.Communications.consor-
tium.(VSCC).

ITS Japan.(http://www.its-jp.org/english/)..ITS.Japan.is.a.consortium.of.Japanese.governmental.
entities.whose.objective.is.to.reduce.the.effect.of.traffic.accidents,.traffic.congestion,.environ-
mental.pollution,.and.massive.consumption.of.fossil.fuels.by.means.of.ITS.systems.

Vehicle Infrastructure Integration. (VII,. http://www.vehicle-infrastructure.org/).. The. Vehicle.
Infrastructure. Integration. (VII). Initiative. is. a. cooperative.effort.between.Federal. and.State.
departments. of. transportation. (DOT’s). and. automobile. manufacturers.. Together. they. are.
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evaluating.the.technical,.economic,.and.social/political.feasibility.of.deploying.a.communica-
tions.system.that.will.be.used.primarily.for.improving.the.safety.and.efficiency.of.the.nation’s.
road.transportation.system.

38.4.2 Safety Projects

Advanced Safety Vehicle. (ASV).. The. 20. years-long,. four. phases. ASV. project,. founded. by. the.
Japan’s.Ministry.of.Land,.Infrastructure,.and.Transport,.employed.inter-vehicle.communica-
tions.to.achieve.the.objectives.of.developing.active.safety.mechanisms.to.avoid.road.accidents..
ASV-enabled.cars.are.currently.being.produced.in.Japan.

eSafetySupport.(http://www.esafetysupport.org/)..eSafety.Support.is.a.joint.industry-public.sector.
initiative.driven.by.the.European.Commission.and.co-chaired.by.ERTICO—ITS.Europe.and.
ACEA.(Association.of.European.Car.Manufacturers),.with.the.aim.to.promote.the..development,.
deployment,.and.use.of.Intelligent.Vehicle.Safety.Systems.to.enhance.road.safety.throughout.
Europe.

Preparing Secure Vehicle-to-X Communication Systems. (PRESERVE,. http://lib.bioinfo.pl/proj-
ects/view/22954)..The.goal.of.PRESERVE.is.to.bring.secure.and.privacy-protected.V2X.com-
munication.closer.to.reality.by.providing.and.field.testing.a.security.and.privacy.subsystem.for.
V2X.systems..PRESERVE.will.combine.and.extend.results.from.the.earlier.research.projects.
SEVECOM,.PRECIOSA,.EVITA,.and.OVERSEE.

PreVENT. (http://www.prevent-ip.org/).. The. goal. of. PReVENT,. co-funded. by. the. European.
Commission.and.ended.in.2008,.was.to.to.contribute.to.road.safety.by.developing.and.demon-
strating.preventive.safety.applications.and.technologies.

SafeSpot.(http://www.safespot-eu.org/)..SAFESPOT.creates.dynamic.cooperative.networks.where.
the.vehicles.and.the.road.infrastructure.communicate.to.share.information..gathered on.board.
and.at.the.roadside.to.enhance.the.drivers’.perception.of.the.vehicle.surroundings.

SEcure VEhicle COMmunication. (SEVECOM,. http://www.sevecom.org/).. SEVECOM. aims. to.
define. a. consistent. and. future-proof. solution. to. the. problem. of. security. of. data. exchanged.
through.intervehicle.communications.

WATCH-OVER. (http://www.watchover-eu.org/).. The. WATCH-OVER. project,. ended. in. 2008,.
targeted. to. increasing. the. road. safety,. intends. to. examine. the. detection. of. vulnerable. road.
users.in.the.complexity.of.traffic.scenarios.in.which.pedestrians,.cyclists,.and.motorcyclists.are.
walking.or.moving.together.with.cars.and.other.vehicles.

38.4.3 communication

AutoNomos. (http://www.auto-nomos.de/).. AutoNomos. is. a. German. national. research. project.
aimed.at.the.definition.of.a.distributed.and.self-regulated.approach.for.the.self-organization.of.
a.large.system.of.many.self-driven,.mobile.objects.

CarTel. (http://cartel.csail.mit.edu/)..CarTel. is.a.distributed,.mobile.sensor.network.and.tele-
matics.system..Applications.built.on.top.of.this.system.can.collect,.process,.deliver,.ana-
lyze,. and. visualize. data. from. sensors. located. on. mobile. units. such. as. automobiles. and.
smartphones.

Cooperative Vehicle-Infrastructure Systems.(CVIS,.http://www.cvisproject.org/)..CVIS.is.a.major.
new.European.research.and.development.project.aiming.to.design,.develop.and.test.the.tech-
nologies.needed.to.allow.cars.to.communicate.with.each.other.and.with.the.nearby.roadside.
infrastructure..Based.on.such.real-time.road.and.traffic.information,.many.novel.applications.
can.be.produced..The.consequence.will.be.increased.road.safety.and.efficiency,.and.reduced.
environmental.impact.
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GeoNet.(http://www.geonet-project.eu/)..GeoNet.focuses.on.geographic.addressing.and.routing,.
where. information. is. disseminated. over. multiple. hops. until. every. vehicle. has. received. this.
information.within.the.destination.area.

Intelligent Design of Wireless Communication Networks.(DIRICOM,.http://diricom.lcc.uma.es/)..
The.DIRICOM.project,.financed.by.the.Spanish.government,.aims.at.using.metaheuristics.in.
order.to.solve.VANET.design.problems.

Network On Wheels. (NOW,.http://www.network-on-wheels.de/)..The.main.objectives.of.NOW,.
ended.in.2008,.were.to.solve.technical.key.questions.on.the.communication.protocols.and.data.
security.for.car-to-car.communications.

38.4.4 testbeds

C-VeT.(http://www.vehicularlab.org/)..C-VeT.is.the.future.Vehicular.Testbed.of.the.University.of.
California.at.Los.Angeles.(UCLA),.built.by.the.Network.Research.Lab.at.UCLA.

SimTD.(http://www.simtd.de)..SimTD.is.the.Daimler’s.research.project.on.inter-vehicle.commu-
nication.and.applications..The.project.started.in.2008.and.will.last.four.years..Realistic.traffic.
scenarios.will.be.addressed.in.a.large-scale.test.field.infrastructure.around.Frankfurt.

iTetris.(http://www.ict-itetris.eu/)..iTetris.is.aimed.at.producing.the.necessary.building.blocks.and.
interfaces.to.conduct.large-scale.tests.in.open.source.integrated.wireless.and.traffic.emulation.
platforms. to.propose.and.optimize. innovative.V2V.and.V2I.communication.capabilities. to.
improve.road.traffic.management.

PRE-DRIVE. (http://www.pre-drive-c2x.eu/).. Based.on. the.European.COMeSafety. architecture.
for.a.V2X.communication.system,.the.PRE-DRIVE.project,.ended.in.June.2010,.developed.a.
detailed.specification.for.such.a.system.and.a.functionally.verified.prototype.

38.4.5 other Services

CarTorrent.(http://nrlweb.cs.ucla.edu/)..CarTorrent.a.peer-to-peer.file.sharing.application.mod-
eled.after.BitTorrent.that.allows.users.to.share.their.files.in.the.vehicular.ad hoc.networks.

DRIVE-IN.(http://drive-in.cmuportugal.org/)..The.goal.of.the.DRIVE-IN.project.is.to.investigate.
how.vehicle-to-vehicle.communication.can.improve.the.user.experience.and.the.overall.effi-
ciency. of. vehicle. and. road. utilization.. DRIVE-IN. focuses. on. traffic. flow. optimization. and.
infotainment.applications,.which.so.far.have.received.much.less.attention.both.from.the.scien-
tific.community.and.from.major.industrial.players.

Providing adaptive ubiquitous services in vehicular contexts.(SEISCIENTOS,.http://www.grc.upv.
es/600/)..SEISCIENTOS.is.aimed.at.creating.a.framework.that.meets.the.needs.for.communi-
cation.and.for.the.infrastructure.to.provide.dedicated.services.to.end-user.in.ubiquitous.vehic-
ular.environments.

38.5 Summary

Vehicular.Area.NETworks.will.play.a. fundamental. role. in. future. Intelligent.Transportation.Systems.
with.the.perspective.of.being.also.a.relevant.research.and.market.direction.attracting.the.attention.of.
both.academia.and.industry..A.growing.number.of.project.and.actions.appears.every.year.with.the.aim.
of.addressing.the.key.questions.of.mobile.communications. in.such.a.challenging.scenario..However,.
besides. the.advances.we. reported. in. this.chapter,.many. issues.need. to.be. further. investigated..With.
respect.to.the.two.main.application.contexts,.that.is,.road.safety.and.traffic.efficiency,.we.identify.two.
main.design.objectives.for.future.research.

