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Everything should be made as simple as possible, but no simpler.
Albert Einstein, 1879-1955
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PREFACE

Electromagnetic Compatibility Engineering started out being a third edition to
my previous book Noise Reduction Techniques in Electronic Systems, but it
turned out to be much more than that, hence, the title change. Nine of the
original twelve chapters were completely rewritten. In addition, there are six
new chapters, plus two new appendices, with over 600 pages of new and revised
material (including 342 new figures). Most of the new material relates to the
practical application of the theory of electromagnetic compatibility (EMC)
engineering, and it is based on experience gained from my EMC consulting
work, and teaching of EMC training seminars over the last 20 plus years.

Some of the more difficult and frustrating problems faced by design
engineers concerns electromagnetic compatibility and regulatory compliance
issues. Most engineers are not well equipped to handle these problems because
the subject is not normally taught in engineering schools. Solutions to EMC
problems are often found by trial and error with little or no understanding of
the theory involved. Such efforts are very time consuming, and the solutions are
often unsatisfactory. This situation is unfortunate, because most of the
principles involved are simple and can be explained by elementary physics.
This book is intended to remedy that situation.

This book is intended primarily for the practicing engineer who is involved in
the design of electronic equipment or systems and is faced with EMC and
regulatory compliance issues. It addresses the practical aspects of electro-
magnetic compatibility engineering, covering both emission and immunity.
The concepts presented in this book are applicable to both analog and digital
circuits operating from below audio frequencies up to the GHz range. Emphasis
is on cost-effective EMC designs, with the amount and complexity of the
mathematics kept to a minimum. The reader should obtain the knowledge
necessary to design electronic equipment that is compatible with the electro-
magnetic environment and compliant with national and international EMC
regulations.

The book is written in such a way that it can easily be used as a textbook for
teaching a senior level or continuing education course in electromagnetic
compatibility. To this end, the book contains 251 problems for the student
to work out, the answers to which are included in Appendix F.

xxiii



XXiv PREFACE

The book is divided into two parts: Part 1, EMC Theory and includes
Chapters 1 to 10. Part 2, EMC Applications, includes Chapters 11 to 18. In
addition, the book contains six appendices with supplemental information.

The organization of the material is as follows. Chapter 1 is an introduction
to electromagnetic compatibility and covers national and international EMC
regulations, including the European Union, FCC, and U.S. Military. Chapter 2
covers both electric and magnetic field cable coupling and crosstalk, as well as
cable shielding and grounding. Chapter 3 covers safety, power, signal, and
hardware/systems grounding.

Chapter 4 discusses balancing and filtering as well as differential amplifiers,
and low-frequency analog circuit decoupling. Chapter 5 is on passive compo-
nents and covers the nonideal characteristics of components that affect their
performance. In addition to resistors, capacitors, and inductors—ferrite beads,
conductors and transmission lines are also included. Chapter 6 is a detailed
analysis of the shielding effectiveness of metallic sheets as well as conductive
coatings on plastic, and the effect of apertures on the shielding effectiveness.

Chapter 7 covers contact protection for relays and switches. Chapters 8 and
9 discuss internal noise sources in components and active devices. Chapter 8
covers intrinsic noise sources, such as thermal and shot noise. Chapter 9 covers
noise sources in active devices.

Chapters 10, 11, and 12 cover electromagnetic compatibility issues asso-
ciated with digital circuits. Chapter 10 examines digital circuit grounding,
including ground plane impedance and a discussion on how digital logic
currents flow. Chapter 11 is on digital circuit power distribution and decou-
pling, and Chapter 12 covers digital circuit radiation mechanisms, both
common mode and differential mode.

Chapter 13 covers conducted emissions on alternating current (ac) and direct
current (dc) power lines, as well as EMC issues associated with switching power
supplies and variable-speed motor drives. Chapter 14 covers radio frequen-
cy(rf) and transient immunity, as well as a discussion of the electromagnetic
environment. Chapter 15 covers electrostatic discharge protection in the design
of electronic products. It focuses on the importance of a three-prong approach,
which includes mechanical, electrical, and software design.