First,.the.need.to.improve.link-layer.reliability.and.responsiveness,.which.is.a.critical.requirement.
for.safety.applications..Second,.the.need.of.a.significant.shift.in.the.management.of.information dis-
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semination.for.traffic-related.services..The.traditional.packet.forwarding.approach.has.to.be..redefined.
considering.the.active.role.of.each.node.in.the.network.that,.as.a.consequence.of.the.highly.dynamic.
nature.of.VANETs,.can.combine,.alter,.or.even.invalidate.the.information.to.be.routed.as.a.function.of.
the.changes.in.the.network.context.

Thus,.given.the.abundance.of.processing.power,.storage,.energy,.and.communication.capacity.in.the.
electronic.equipment.of.modern.vehicles,. these.networks.will. increasingly. exploit. the.capabilities.of.
each.node.well.beyond.ad hoc.mobile.networking.and.toward.cooperative,.and.intelligent,.systems.
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Information. on. governmental. actions. can. be. found. on. the. Europe’s. Information. Society. portal.
(Intelligent. Car. Initiative,. url:. http://ec.europa.eu/information_society/activities/intelligentcar/). for.
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In.contrast.to.the.scarcity.of.bandwidth.typical.at.lower.frequencies,.large.swathes.of.unlicensed.spectrum.
are.available.worldwide.in.the.60.GHz.band.(including.7.GHz.of.spectrum.from.57–64.GHz.in.the.United.
States)..Such.“millimeter.(mm).wave”.frequencies.have.been.used.in.cost-insensitive.applications.such.as.
military. radar. and. communication. systems. for. decades,. using. expensively. packaged. radio. frequency-.
integrated.circuits.(RFICs). implemented.in. low-volume.compound.semiconductor.processes..However,.
intense.commercial.interest.in.the.60.GHz.band.has.developed.in.recent.years,.because.it.is.now.becoming.
possible.to.realize.60.GHz.radios.using.silicon.radio.frequency-integrated.circuits.(RFICs).in.cost-effective.
packaging..The.goal.of.this.chapter.is.to.provide.a.glimpse.of.potential.applications.and.system.design.
considerations. for. emerging. 60.GHz. wireless. systems. that. capitalize. on. these. hardware. advances.. We.
begin.with.a.brief.discussion.on.such.applications,.but.devote.most.of.the.exposition.to.a.discussion.on.the.
new.design.considerations.relative.to.those.in.the.cellular.and.WiFi.networks.that.wireless.designers.are.
most.familiar.with..These.design.considerations.arise.from.the.order.of.magnitude.smaller.carrier.wave-
length.at.60.GHz.relative.to.these.existing.systems,.which.has.significant.implications.for.transceiver.hard-
ware,.physical.layer.modeling.and.design,.signal.processing.architectures,.and.network.protocol.design..
For. outdoor. communication,. another. important. feature. of. the. 60.GHz. band. is. its. oxygen. absorption,.
which.leads.to.a.propagation.loss.of.about.16.dB/km.on.top.of.the.loss.due.to.free.space.propagation..Rain.
leads.to.further.loss.(e.g.,.about.an.additional.21.dB/km.for.heavy.rain.of.50.mm.per.hour).

Since.the.technology.of.60.GHz.communication,.and.the.associated.literature,.is.evolving.rapidly,.we.
restrict.attention.here.to.a.discussion.on.broad.issues.that.are.expected.to.be.relevant.to.this.evolution,.
rather.than.emphasizing.specific.design.approaches..A.few.references.on.ongoing.research.and.develop-
ment.are.provided.

39.1 Potential Applications

Since.walls.block.mm-wave.signals.quite.effectively,.the.60.GHz.band.is.well.suited.to.indoor.wireless.
communication.with.aggressive.spatial.reuse,.providing.multiGigabit.networks.within.a.room.with.link.
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ranges.of.the.order.of.10.m.or.less:.these.could.result.in.Wireless.Personal.Area.Networks.(WPANs),.or.be.
integrated.with.existing.Wireless.Local.Area.Networks.(WLANs)..WPAN.standards.for.60.GHz.have.been.
issued.by.ECMA.[1].and.by.the.IEEE.802.15.3c.group.[2]..A.draft.WLAN.standard.has.been.issued.by.the.
IEEE.802.11ad.group.[3,4],.with.significant.involvement.of.the.Wireless.Gigabit.(WiGig).Alliance [5],.a.
broad-based. industry. consortium.. All. these. standards. include. rates. exceeding. a. Gigabit. per. second.
(Gbps),.with.the.802.11ad.standard.having.a.maximum.rate.of.7.Gbps..For.example,.the.use.of.60.GHz.
in.IEEE.802.11-based.WLANs.could.potentially.increase.link.rates.by.an.order.of.magnitude.relative.to.
existing.WiFi.links.at.lower.carrier.frequencies.(2.4.and.5.GHz),.while.falling.back.on.these.links.when.
a.60.GHz.link.cannot.be.realized.due.to.range.limitation.or.blockage.

In.addition.to.these.indoor.applications,.60.GHz.links.are.attractive.for.short-range.outdoor.links,.
despite.the.large.propagation.losses.due.to.oxygen.absorption.and.rain..The.combined.propagation.loss.
due. to. oxygen. absorption. and. heavy. rain. (50.mm/h). is. about. 36.dB/km,. which. makes. it. difficult. to.
achieve.link.ranges.of.the.order.of.kilometers..However,.at.100.m.range,.this.loss.can.be.handled.with.a.
modest.3.6.dB.addition.to.the.link.budget..Mesh.networks.based.on.such.short-range.links.[6].could,.for.
example,.provide.easily.deployable.wireless.backhaul.for.picocellular.networks..Indeed,.as.demand.for.
wireless. data. continues. scaling. up. and. the. cost. of. 60.GHz. transceivers. scales. down,. 60.GHz. links.
directly.between.picocellular.base. stations.and.mobile.handsets.may.become.an.attractive.means.of.
providing.Gigabit.data.rate.connectivity.with.high.spatial.reuse.[7]..Figure.39.1.illustrates.some.poten-
tial.indoor.and.outdoor.applications.of.the.60.GHz.spectrum.and.the.spectral.allocations.

39.2 the Role of Directionality

The.Friis.formula.for.received.power.under.free.space.propagation.at.range.R.can.be.written.as

.
P P G G RRX TX TX RX=

λ
π

2

2 216 ,
.

(39.1)

where.PRX.is.the.received.power,.PTX.is.the.transmitted.power,.GTX.and.GRX.are.the.transmit.and.receive.
antenna.gains,.and.λ.is.the.carrier.wavelength..Thus,.for.fixed.antenna.gains.and.transmit.power,.the.
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FIGURE 39.1 Millimeter-wave.spectral.allocation.and.potential.applications.
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received.power.scales.as.λ2,.so.that.60.GHz.would.be.28.dB.worse.than.2.4.GHz..However,.for.a.fixed.
antenna.aperture,.the.antenna.gain.scales.as.1 2/λ ,.so.that.the.use.of.directional.antennas.at.both.ends.
provides.a.net.directivity.gain.scaling.as.1 4/λ ,.leading.to.an.overall.scaling.of.propagation.gain.as.1 2/ .λ .
Thus,. if.we.use.directional. transmission.and.reception.with.constraints.on. form. factor,.60.GHz.can.
actually.be.28.dB.better.than.2.4.GHz..Given.the.difficulty.of.providing.large.amounts.of.power.using.
low-cost.RFICs.at.60.GHz,.it. is.almost.essential.to.use.directionality.at.both.the.transmitter.and.the.
receiver.for.60.GHz.links..Since.antenna.elements.at.such.small.carrier.wavelengths.can.be.realized.as.
patterns.of.metal.on.the.circuit.board,.it.is.possible.to.build.electronically.steerable.antenna.arrays.with.
compact.form.factor.that.provide.directional.transmission/reception.over.a.fairly.broad.angular.range.

39.2.1 Link Budgets

Figure.39.2.presents.an.example.link.budget.for.a.60.GHz.line-of-sight.link.of.range.R..For.an.indoor.
link.with.R.=.10.m,. the.required. transmit.power.plus. transmit.and.receive.antenna.gain.required. to.
close.the.link.is.36.dBm..Assuming.a.transmit.power.of.10.dBm.(achievable.with.a.CMOS.power.ampli-
fier),.the.required.antenna.gain.G.at.the.transmitter.and.the.receiver.is.13.dBi,.corresponding,.for.exam-
ple,.to.horizontal.and.vertical.beamwidths.of.45°.each..For.an.outdoor.link.with.R.=.100.m,.the.link.
budget.requirement.is.58.dBm,.which.assuming.a.transmit.power.of.10.dBm,.yields.G.=.24.dBi,.requir-
ing.far.narrower.beamwidths..As.we.discuss.soon,.these.narrow.beamwidths.imply.that.the.correspond-
ing. channels. are. also. drastically. different. from. those. for. omnidirectional. communication. at. lower.
frequencies.

Electronically.steerable.phased.arrays.are.an.appealing.means.of.realizing.these.high.antenna.gains.
while.providing.flexibility.of.coverage..We.can.get.high.directivity.from.an.array.of.moderately.directive.
antennas,.where.the.overall.antenna.pattern.and.hence.directivity.of.a.phased.array.can.be.calculated.by.
multiplying.the.element.pattern.and.the.array.factor..In.addition.to.the.directivity.gains.provided.by.the.
transmit.and.receive.arrays,.we.obtain.power pooling.gains. for. the. transmit.array,. thus.substantially.
relaxing.the.requirements.for.the.power.amplifier.(PA).design.for.each.antenna.element..For.example,.
consider.again.a.100.m.outdoor.QPSK.link.with.2.Gbps.data.rate,.under.heavy.rain.which.adds.about.
2.dB.to.the.link.budget.requirement.in.our.previous.outdoor.link.budget.example:.the.total.transmit.
power.plus.transmit.and.receive.antenna.gain.required.is.now.60.dBm..Assuming.an.array.design.with.
patch.elements.with.about.2.5.dBi.element.gain,.each.being.driven.by.its.own.10.dBm.PA.(realizable.in.
CMOS.technology),.we.can.meet.the.required.link.budget.using.32.elements.at.each.end:.10.dBm.(trans-
mit. power. per. element).+.2.5.dBi. (element. gain).+.15.dBi. (transmit. array. again).+.15.dB. (array.
power pooling.gain).+.2.5.dBi.(receive.element.gain).+.15.dBi.(receive.array.gain).=.60.dBm..Hence,.a.
32-.element.phased.array.with.10.dBm.PAs.can.sustain.a.100.m.outdoor.link.even.in.heavy.rain.

In.order.to.explore.range-rate.trade-offs.in.general,.key.parameters.to.play.with.are.the.per-element.
transmit.power.(which.can.be.increased,.for.example,.by.going.from.CMOS.to.SiGe.realizations,.while.
still.exploiting.the.economies.of.scale.provided.by.silicon.semiconductor.processes),.the.number.of.ele-
ments,.and.the.element.antenna.pattern..The.combination.of.transmit.power.and.antenna.directivity.is.

2 Gbps (QPSK)

Bandwidth: 1.5 GHz Oxygen absorption: 16 dB/km
Noise figure: 6 dBBER: 10e-9

Link margin: 10 dB

G G

R

FIGURE 39.2 Example.60.GHz.link.budget:.2.Gbps.QPSK.link.of.range.R.
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typically.limited.by.regulatory.bodies..For.example,.in.the.US,.current.FCC.regulations.for.the.power.
density. and. radiation. exposure. in. the. 60.GHz. band. constrain. the. effective. isotropic. radiated. power.
(EIRP),.the.sum.of.the.transmit.power.and.the.transmit.directivity.on.a.dB.scale,.to.40.dBm.average.and.
43.dBm.peak,.with.peak.transmit.power.not.exceeding.500.mW.(27.dBm).for.an.emission.bandwidth.
greater.than.100.MHz..For.a.given.directivity,.we.can.trade.off.the.number.of.elements.and.the.directiv-
ity.of.an.individual.element.in.an.array..Antenna.elements.of.fairly.high.directivity.can.be.synthesized.
at.low.cost.and.with.compact.form.factor.as.patterns.of.metal.on.the.circuit.board..Thus,.if.we.are.willing.
to.reduce.the.angular.coverage.of.the.array,.each.element.can.be.made.more.directive.and.fewer.elements.
can.be.used,.thereby.lowering.signal.processing.complexity.and.simplifying.array.adaptation.

Given.the.importance.of.directionality.in.60.GHz.links,.the.design.of.compact.antennas.has.received.
a.great.deal.of.recent.attention.(e.g.,.see.Reference.8.and.references.therein)..Important.constraints.in.the.
design.of.an.individual.antenna.element.include.ensuring.that.it.operates.over.the.entire.band.of.inter-
est,.which.is.typically.quite.large.(e.g.,.57–64.GHz.for.60.GHz.unlicensed.communication.in.the.United.
States),.and.that.it.is.small.enough.to.allow.for.subwavelength.placement.in.an.array.(in.order.to.avoid.
grating.lobes.in.the.array.pattern).

39.2.2 System Design consequences

The.inherent.directionality.of.60.GHz.links.has.significant.design.consequences,.both.for.physical.chan-
nel.characteristics.and.accompanying.physical. layer.choices,.and.for.network.protocol.design..Many.
paths,.even.when.not.significantly.attenuated.by.reflection,.fall.outside.the.typically.narrow.beamwidths.
employed.at.both.the.transmitter.and.the.receiver,.so.that.we.can.accurately.characterize.the.60.GHz.
channel.using.ray.tracing.with.a.small.number.of.rays.corresponding.to.dominant.paths.falling.within.
both.beams..This,.in.turn,.implies.that.the.geometry.of.diversity.and.multiplexing.trade-offs.is.funda-
mentally.different.from.that.of.the.richer.scattering.environments.typical.of.lower.carrier.frequencies..
While.the.preambles.which.are.typically.a.part.of.any.protocol.can.be.employed.for.training.a.receive.
beamformer,.we.must.now.also.ensure. that. transmit.beamforming. is. supported..The.IEEE.802.11ad.
60.GHz. standard,. for. example,. explicitly. supports. a. training. phase. for. transmit. beamforming. in. its.
medium-access.control.(MAC).protocol..Directionality.also.has.more.fundamental.consequences.for.
MAC.design..Consider.Figure.39.3.where.node.A.has.packets.to.send.to.node.B,.but.node.B.is.beam-
formed.toward.node.C.for.directional.transmission.or.reception..Since.node.A.cannot.sense.the.ongoing.
communication.between.nodes.B.and.C,.it.may.attempt.a.transmission.toward.node.B.which.would.fail.
given.node.B.is.beamformed.toward.node.C..This.would.lead.to.node.A’s.transmission.attempts.to.node.
B.to.fail.repeatedly.and.may.lead.to.unfairness.or.deadlock,.especially.when.the.protocol.requires.expo-
nential.backoff.in.the.case.of.failed.transmit.attempts..This.deafness.caused.by.directionality.implies.that.
it.is.difficult.to.employ.carrier.sense.multiple.access.(CSMA).as.used.in.current.WiFi.systems,.without.
making.clumsy.design.choices.such.as.switching.between.omnidirectional.and.directional.modes..On.
the. other. hand,. directionality. also. cuts. down. on. mutual. interference.. Thus,. while. MAC. design. for.
omnidirectional. networking. at. lower. carrier. frequencies. is. principally. concerned. with. interference.
avoidance. and. management,. a. key. MAC. design. consideration. at. 60.GHz. is. transmitter–receiver.
.coordination.in.the.face.of.deafness.

B is deaf to A

B

A

C

FIGURE 39.3 Deafness.in.directional.networks.
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39.3 Diversity and Multiplexing

Propagation.measurements.and.channel.modeling.for.both.indoor.and.outdoor.60.GHz.links.have.been.
studied.for.decades.(e.g.,.see.References.9.and.10)..Here,.we.seek.to.provide.insight,.through.two.simple.
examples,.of.the.design.consequences.of.60.GHz.propagation.