Chapter 16 covers printed circuit board layout and stackup, a subject not
often discussed. Chapter 17 addresses the difficult problem of partitioning,
grounding, and layout of mixed-signal printed circuit boards.

The final chapter (Chapter 18) is on precompliance EMC measurements,
that is, measurements that can be performed in the product development
laboratory, using simple and inexpensive test equipment, which relate to the
EMC performance of the product.

At the end of each chapter, there is a summary of the most important points
discussed as well as many problems for the reader to work out. For those
desiring additional information on the subjects covered, each chapter has an
extensive reference, and further reading section.
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Supplemental information is provided in six appendices. Appendix A is on
the decibel. Appendix B covers the 10 best ways to maximize the emission from
your product. Appendix C derives the equations for multiple reflections of
magnetic fields in thin shields.

Appendix D, “Dipoles for Dummies,” is a simple, insightful, and intuitive
discussion of how a dipole antenna works. If a product picks up or radiates
electromagnetic energy, then it is an antenna, therefore, an understanding of
some basic antenna theory would be helpful for all engineers, especially EMC
engineers.

Appendix E explains the important, and not well understood, theory of
partial inductance, and Appendix F provides answers to the problems con-
tained at the end of each chapter.

I would like to express my gratitude and appreciation to all those who took
the time to comment on Noise Reduction Techniques in Electronic Systems and
to all those who encouraged me to write Electromagnetic Compatibility
Engineering. In particular, I would especially like to thank John Celli, Bob
German, Dr. Clayton Paul, Mark Steffka, and Jim Brown for their insightful
review of major portions of the manuscript, as well as for their encouragement
and the many fruitful discussions we had on the subject of EMC. Electro-
magnetic Compatibility Engineering is a better book because of them.

Portions of the manuscript were also used for an electromagnetic compat-
ibility class taught by Mark Steffka at the University of Michigan—Dearborn,
during the 2007 and 2008 semesters. My heartfelt thanks go out to the students
in those two classes for the large number of comments and suggestions that
I received (many of which have been incorporated into this book), in particular
their suggestions for additional problems to be included in the book. I would
also like to express my appreciation to James Styles who, Mark Steffka and
I both agreed, submitted the most useful comments.

Finally, I would like to thank all my colleagues who took the time to review
various portions of this manuscript and make useful comments and
suggestions.

Additional technical information, updated information on EMC regula-
tions, as well as an errata sheet for this book are on the Henry Ott Consultants
website at www.hottconsultants.com.

Livingston, New Jersey Henry W. O1T
January 2009
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1 Electromagnetic Compatibility

1.1 INTRODUCTION

The widespread use of electronic circuits for communication, computation,
automation, and other purposes makes it necessary for diverse circuits to
operate in close proximity to each other. All too often, these circuits affect each
other adversely. Electromagnetic interference (EMI) has become a major
problem for circuit designers, and it is likely to become even more severe in
the future. The large number of electronic devices in common use is partly
responsible for this trend. In addition, the use of integrated circuits and large-
scale integration has reduced the size of electronic equipment. As circuitry has
become smaller and more sophisticated, more circuits are being crowded into
less space, which increases the probability of interference. In addition, clock
frequencies have increased dramatically over the years—in many cases to over
a gigahertz. It is not uncommon today for personal computers used in the home
to have clock speeds in excess of 1 GHz.

Today’s equipment designers need to do more than just make their systems
operate under ideal conditions in the laboratory. Besides that obvious task,
products must be designed to work in the “‘real world,” with other equipment
nearby, and to comply with government electromagnetic compatibility (EMC)
regulations. This means that the equipment should not be affected by external
electromagnetic sources and should not itself be a source of electromagnetic
noise that can pollute the environment. Electromagnetic compatibility should
be a major design objective.