Spatial Multiplexing:.The.conventional.wisdom.from.lower.carrier.frequencies.is.that.spatial.multi-
plexing.requires.a.rich.multipath.environment..This.ensures.that.transmit.antennas.spaced.a.moderate.
distance.apart.see.different.enough.spatial.responses.at.the.receive.antenna.array.that.they.can.send.par-
allel.data.streams.which.the.receiver.can.separate.out.using.spatial.processing..More.precisely,.the.chan-
nel.matrix.between.the.transmit.and.receive.arrays.must.have.rank.at. least.as. large.as. the.number.of.
parallel.data.streams..As.we.discuss.below,.however,.this.rank.condition.can.be.satisfied.even.in.line-of-
sight.(LoS).conditions,.provided.the.antennas.in.the.transmit.and/or.receive.array.have.“large.enough”.
separation.relative.to.the.carrier.wavelength..Thus,.as.the.carrier.wavelength.decreases,.so.do.the.required.
antenna.separations,.and.it.becomes.possible.to.achieve.spatial.multiplexing.in.LoS.settings.with.nodes.of.
a.relatively.compact.form.factor..Let.us.develop.quantitative.insight.via.the.scenario.depicted.in.Figure 39.4,.
where.a.linear.transmit.antenna.array.with.N.elements.spaced.by.distance.D.is.communicating.over.a.
range.R.with.a.receive.array.with.identical.geometry..It.can.be.shown.(e.g.,.see.Reference.11).that,.assum-
ing.R D� .(range.significantly.bigger.than.antenna.spacing),.the.receive.array.responses.seen.by.differ-
ent.transmit.elements.are.orthogonal.if.D R N= λ/ ..This.is.the.Rayleigh criterion.for.optical.resolution:.
it.tells.us.the.spacing.required.so.that.the.receive.array.can.“resolve”.the.transmit.arrays..If.the.receive.
array.responses.for.different.transmit.elements.are.orthogonal.(or.even.just.linearly.independent),.the.
receiver.can.separate.out.the.parallel.data.streams.using.linear.spatial.processing,.for.example..Note.that,.
for.a.given.range,.the.required.interelement.distance.scales.as. λ ,.so.that.spatial.multiplexing.in.LoS.or.
near-LoS.environments.becomes.more.feasible.as.we.decrease.the.carrier.wavelength.

As.a.numerical.example,.consider.an.indoor.60.GHz.(λ.=.5.mm).link.at.a.range.R.=.10.m..For.N.=.4.
we.obtain.that.D.≈.11.cm,.so.that.the.length.of.the.array.is.about.(N.−.1)D.≈.33.cm..This.is.consistent.
with.the.form.factor.of.electronic.devices.such.as.televisions,.set-top.boxes,.laptops,.and.projectors,.and.
shows.that.we.can.get. four-fold.spatial.multiplexing.gains.even.with.sparse.multipath..The.antenna.
spacing.D.is.a.large.multiple.of.the.carrier.wavelength:.D R N/ /λ λ= ≈ 22.for.our.example..Thus,.the.
interelement.spacing.is.big.enough.that.each.element.in.our.spatial.multiplexing.array.could.be.imple-
mented.as,.say.a.4.×.4.subarray.of.λ/3.spaced.elements.which.provides.beamsteering..Once.the.subar-
rays.at.each.end.perform.beamforming,.we.are.left.with.an.N.×.N.MIMO.system.which.provides.N-fold.
spatial.multiplexing.gains..This.basic.architecture.works.even.when.there.is.multipath.(spatial.multi-
plexing.gains.typically.only.improve.with.multipath)..Of.course,.as.the.range.gets.larger,.the.node.size.
for.an.LoS.MIMO.link.may.become.somewhat.bulky.despite.the.small.carrier.wavelength..For.exam-
ple,.for.an.outdoor.link.at.100.m.range,.twofold.(N.=.2).LOS.spatial.multiplexing.requires.an.interele-
ment. spacing. D.=.0.5.m. (this. may. still. be. acceptable. in. certain. applications,. for. example,. for. a.
rooftop-to-rooftop.link).

D

R

FIGURE 39.4 Line-of-sight.spatial.multiplexing.
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Diversity:.To.get.a.sense.of.the.effect.of.sparse.multipath,.consider.a.link.with.an.LoS.path.and.a.single.
reflected.path,.as.shown.in.Figure.39.5a..If.the.transmitter.and.receiver.are.both.using.directional.beams.
along.the.LoS,.then.the.reflected.path.makes.a.negligible.contribution.until.it.falls.within.these.beams..
For.a.large.range.R,.the.angle.between.the.LoS.ray.and.the.reflected.ray.is.approximately.θ ≈ ( )2h R/ ..For.
example,.if.we.take.h.=.5.m.and.θ.=.10°,.then.R.≈.57.m..These.numbers.might.apply,.for.example,.for.a.
lamppost-based.deployment.(with.lamppost.height.of.about.5.m).in.which.the.transmitter.and.receiver.
use.narrow.beams,.with.the.reflected.component.starting.to.make.a.significant.contribution.for.θ.=.10°..
In.this.case,.this.simple.computation.predicts.that.we.will.begin.to.see.multipath.fading.for.ranges.in.
excess.of.about.50.m..The.phase.of.the.reflected.component.relative.to.the.LoS.component.depends.on.
the.reflector.material.and.the.angle.of.incidence,.but.for.grazing.incidence,.reflection.produces.about.a.
180°.phase.shift..The.overall.phase.difference.equals.the.sum.of.this.phase.shift.and.the.phase.change.due.
to.the.length.difference.between.the.LoS.and.reflected.paths..For.R h� ,.a.simple.and.standard.calcula-
tion.shows.that.this.path.length.difference.is.given.by.L h R⊕( )2 2/ ,.so.that.the.overall.phase.difference.ϕ.
can.be.approximated.as

.
φ π

π
λ

≈ +
4 2h
R .

For. the.small.carrier.wavelengths.of. interest.here,. the.second. term.sees. large.fluctuations.due. to.
small.changes.in.h.and.R,.so.that.the.relative.phase.ϕ.can.be.well.modeled.as.random,.uniformly.dis-
tributed.over.[0,2π]..We.would.therefore.expect.to.see.significant.amplitude.fluctuations.due.to.con-
structive. and. destructive. interference. between. the. two. paths.. While. this. is. a. particularly. simple.
scenario,.qualitatively.similar.conclusions.hold.even.when.we.consider.more.reflections.and.account.
more. carefully. for. antenna. patterns. and. reflection. coefficients:. for. narrow. beamwidths,. multipath.
.fading.becomes.significant.after.a.critical.range,.and.beyond.this.range,.it.can.be.as.severe.as.in.rich.
scattering.environments.

The.three.major.“dimensions”.along.which.we.could.provide.diversity. to.combat. fading.are. time,.
frequency,.and.space..For.quasi-stationary.nodes,.such.as.an.indoor.link.between.a.laptop.and.a.televi-
sion,.or.an.outdoor.lamppost-to-lamppost.link.in.a.backhaul.mesh.network,.time.diversity.cannot.be.
relied.on..Frequency.diversity. is.useful.when.the.signal.bandwidth. is. large.compared.to.the.channel.
coherence.bandwidth,.which.scales.as.the.inverse.of.the.delay.spread..To.estimate.the.delay.spread,.con-
sider.again.the.2-ray.model.depicted.in.Figure.39.5a..The.path.length.difference.between.the.LoS.and.
reflected.path.was.computed.as. L h R⊕( )2 2 / ..For.h.=.5.m.and.R.=.100.m,.we.obtain.L.=.0.5.m..At.the.
speed.of.light,.this.corresponds.to.a.delay.of.1.67.ns..Such.a.delay.spread.corresponds.to.a.coherence.
bandwidth.of.about.500.MHz,.so. that. it.may.be.possible. to.obtain.some.frequency.diversity. if.using.
bandwidths. of. the. order. of. a. Gigahertz. or. more.. While. frequency. diversity. depends. on. available.

Virtual source Virtual source
R R

h

h h

h

TX
(a) (b)

RX
θ

h h

TX
RX2
RX1 d

FIGURE 39.5 (a).2-ray.model.illustrates.the.effects.of.sparse.multipath..(The.virtual.source.shown.is.a.standard.
means.of.tracing.rays.).(b).Dual.receive.diversity,.the.difference.in.path.lengths.between.the.two.reflected.rays.pro-
vides.diversity.



75360 GHz Wireless Communication

.bandwidth,.spatial.diversity.depends.on.form.factor.constraints,.which.determine.the.feasible.antenna.
spacing..Consider,.for.example,.two.receive.antennas.spaced.as.shown.in.Figure.39.5b..The.path.length.
difference.between.the.LoS.paths.from.the.transmit.antenna.to.these.receive.antennas.can.be.shown.to.
be.negligible.for.typical.parameters,.but.the.path.length.differences.between.the.reflected.paths.to.the.
two.different.receive.antenna.scales.roughly.as.hd/R,.producing.phase.differences.scaling.as.2πhd/Rλ..
Thus,.for.a.given.range.of.h.and.R,.it.is.possible.to.choose.the.antenna.spacing.d.such.that,.if.one.receive.
antenna.is.seeing.a.destructive.fade,.then.the.other.sees.a.constructive.fade..For.example,.for.h.=.5.m.
and.R.=.100.m,.it.can.be.shown.that.we.need.d/λ.of.the.order.of.5–10.to.provide.spatial.diversity.in.this.
manner..While.this.deterministic.reasoning.does.not.extend.to.a.larger.number.of.rays,.the.qualitative.
conclusions.remain.the.same.[12]:.spatial.diversity.in.sparse.multipath.requires.the.antenna.separation.
to.be.a.substantial.multiple.of.the.carrier.wavelength.(but.still.much.smaller.than.what.would.be.needed.
for. near-LoS. spatial. multiplexing),. and. for. the. appropriate. antenna. spacing,. the. diversity. gains. are.
stronger.than.for.independent.and.identically.distributed.Rayleigh.fading..As.in.our.discussion.on.mul-
tiplexing,.note.that.the.antennas.in.our.discussion.are.directional,.and.can.themselves.be.implemented.
as.electronically.steerable.arrays.of.subwavelength.spaced.elements.