1.2 NOISE AND INTERFERENCE

Noise is any electrical signal present in a circuit other than the desired signal. This
definition excludes the distortion products produced in a circuit due to
nonlinearities. Although these distortion products may be undesirable, they
are not considered noise unless they are coupled into another part of the circuit.
It follows that a desired signal in one part of a circuit can be considered to be
noise when coupled to some other part of the circuit.

Electromagnetic Compatibility Engineering, by Henry W. Ott
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4 ELECTROMAGNETIC COMPATIBILITY

Noise sources can be grouped into the following three categories: (1) intrinsic
noise sources that arise from random fluctuations within physical systems, such
as thermal and shot noise; (2) man-made noise sources, such as motors,
switches, computers, digital electronics, and radio transmitters; and (3) noise
caused by natural disturbances, such as lightning and sunspots.

Interference is the undesirable effect of noise. If a noise voltage causes
improper operation of a circuit, it is interference. Noise cannot be eliminated,
but interference can. Noise can only be reduced in magnitude, until it no longer
causes interference.

1.3 DESIGNING FOR ELECTROMAGNETIC COMPATIBILITY

Electromagnetic compatibility (EMC) is the ability of an electronic system to
(1) function properly in its intended electromagnetic environment and (2) not be
a source of pollution to that electromagnetic environment. The electromagnetic
environment is composed of both radiated and conducted energy. EMC
therefore has two aspects, emission and susceptibility.

Susceptibility is the capability of a device or circuit to respond to unwanted
electromagnetic energy (i.e., noise). The opposite of susceptibility is immunity.
The immunity level of a circuit or device is the electromagnetic environment in
which the equipment can operate satisfactorily, without degradation, and with
a defined margin of safety. One difficulty in determining immunity (or
susceptibility) levels is defining what constitutes performance degradation.

Emission pertains to the interference-causing potential of a product. The
purpose of controlling emissions is to limit the electromagnetic energy emitted
and thereby to control the electromagnetic environment in which other
products must operate. Controlling the emission from one product may
eliminate an interference problem for many other products. Therefore, it is
desirable to control emission in an attempt to produce an electromagnetically
compatible environment.

To some extent, susceptibility is self-regulating. If a product is susceptible to
the electromagnetic environment, the user will become aware of it and may not
continue to purchase that product. Emission, however, tends not to be self-
regulating. A product that is the source of emission may not itself be affected by
that emission. To guarantee that EMC is a consideration in the design of all
electronic products, various government agencies and regulatory bodies have
imposed EMC regulations that a product must meet before it can be marketed.
These regulations control allowable emissions and in some cases define the
degree of immunity required.

EMC engineering can be approached in either of two ways: one is the crisis
approach, and the other is the systems approach. In the crisis approach, the
designer proceeds with a total disregard of EMC until the functional design is
finished, and testing—or worse yet—field experience suggests that a problem
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exists. Solutions implemented at this late stage are usually expensive and consist
of undesirable “add ons.” This is often referred to as the ““Band Aid” approach.

As equipment development progresses from design to testing to production,
the variety of noise mitigation techniques available to the designer decreases
steadily. Concurrently, cost goes up. These trends are shown in Fig. 1-1. Early
solutions to interference problems, therefore, are usually the best and least
expensive.

The systems approach considers EMC throughout the design; the designer
anticipates EMC problems at the beginning of the design process, finds
the remaining problems in the breadboard and early prototype stages, and
tests the final prototypes for EMC as thoroughly as possible. This way, EMC
becomes an integral part of the electrical, mechanical, and in some cases,
software/firmware design of the product. As a result, EMC is designed into—
and not added onto—the product. This approach is the most desirable and cost
effective.

If EMC and noise suppression are considered for one stage or subsystem at a
time, when the equipment is initially being designed, the required mitigation
techniques are usually simple and straightforward. Experience has shown that
when EMC is handled this way, the designer should be able to produce
equipment with 90% or more of the potential problems eliminated prior to
initial testing.