The.common.theme.that.emerges.is.that,.in.contrast.to.rich.scattering.environments.for.which.spatial.
diversity.and.multiplexing.can.be.achieved.with.antenna.spacings.of.a.wavelength.or.less,.the.antenna.
spacings.need.to.be.several.multiples.of.the.wavelength.for.sparse.multipath..Fortunately,.the.small.car-
rier.wavelength.at.60.GHz.implies.that.these.antenna.spacings.are.often.compatible.with.the.form.fac-
tors.of.interest.for.both.short.range.indoor.applications.and.moderate.range.outdoor.applications..We.
also.note.that.diversity.and.multiplexing.can.simply.be.layered.on.top.of.beamforming,.by.replacing.
each.element.in.a.diversity/multiplexing.array.by.a.beamforming.subarray.with.subwavelength.interele-
ment.spacing.

39.4 Signal Processing challenges

The. analog-to-digital. converter. (ADC). is. a. core. component. of. the. modern. digital. signal. processing.
(DSP)-based. transceiver. implementations. that. have. led. to. low-cost,. mass-market. cellular. and. WiFi.
devices..As.we.scale.up.to.multiple.GHz.of.bandwidth.for.60.GHz.communication,.the.ADC.becomes.a.
bottleneck,. since. high-speed,. high-precision. ADCs. are. costly,. power-hungry,. and. difficult. to. imple-
ment..An.important.topic.for.further.investigation,.therefore,.is.the.design.of.low-cost.60.GHz.trans-
ceivers.capable.of.efficient.signal.processing.with.ADC.constraints..While.the.capacity.penalty.due.to.
ADC.constraints.is.moderate.for.idealized.channel.models.[13],.low-cost,.low-power.architectures.for.
receiver.functionalities.such.as.MIMO.processing,.synchronization,.and.equalization.may.often.require.
clever.co-design.of.analog.and.digital.signal.processing..For.example,.the.mm-wave.MIMO.prototype.
in.Reference.14.employs.digitally.controlled.analog.MIMO.processing.for.spatial.demultiplexing,.fol-
lowed.by.demodulation.of.the.parallel.data.streams.after.they.have.been.demultiplexed..Since.the.sepa-
rated.streams.have.smaller.dynamic.range,.they.are.amenable.to.digital.signal.processing.of.the.output.
of.low-precision.ADCs.

Another.key.challenge. is. to.devise.efficient.signal.processing.and.hardware.architectures. for. large.
adaptive.antenna.arrays.capable.of.providing.flexible.coverage.as.well.as.narrow.beams..Many.MIMO.
signal. processing. algorithms. assume. that. the. complex. baseband. waveform. corresponding. to. each.
antenna.element.is.available.separately,.but.this.approach.does.not.scale.to.the.large.number.of.antenna.
elements.that.can.be.accommodated.with.compact.form.factor.in.the.60.GHz.band..The.beamforming.
ICs.that.have.appeared.in.recent.RFIC.literature.(e.g.,.[15]).are.for.16–32.elements,.and.perform.phase.
(and.possibly.amplitude).combining.of.signals.at.RF..Thus,.adaptive.signal.processing.architectures.for.
RF.beamsteering.that.scale.to.a.large.number.of.elements.are.required,.and.it.is.an.interesting.question.
as.to.whether.mechanisms.can.be.devised.for.rapidly.adapting.such.arrays.to.cope.with.the.time.varia-
tions.in,.say,.a.60.GHz.link.from.a.picocellular.base.station.to.a.mobile.device.
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39.5 Blockage, Deafness, and interference

Electromagnetic.waves.can.diffract.around.obstacles,.but. the.amount.of.diffracted.power.decreases.
with.carrier.wavelength..In.other.words,.obstacles.“look.bigger”.at.smaller.carrier.wavelengths,.so.that.
blockage. is. an. important. impairment. in. 60.GHz. communication,. especially. indoors.. In. order. to.
develop.a.quantitative.feel.for.this.problem,.recall.that.Huygens’.principle.tells.us.that.every.point.on.a.
wavefront.originating.from.a.source.can.be.thought.of.as.a.virtual.source,.or.“wavelet,”.with.the.field.
at.the.destination.being.given.by.the.complex.sum.of.the.fields.due.to.these.wavelets.[16]..The.effect.of.
an.obstacle.between.the.source.and.the.destination.can.then.be.modeled.using.the.wavelets.when.the.
wavefront. reaches. the. obstacle,. and. blocking. off. the. wavelets. corresponding. to. the. obstacle.. The.
.concept.of.Fresnel.zones.(see.Figure.39.6).provides.quick.insight..When.we.take.a.cross-section.per-
pendicular. to. the. LoS,. the. wavelets. in. a. given. Fresnel. zone. produce. phases. at. the. destination. in. a.
given range..The.wavelets.in.the.first.Fresnel.zone.account.for.most.of.the.received.power,.and.as.a.rule.
of.thumb,.obstruction.of.more.than.40%.of.the.first.Fresnel.zone.leads.to.blockage..The.radius.rn.of.
the  nth. Fresnel. zone. at. distance. d1. from. the. transmitter. and. d2. from. the. receiver. is. given. by.
r n d d d dn = +λ 1 2 1 2/( ),.where.d1.+.d2.=.R..This.radius.is.largest.midway.between.the.transmitter.and.
the.receiver:.setting.d d R1 2 2= = ( )/ ,.we.obtain.that.r R1 2= ( )λ / ,.which.is.about.11.cm.at.the.midpoint.
of.a.10.m.link.at.60.GHz..Thus,.the.size.of.an.obstacle.needed.to.block.the.link.scales.as. Rλ ,.and.for.
an.indoor.60.GHz.link,.an.obstacle.of.size.10s.of.cm.or.bigger.(which.includes.humans.and.almost.any.
piece.of.furniture).is.too.big.to.diffract.around.

A.major.design.issue.for.indoor.60.GHz.networking,.therefore,.is.to.devise.techniques.and.protocols.
that.are.robust.to.link.blockages,.where.link.blockages.can.be.time-varying.(e.g.,.due.to.the.motion.of.
humans,.or.doors.opening.and.closing)..Techniques.that.have.been.considered.for.maintaining.connec-
tivity.include.using.electronic.beamforming.around.obstacles.using.bounces.off.walls.or.ceiling,.or.by.
deploying.relays.(it.turns.out.that.a.small.number.of.relays.suffice.for.typical.scenarios.that.might.be.
encountered. for. in-room. networks. [17]).. Given. time-varying. link. blockages. and. directionality,. an.
important.challenge.is.to.devise.effective.network.protocols.for.discovering.new.neighbors.as.well.as.for.
tracking.local.topology.changes.

Another.key.protocol.challenge.is.handling.deafness,.illustrated.earlier.in.Figure.39.3..One.approach.
is.to.employ.time.division.multiplexed.(TDM).style.schemes.in.which.transmitters.and.receivers.can.
agree.on.when.to.communicate,.rather.than.establishing.communication.via.carrier.sense..Such.TDM.
schedules.could.be.managed.centrally.(e.g.,.an.access.point.controlling.a.small.in-room.network),.or.in.
a.distributed.fashion.for.large.networks.[6].

Interference.is.greatly.reduced.by.using.directional.links,.and.is.further.reduced.by.oxygen.absorp-
tion.for.outdoor.networks..Since.quantification.of.the.effects.of.interference.requires.taking.a.detailed.
account.of.the.antenna.patterns.and.of.node.activity,.we.restrict.ourselves.to.providing.quick.analytical.
insight..Consider.a.simple.“flat-top”.antenna.model,.in.which.the.antenna.gain.is.constant.over.a.beam.
angle. Δϕ,. and. zero. outside.. Consider. the. “desired”. receiver. in. a. directional. link,. and. a. potentially.
.interfering.“undesired”.transmitter.for.another.directional.link..This.undesired.transmitter.can.only.

n = 1
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RXTX
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FIGURE 39.6 Fresnel.zones.provide.rules.of.thumb.for.link.blockage.
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interfere.with.the.desired.receiver.if.(a).it.is.directing.its.beam.toward.the.desired.receiver,.(b).the.desired.
receiver.is.directing.its.beam.toward.the.undesired.receiver,.and.(c).the.undesired.transmitter.is.close.
enough.to.the.desired.receiver..Figure.39.7.shows.the.geometry.of.interference.in.this.setting..Assuming.
that.all.links.are.randomly.oriented,.(a).and.(b).are.independent.events,.each.occurring.with.probability.
Δφ π/2 .For.(c),.let.us.assume.that.the.undesired.transmitter.can.only.create.a.collision.if.it.is.within.an.
interference.radius.RI.(determined.by.the.amount.of.interference.the.physical.layer.can.tolerate)..Suppose.
that.transmitters.are.distributed.on.the.plane.according.to.a.Poisson.distribution.with.density.ρ,.then.
the.number.of.undesired.transmitters.that.satisfy.criteria.(a)–(c).is.a.Poisson.random.variable.X.with.
mean.λ ρ φ π π= ( )Δ /2 2 2RI ..The.collision.probability.is.therefore.given.by.P[X.≥.1].=.1.−.e−λ..This.simple.
analysis.conveys.the.basic.insight.that.small.beamwidths.attenuate.the.effective.number.of.interferers.a.
transmitter.has.to.contend.with..However,.the.approach.is.easily.extended.[18].to.account.for.arbitrary.
directional.antenna.patterns.and.oxygen.absorption..Furthermore,.while.the.preceding.analysis.is.for.a.
“protocol.model,”.in.which.we.are.interested.in.the.probability.of.some.interferer.exceeding.a.threshold,.
it.is.possible.to.provide.a.more.sophisticated.analysis.[18].for.a.“physical.model,”.in.which.we.compute.
the.probability.of.the.sum.of.the.interference.due.to.all.interferers.exceeding.a.threshold..(The.terms.
protocol.and.physical.model.have.been.adapted.from.Reference.19.).A.typical.result.from.Reference.18.
regarding.an.outdoor.60.GHz.mesh.network.with.highly.directional.links.and.nominal.link.range.of.
100.m.is.that,.for.a.desired.SINR.of.15.dB,.collision.probabilities.of.less.than.10%.result.even.with.unco-
ordinated.transmission.

Such.reduced. interference.has.a. significant. impact.on.MAC.design..For.example,. if. the. links. in.a.
network.are.“directional.enough”.such.that.multiple.links.in.close.spatial.proximity.can.be.active.at.the.
same.time,.then.the.MAC.protocol.could.ignore.interference.when.scheduling.transmissions,.and.sim-
ply.react.to.the.occasional.collision.when.it.happens.[6,18]..However,.more.investigation.is.required.into.
spatial.reuse.and.MAC.design.for.60.GHz.networks.in.a.variety.of.environments,.especially.for.indoor.
environments. with. significant. scattering,. where. explicit. interference. mitigation. techniques. may. be.
more.important.[20]..In.particular,.trade-offs.must.be.made.between.how.to.handle.different.impair-
ments:.multihop.relay.may.be.required.to.route.around.blockage,.but.it.has.the.effect.of.creating.more.
interference.

While.the.literature.in.this.area.is.evolving.rapidly,.a.representative.set.of.recent.papers.on.indoor.
60.GHz.networking.are.[20–22,17],.while.papers.on.60.GHz.outdoor.networking.include.[7,6,18].
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Receiver Transmitter

RI

Δϕ

FIGURE 39.7 Interference.in.60.GHz.outdoor.mesh.networks.
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39.6 conclusions

Advances.in.mm-wave.hardware.have.paved.the.way.for.the.emergence.of.multiGigabit.wireless.networks.
based.on.the.60.GHz.unlicensed.band..System.design.for.this.band.will,.of.course,.draw.upon.the.signifi-
cant.expertise.in.wireless.networking.built.up.over.the.last.two.decades.for.cellular.and.WiFi.systems..
However,. it. is.hoped. that. the.material. in. this. chapter.makes. it. clear. that. existing.models. and.design.
approaches.may.require.modification.because.of.the.unique.features.of.60.GHz.communication.(arising.
from.the.order.of.magnitude.smaller.wavelength.compared.to.existing.wireless.systems)..Since.60.GHz.
technology.and.standards.are.evolving.rapidly,.we.have.focused.on.broad.concepts.that.are.relevant.for.
system.design,.rather.than.on.specific.designs..We.reiterate.some.key.design.considerations:

•. 60.GHz.links.are.inherently.directional,.susceptible.to.blockage,.and.are.characterized.by.sparse.
multipath.propagation.

•. Signal.processing.challenges.include.beamforming.with.large.antenna.arrays.and.handling.large.
bandwidths,.and.may.require.closer.coupling.with.hardware.than.for.existing.WiFi.and.cellular.
systems.

•. While.classical.MIMO.techniques.apply,.the.geometry.of.diversity.and.multiplexing.is.different.
because.of.the.small.carrier.wavelength.and.sparse.multipath.

•. Because.of.the.highly.directional.nature.of.60.GHz.links,.MAC.design.should.be.rethought. in.
order.to.address.coordination.in.the.face.of.deafness,.while.taking.advantage.of.the.reduced.inter-
ference..For.indoor.60.GHz.networks,.MAC.protocols.must.in.addition.deal.with.time-varying.
blockage.

It.is.interesting.to.note.that,.while.60.GHz.links.may.often.operate.in.quasi-stationary.environments,.
the.growth.of.60.GHz.networks.is.intimately.linked.to.that.of.smart.mobile.devices.with.large.amounts.
of. memory. and. rich. multimedia. capabilities.. Indoor. 60.GHz. networks. provide. Gigabit. connectivity.
between.these.devices.and.other.household.and.enterprise.electronic.devices.(e.g.,.laptops,.televisions/
screens,.projectors),.while.outdoor.60.GHz.networks.may.provide.multiGigabit.backhaul.for.a.picocel-
lular.infrastructure.deployed.to.provide.the.increasing.data.rates.demanded.by.these.devices,.or.even.
direct.links.to.such.devices.
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Adaptive equalizer:.A.channel.equalizer.whose.parameters.are.updated.automatically.and.adaptively.
during.transmission.of.data.

Additive white Gaussian noise (AWGN) channel:.The.channel.whose.model. is. that.of.corrupting.a.
transmitted.waveform.by.the.addition.of.white.(i.e.,.spectrally.flat).Gaussian.noise.

Autocorrelation of a sequence:.The.complex.inner.product.of.the.sequence.with.a.shifted.version.itself.
Bandpass waveform:.The.spectrum.of.the.waveform.is.nonzero.for.frequencies.in.some.band.concen-

trated.about.a.frequency.fc.≫.0;.fc.is.called.the.carrier.frequency.
Bandwidth efficiency:.Transmission.efficiency.of.a.digital.modulation.scheme.measured.in.units.of.bits.

per.second.per.Hertz.of.bandwidth.
Baseband signal:.A.signal.with.frequency.content.centered.around.DC.
Baseband waveform:.The.spectrum.of.the.waveform.is.nonzero.for.frequencies.near.f.=.0.
Basis (basis functions):.An.independent.set.of.vectors.in.a.linear.space.in.terms.of.which.any.vector.in.

the.space.can.be.represented.as.a.linear.combination.
Bessel’s inequality:.The.statement.that.the.norm.squared.of.any.vector.in.a.vector.space.is.greater.or.

equal.to.the.sum.of.the.squares.of.the.projections.onto.a.set.of.orthonormal.basis.vectors.
Binary source code:.A.mapping.from.a.set.of.messages.into.binary.strings.
Bit (symbol) interval:.The.period.of.time.over.which.a.single.symbol.is.transmitted.
Cauchy sequence:.A.convergent.sequence.whose.members.become.progressively.closer.as.the.limit.is.

approached.
Channel capacity:.The.highest.rate.at.which.information.can.be.transmitted.reliably.across.a.channel.
Channel equalizer:. A. device. that. is. used. to. reduce. the. effects. of. channel. distortion. in. a. received.

signal.
Communication channel:.The.medium.over.which.communication.signals.are.transmitted..Examples.

are.fiber.optic.cables,.free.space,.or.telephone.lines.
Complete:.The.idea.that.a.basis.set.is.extensive.enough.to.represent.any.vector.in.the.space.as.a.Fourier.

sum.
Complex envelope:. The. function. g(t). of. a. bandpass. waveform. v(t). where. the. bandpass. waveform. is.

described.by

. v t g t ct( ) ( ) .= { }Re e jω

Continuous phase modulation:. Frequency. modulation. where. the. phase. varies. in. a. continuous.
manner.