A system designed with complete disregard for EMC will almost always have
problems when testing begins. Analysis at that time, to find which of the many
possible noise path combinations are contributing to the problem, may not be
simple or obvious. Solutions at this late stage usually involve the addition of
extra components that are not integral parts of the circuit. Penalties paid
include the added engineering and testing costs, as well as the cost of the

DESIGN
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PHASE

PRODUCTION
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AVAILABLE
TECHNIQUES
AND
RELATIVE
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PROBLEM

TECHNIQUES

EQUIPMENT DEVELOPMENT TIME SCALE

FIGURE 1-1. As equipment development proceeds, the number of available noise-
reduction techniques goes down. At the same time, the cost of noise reduction goes up.
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mitigation components and their installation. There also may be size, weight,
and power dissipation penalties.

1.4 ENGINEERING DOCUMENTATION AND EMC

As the reader will discover, much of the information that is important for
electromagnetic compatibility is not conveyed conveniently by the standard
methods of engineering documentation, such as schematics, and so on. For
example, a ground symbol on a schematic is far from adequate to describe
where and how that point should be connected. Many EMC problems involve
parasitics, which are not shown on our drawings. Also, the components shown
on our engineering drawings have remarkably ideal characteristics.

The transmission of the standard engineering documentation alone is
therefore insufficient. Good EMC design requires cooperation and discussion
among the complete design team, the systems engineer, the electrical engineer,
the mechanical engineer, the EMC engineer, the software/firmware designer,
and the printed circuit board designer.

In addition, many computer-assisted design (CAD) tools do not include
sufficient, if any, EMC considerations. EMC considerations therefore must
often be applied manually by overriding the CAD system. Also, you and your
printed circuit designer often have different objectives. Your objective is, or
should be, to design a system that works properly and meets EMC require-
ments. Your printed circuit board (PCB) designer has the objective of doing
what ever has to be done to fit all the components and traces on the board
regardless of the EMC implications.

1.5 UNITED STATES’ EMC REGULATIONS

Added insight into the problem of interference, as well as the obligations of
equipment designers, manufacturers, and users of electronic products, can be
gained from a review of some of the more important commercial and military
EMC regulations and specifications.

The most important fact to remember about EMC regulations is that they
are “living documents” and are constantly being changed. Therefore, a 1-
year-old version of a standard or regulation may no longer be applicable. When
working on a new design project, always be sure to have copies of the most
recent versions of the applicable regulations. These standards may actually
even change during the time it takes to design the product.

1.5.1 FCC Regulations

In the United States, the Federal Communications Commission (FCC)
regulates the use of radio and wire communications. Part of its responsibility
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concerns the control of interference. Three sections of the FCC Rules and
Regulations® have requirements that are applicable to nonlicensed electronic
equipment. These requirements are contained in Part 15 for radio frequency
devices; Part 18 for industrial, scientific, and medical (ISM) equipment; and
Part 68 for terminal equipment connected to the telephone network.

Part 15 of the FCC Rules and Regulations sets forth technical standards and
operational requirements for radio frequency devices. 4 radio-frequency device
is any device that in its operation is capable of emitting radio-frequency energy by
radiation, conduction, or other means (§ 2.801). The radio-frequency energy
may be emitted intentionally or unintentionally. Radio-frequency (rf) energy is
defined by the FCC as any electromagnetic energy in the frequency range of 9
kHz to 3000 GHz (§15.3(u)). The Part 15 regulations have a twofold purpose:
(1) to provide for the operation of low-power transmitters without a radio
station license and (2) to control interference to authorized radio communica-
tions services that may be caused by equipment that emits radio-frequency
energy or noise as a by-product to its operation. Digital electronics fall into the
latter category.

Part 15 is organized into six parts. Subpart A—General, Subpart B—
Unintentional Radiators, Subpart C—Intentional Radiators, Subpart D—
Unlicensed Personal Communications Devices, Subpart E—Unlicensed
National Information Infrastructure Devices, and Subpart F—Ultra-Wide-
band Operation. Subpart B contains the EMC Regulations for electronic
devices that are not intentional radiators.