Convergence:.A.sequence.of.elements.{xk}.in.a.metric.space.converges.to.a.limit.x.if. lim ( , )
k kd
→∞

=x x 0 .
where.d(x,xk).is.the.metric.in.the.space.

Correlation or matched filter receiver:.The.optimal.receiver.structure.for.digital.communications.in.
AWGN.
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Countable:.A.set.that.can.be.put.in.one-to-one.correspondence.with.the.positive.integers.
Cross-correlation of two sequences:.The.complex.inner.product.of.the.first.sequence.with.a.shifted.

version.of.the.second.sequence.
Decision boundary:. The. boundary. in. signal. space. between. the. various. regions. where. the. receiver.

declares.Hi..Typically,.a.hyperplane.when.dealing.with.AWGN.channels.
Decision-directed mode:.Mode.for.adjustment.of.the.equalizer.coefficient.adaptively.based.on.the.use.

of.the.detected.symbols.at.the.output.of.the.detector.
Decision-feedback equalizer (DFE):.An.adaptive.equalizer.that.consists.of.a.feedforward.filter.and.a.

feedback.filter,.where.the.latter.is.fed.with.previously.detected.symbols.that.are.used.to.elimi-
nate.the.intersymbol.interference.due.to.the.tail.in.the.channel.impulse.response.

Dimension:.A.vector.space.is.n-dimensional.if.it.possesses.a.set.of.n.independent.vectors,.but.every.set.
of.n.+.1.vectors.is.linearly.dependent.

Discrete memoryless channel:.A.channel.model.characterized.by.discrete.input.and.output.alphabets.
and.a.probability.mass.function.on.the.output.conditioned.on.the.input.

Dispersive channel:.A.channel.that.elongates.and.distorts.the.transmitted.signal..Normally.modeled.as.
a.time-varying.linear.system.

Entropy:.A.measure.of. the.average.uncertainty.of.a. random.variable..For.a. random.variable.with.
distribution.p(x),.the.entropy.H(X).is.defined.as.−∑xp(x)logp(x).

Equivalent discrete-time transfer function:.A.discrete-time.transfer.function.(z.transform).that.relates.
the.transmitted.amplitudes.to.received.samples.in.the.absence.of.noise.

Excess bandwidth:. That. percentage. of. the. baseband. transmitted. spectrum. which. is. not. contained.
within.the.Nyquist.band.

Eye diagram:.Superposition.of.segments.of.a.received.PAM.signal.that.indicates.the.amount.of.inter-
symbol.interference.present.

Fourier sum:.An.approximation.of.a.function.in.a.Hilbert.space.as.a.linear.combination.of.orthonormal.
basis.functions.where.the.coefficient.of.each.basis.function.is.the.projection.of.the.function.
onto.the.respective.basis.function.

Fourier transform:.If.w(t).is.a.waveform,.then.the.Fourier.transform.of.w(t).is

.
W f w t w t tft( ) [ ( )] ( )= = −

−∞

∞

∫F je d2π

where.f.has.units.of.hertz.
Fractionally spaced equalizer:.A.tapped-delay.line.channel.equalizer.in.which.the.delay.between.adja-

cent.taps.is.less.than.the.duration.of.a.transmitted.symbol.
Frequency-shift keying:.A.digital.modulation.technique.in.which.the.transmitted.pulse.is.sinusoidal,.

where.the.frequency.is.determined.by.the.source.bits.
Gaussian minimum shift keying:.MSK.where.the.data.signal.is.prefiltered.with.a.Gaussian.filter.prior.

to.FM.
Gram–Schmidt procedure:.An.algorithm.that.produces.a.set.of.orthonormal.vectors.from.a.linearly.

independent.set.of.vectors.
Hilbert space:.A.normed.linear.space.complete.in.its.natural.metric.
Huffman coding:. A. procedure. that. constructs. a. code. of. minimum. average. length. for. a. random.

variable.
Identity element:.An.element.in.a.vector.space.that.when.multiplied.by.any.vector.reproduces.that.vector.
Independent vectors:.A.set.of.vectors.is.independent.if.any.one.of.them.cannot.be.expressed.as.a.linear.

combination.of.the.others.
Inner product:.A.function.of.ordered.pairs.of.vectors.in.a.vector.space,.which.is.analogous.to.the.dot.

product.in.ordinary.Euclidean.vector.space.
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Intersymbol interference:.The.ill-effect.of.one.symbol.smearing.into.adjacent.symbols.thus.interfering.
with. the. detection. process.. This. is. a. consequence. of. the. channel. filtering. the. transmitted.
signals.and.therefore.elongating.their.duration,.see.dispersive.channel.

Karhunen–Loève expansion:.A.representation.for.second-order.random.processes.that.allows.one.to.
express.a.random.process.in.terms.of.a.superposition.of.deterministic.waveforms..The.scale.
values.are.uncorrelated.random.variables.obtained.from.the.waveform.

Lempel–Ziv coding:.A.procedure.for.coding.that.does.not.use.the.probability.distribution.of.the.source.
but.nevertheless.is.asymptotically.optimal.

Linear combination:.Linear.sum.of.a.set.of.vectors.in.a.vector.space.with.each.member.in.the.sum,.in.
general,.multiplied.by.a.different.constant.

Linear manifold:.A.subspace.of.a.Hilbert.space.that.contains.the.origin.and.is.closed.under.addition.of.
elements.

Linearly dependent (dependent):.A.set.of.vectors.that.is.not.linearly.independent.
Linearly independent (independent):. A. set. of. vectors,. none. of. which. can. be. expressed. as. a. linear.

combination.of.the.others.
LMS algorithm:.See.stochastic.gradient.algorithm.
Matched filter:.The.receiver.filter.with.impulse.response.equal.to.the.time-reversed,.complex.conjugate.

impulse.response.of.the.combined.transmitter.filter-channel.impulse.response.
Maximum likelihood estimate:.An.estimate.for.a.parameter.that.maximizes.the.likelihood.function.
Maximum-likelihood sequence detector:.A.detector.for.estimating.the.most.probable.sequence.of.data.

symbols.by.maximizing.the.likelihood.function.of.the.received.signal.
m Sequence:.A.periodic.binary.{0,1}.sequence.that.is.generated.by.a.shift.register.with.linear.feedback.

and.which.has.maximal.possible.period.given.the.number.of.stages.in.the.shift.register.
Mean-square equivalence:.Two.random.vectors.or.time-limited.waveforms.are.mean-square.equivalent.

if.and.only.if.the.expected.value.of.their.mean-square.error.is.zero.
Mean-square estimation:.Estimation.of.a.random.variable.by.a.linear.combination.of.n.other.random.

variables.that.minimizes.the.expectation.of.the.squared.difference.between.the.random.vari-
able.to.be.estimated.and.the.approximating.linear.combination.

Metric:.A.real-valued.function.of.two.vectors.in.a.vector.space.that.is.analogous.to.the.distance.between.
them.in.the.ordinary.Euclidean.sense.

Metric space:.A.vector.space.in.which.a.metric.is.defined.
Minimum shift keying:.A.special.form.of.CPM.having.linear.phase.trajectories.and.a.modulation.index.

of.1/2.
Modulated signal:.The.bandpass.signal

. s t g t t( ) ( )= { }Re e j cω

where.fluctuations.of.g(t).are.caused.by.the.information.source.such.as.audio,.video,.or.data.
Modulation:.The.information.source,.m(t),.that.causes.fluctuations.in.a.bandpass.signal.
Mutual information:.A.measure.for.the.amount.of.information.that.a.random.variable.gives.about.another.
Norm:.A.function.of.a.single.vector.in.a.vector.space.that.is.analogous.to.the.length.of.a.vector.in.ordi-

nary.Euclidean.vector.space.
Normed vector space:.A.vector.space.in.which.a.norm.has.been.defined.
Nyquist band:.The.narrowest.frequency.band.that.can.support.a.PAM.signal.without.intersymbol.inter-

ference.(the.interval.[–1/(2T),.1/(2T)].where.1/T.is.the.symbol.rate).
Nyquist criterion:.A.condition.on. the.overall. frequency.response.of.a.PAM.system.that.ensures. the.

absence.of.intersymbol.interference.
Observation space:.The.space.of.all.possible.received.data.vectors.in.a.signal.detection.or.estimation.

problem.
Orthogonal:.The.property.of.two.vectors.expressed.by.their.inner.product.being.zero.
Orthogonal complement:.The.space.of.vectors.that.are.orthogonal.to.a.linear.manifold.or.subspace.
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Orthogonal frequency division multiple access (OFDMA):.Multiple.access.technique.in.which.a.dif-
ferent.subset.of.OFDM.subcarriers.are.assigned.to.individual.users,.leading.to.a.multicarrier.
transmission.scheme.