Part 18 of the FCC Rules and Regulations sets forth technical standards and
operational conditions for ISM equipment. ISM equipment is defined as any
device that uses radio waves for industrial, scientific, medical, or other purposes
(including the transfer of energy by radio) and that is neither used nor intended
to be used for radio communications. Included are medical diathermy equip-
ment, industrial heating equipment, rf welders, rf lighting devices, devices that
use radio waves to produce physical changes in matter, and other similar non-
communications devices.

Part 68 of the FCC Rules and Regulations provides uniform standards for
the protection of the telephone network from harm caused by connection of
terminal equipment [including private branch exchange (PBX) systems] and its
wiring, and for the compatibility of hearing aids and telephones to ensure that
persons with hearing aids have reasonable access to the telephone network.
Harm to the telephone network includes electrical hazards to telephone
company workers, damage to telephone company equipment, malfunction of
telephone company billing equipment, and degradation of service to persons
other than the user of the terminal equipment, his calling or called party.

In December 2002, the FCC released a Report and Order (Docket 99-216)
privatizing most of Part 68, with the exception of the requirements on hearing

*Code of Federal Regulations, Title 47, Telecommunications.
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aid compatibility. Section 68.602 of the FCC rules authorized the Telecommu-
nications Industry Association (TIA) to establish the Administrative Council
for Terminal Attachments (ACTA) with the responsibility of defining and
publishing technical criteria for terminal equipment connected to the U.S.
public telephone network. These requirements are now defined in TIA-968. The
legal requirement for all terminal equipment to comply with the technical
standards, however, remains within Part 68 of the FCC rules. Part 68 requires
that terminal equipment connected directly to the public switched telephone
network meet both the criteria of Part 68 and the technical criteria published by
ACTA.

Two approval processes are available to the manufacturer of telecommunica-
tions terminal equipment, as follows: (1) The manufacturer can provide a
Declaration of Conformity (§68.320) and submit it to ACTA, or (2) the
manufacturer can have the equipment certified by a Telecommunications Certify-
ing Body (TCB) designated by the Commission (§68.160). The TCB must be
accredited by the National Institute of Standards and Technology (NIST).

1.5.2 FCC Part 15, Subpart B

The FCC rule with the most general applicability is Part 15, Subpart B because
it applies to virtually all digital electronics. In September 1979, the FCC
adopted regulations to control the interference potential of digital electronics
(at that time called “computing devices™). These regulations, “Technical
Standards for Computing Equipment” (Docket 20780); amended Part 15 of
the FCC rules relating to restricted radiation devices. The regulations are now
contained in Part 15, Subpart B of Title 47 of the Code of Federal Regulations.
Under these rules, limits were placed on the maximum allowable radiated
emission and on the maximum allowable conducted emission on the alternating
current (ac) power line. These regulations were the result of increasing
complaints to the FCC about interference to radio and television reception
where digital electronics were identified as the source of the interference. In this
ruling the FCC stated the following:

Computers have been reported to cause interference to almost all radio services,
particularly those services below 200 MHz,* including police, aeronautical, and
broadcast services. Several factors contributing to this include: (1) digital equip-
ment has become more prolific throughout our society and are now being sold for
use in the home; (2) technology has increased the speed of computers to the point
where the computer designer is now working with radio frequency and electro-
magnetic interference (EMI) problems—something he didn’t have to contend with
15 years ago; (3) modern production economics has replaced the steel cabinets
which shield or reduce radiated emanations with plastic cabinets which provide
little or no shielding.

* Remember this was 1979.
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In the ruling, the FCC defined a digital device (previously called a computing
device) as follows:

An unintentional radiator (device or system) that generates and uses timing signals
or pulses at a rate in excess of 9000 pulses (cycles) per second and uses digital
techniques; inclusive of telephone equipment that uses digital techniques or any
device or system that generates and uses radio frequency energy for the purpose of
performing data processing functions, such as electronic computations, operations,
transformations, recording, filing, sorting, storage, retrieval or transfer (§ 15.3(k)).