Orthogonal frequency division multiplexing (OFDM):.Multicarrier.modulation.by.using.a.collection.
of.low-bit-rate.orthogonal.subcarriers.

Orthogonality principle:. A. theorem. stating. that. the. minimum. mean-square. estimate. of. a. random.
variable.in.terms.of.a.linear.combination.of.n.other.random.variables.requires.the.difference.
between.the.random.variable.and.linear.combination,.or.error,.to.be.statistically.orthogonal.to.
each. random.variable. in. the. linear. combination. (i.e.,. the.expectation.of. the.product.of. the.
error.and.each.random.variable.is.zero),.also.called.the.projection theorem.

Orthonormal:.The.property.of.two.or.more.vectors.or.time-limited.waveforms.being.mutually.orthogo-
nal.and.individually.having.unit.length.

Orthonormal basis:.A.basis.set.for.which.the.basis.vectors.are.orthonormal.
Outage probability: The.probability.of.failing.to.achieve.adequate.reception.of.the.signal.due.to,.for.

instance,.co-channel.interference.
Parseval’s equality:.The.statement.that.the.norm.squared.of.a.vector.in.a.complete.Hilbert.space.equals.

the.sum.of.the.squares.of.the.vector’s.projections.onto.an.orthonormal.basis.set.in.the.space.
Partial-response signaling:.A.signaling.technique.in.which.a.controlled.amount.of.intersymbol.inter-

ference.is.introduced.at.the.transmitter.in.order.to.shape.the.transmitted.spectrum.
Phase shift keying:.Modulation.where.the.instantaneous.phase.of.the.carrier.varies.linearly.with.the.

data.signal.
Power efficiency:. Received. SINR. that. is. required. to. achieve. reliable. communication. with. specified.

bandwidth.efficiency.
Power spectral density:.Relative.power.in.a.modulated.signal.as.a.function.of.frequency.
Precoding:.A.transformation.of.source.symbols.at. the.transmitter.that.compensates.for. intersymbol.

interference.introduced.by.the.channel.
Preset equalizer:.A.channel.equalizer.whose.parameters.are.fixed.(time-invariant).during.transmission.

of.data.
Projection theorem:.See.orthogonality.principle.
Pseudonoise sequences:.Also.referred.to.as.pseudorandom.sequences.(PN),.these.are.sequences.that.are.

deterministically.generated.and.yet.possess.some.properties.that.one.would.expect.to.find.in.
randomly.generated.sequences.

Pulse amplitude modulation (PAM):. A. digital. modulation. technique. in. which. the. source. bits. are.
mapped.to.a.sequence.of.amplitudes.that.modulate.a.transmitted.pulse.

Pulse code modulation:.A.serial.bit.stream.that.consists.of.binary.words.which.represent.quantized.
sample.values.of.an.analog.signal.

Quadrature amplitude modulation:.Modulation.where.information.is.transmitted.in.the.amplitude.of.
the.cosine.and.sine.components.of.the.carrier.

Quantizing:.Replacing.a.sample.value.with.the.closest.allowed.value.
Raised cosine pulse:.A.pulse.shape.with.Fourier.transform.that.decays.to.zero.according.to.a.raised.

cosine;.see.Equation.3.18..The.amount.of.excess.bandwidth.is.conveniently.determined.by.a.
single.parameter.(α).

Rate distortion function:.The.minimum.rate.at.which.a.source.can.be.described.to.the.given.average.
distortion.

Rayleigh channel:.A.channel. that.randomly.scales. the. transmitted.waveform.by.a.Rayleigh.random.
variable.while.adding.an.independent.uniform.phase.to.the.carrier.

Real envelope:.The.function.R(t).=.|g(t)|.of.a.bandpass.waveform.v(t).where.the.bandpass.waveform.is.
described.by

. v t g t t( ) ( ) .= { }Re e j cω
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Riesz–Fischer theorem:.A.theorem.stating.the.conditions.under.which.an.element.of.a.space.of.square-
integrable.functions.can.be.represented.in.terms.of.an.infinite.orthonormal.set.

Root-raised cosine pulse:.A.pulse.shape.with.Fourier.transform.that.is.the.square.root.of.the.raised.
cosine.spectrum.shown.in.Equation.3.18.

Schwarz’s inequality:.An.inequality.expressing.the.fact.that.the.absolute.value.of.the.inner.product.of.
any.pair.of.vectors. in.a.Hilbert.space. is. less. than.or.equal. to. the.product.of. their.respective.
norms.

Separable:.A.Hilbert.space.in.which.a.countable.set.of.elements.exists.that.can.be.used.to.represent.any.
element.in.the.space.to.any.degree.of.accuracy.desired.as.a.linear.combination.of.the.members.
of.the.set.

Shift-register sequence:.A.sequence.with.symbols.drawn.from.a.field,.which.satisfies.a.linear-.recurrence.
relation.and.that.can.be.implemented.using.a.shift.register.

Signal constellation:.The.permitted.values.of.the.complex.envelope.for.a.digital.modulating.source.
Signal space:. An. abstraction. for. representing. a. time-limited. waveform. in. a. low-dimensional. vector.

space..Usually.arrived.at.through.the.application.of.the.Karhunen–Loève.transformation.
Signal vector:.A.vector.representing.a.received.signal.in.a.signal.detection.or.estimation.problem.
Single carrier frequency division multiple access (SC-FDMA):.Multiple.access.technique.in.which.non-

overlapping. subcarriers. are. assigned. to. different. users,. leading. to. a. single. carrier. transmit.
signal.

Spanning set:.The.set.of.elements.of.a.separable.Hilbert.space.used.to.represent.an.arbitrary.element.
with.any.degree.of.accuracy.desired.

Spectrum efficiency:.A.measure.of.how.efficiently.space,.frequency,.and.time.are.used..It.is.expressed.in.
erlang.per.square.meter.per.hertz.

Spread spectrum:.A.signaling.technique.in.which.the.pulse.bandwidth.is.many.times.wider.than.the.
Nyquist.bandwidth.

Stochastic gradient algorithm:.An.algorithm.for.adaptively.adjusting.the.coefficients.of.an.equalizer.
based.on.the.use.of.(noise-corrupted).estimates.of.the.gradients.

Symbol-spaced equalizer:.A.tapped-delay.line.channel.equalizer.in.which.the.delay.between.adjacent.
taps.is.equal.to.the.duration.of.a.transmitted.symbol.

Total probability of error:.The.probability.of.classifying.the.received.waveform.into.any.of.the.symbols.
that.were.not.transmitted.over.a.particular.bit.interval.

Training mode:.Mode.for.adjustment.of.the.equalizer.coefficients.based.on.the.transmission.of.a.known.
sequence.of.transmitted.symbols.

Triangle inequality:.An.inequality.of.a.normed.linear.space.that.is.analogous.to.the.fact.that.the.length.
of.the.vector.sum.of.any.two.sides.of.a.triangle.is.less.than.or.equal.to.the.sum.of.their.respec-
tive.lengths.

Trunking efficiency:.A. function.relating. the.number.of. subscribers.per.channel.and. the.number.of.
channels.per.cell.for.different.values.of.blocking.probability.

Vector:.An.element.of.a.linear,.or.vector,.space.
Vector space:.A.space.of.elements,.called.vectors,.which.obey.certain.laws.of.associativity.and.commu-

tativity.and.have.identity.elements.for.scalar.multiplication.and.element.addition.
Volterra filter:.A.filter.whose.output.at.a.given.time.depends.not.only.linearly.of.present.and.past.inputs,.

but.on.powers.and.products.of.present.and.past.inputs.
Wavelet:.See.wavelet.transform.
Wavelet transform:.Resolution.of.a.signal.into.a.set.of.basis.functions.called.wavelets..As.a.parameter.

of.the.wavelet.is.changed,.the.behavior.of.the.signal.over.progressively.shorter.time.intervals.is.
resolved.

Zero-forcing criterion:.A.design.constraint.which.specifies.that.intersymbol.interference.be.eliminated.
Zero-forcing equalizer:.A.channel.equalizer.whose.parameters.are.adjusted.to.completely.eliminate.

intersymbol.interference.in.a.sequence.of.transmitted.data.symbols.
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