Computer terminals and peripherals, which are intended to be connected to
a computer, are also considered to be digital devices.

This definition was intentionally broad to include as many products as
possible. Thus, if a product uses digital circuitry and has a clock greater than 9
kHz, then it is a digital device under the FCC definition. This definition covers
most digital electronics in existence today.

Digital devices covered by this definition are divided into the following two
classes:

Class A: A digital device that is marketed for use in a commercial, industrial,
or business environment (§ 15.3(h)).

Class B: A digital device that is marketed for use in a residential environ-
ment, notwithstanding use in commercial, business, and industrial en-
vironments (§ 15.3(i)).

Because Class B digital devices are more likely to be located in closer
proximity to radio and television receivers, the emission limits for these devices
are about 10 dB more restrictive than those for Class A devices.

Meeting the technical standards contained in the regulations is the obligation
of the manufacturer or importer of a product. To guarantee compliance, the
FCC requires the manufacturer to test the product for compliance before
the product can be marketed in the United States. The FCC defines marketing
as shipping, selling, leasing, offering for sale, importing, and so on (§ 15.803(a)).
Until a product complies with the rules, it cannot legally be advertised or
displayed at a trade show, because this would be considered an offer for sale.
To advertise or display a product legally prior to compliance, the advertisement
or display must contain a statement worded as follows:

This device has not been authorized as required by the rules of the Federal
Communications Commission. This device is not, and may not be, offered for sale
or lease, or sold or leased, until authorization is obtained (§ 2.803(c)).

For personal computers and their peripherals (a subcategory of Class B), the
manufacturer can demonstrate compliance with the rules by a Declaration of
Conformity. A Declaration of Conformity is a procedure where the manufac-
turer makes measurements or takes other steps to ensure that the equipment
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complies with the applicable technical standards (§ 2.1071 to 2.1077). Submis-
sion of a sample unit or representative test data to the FCC is not required
unless specifically requested.

For all other products (Class A and Class B—other than personal computers
and their peripherals), the manufacturer must verify compliance by testing
the product before marketing. Verification is a self-certification procedure
where nothing is submitted to the FCC unless specifically requested by the
Commission, which is similar to a declaration of conformity (§ 2.951 to 2.956).
Compliance is by random sampling of products by the FCC. The time required
to do the compliance tests (and to fix the product, and redo the test if the product
fails) should be scheduled into the product’s development timetable. Precom-
pliance EMC measurements (see Chapter 18) can help shorten this time
considerably.

Testing must be performed on a sample that is representative of production
units. This usually means an early production or preproduction model. Final
compliance testing must therefore be one of the last items in the product
development timetable. This is no time for unexpected surprises! If a product
fails the compliance test, then changes at this point are difficult, time consuming,
and expensive. Therefore, it is desirable to approach the final compliance test with
a high degree of confidence that the product will pass. This can be done if (1)
proper EMC design principles (as described in this book) have been used
throughout the design and (2) preliminary pre-compliance EMC testing as
described in Chapter 18 was performed on early models and subassemblies.

It should be noted that the limits and the measurement procedures are inter-
related. The derived limits were based on specified test procedures. Therefore,
compliance measurements must be made following the procedure outlined by
the regulations (§ 15.31). The FCC specifies that for digital devices, measure-
ments to show compliance with Part 15, must be performed following the
procedures described in measurement standard ANSI C63.4-1992 titled
“Methods of Measurement of Radio-Noise Emissions from Low-Voltage
Electrical and Electronic Equipment in the Range of 9 kHz to 40 GHz,”
excluding Section 5.7, Section 9, and Section 14 (§ 15.31(a)(6)).*

The test must be made on a complete system, with all cables connected and
configured in a reasonable way that tends to maximize the emission (§ 15.31(1)).
Special authorization procedures are provided in the case of central processor
unit (CPU) boards and power supplies that are used in personal computers and
sold separately (§ 15.32).

*Section 5.7 pertains to the use of an artificial hand to support handheld devices during testing.
Section 9 pertains to measuring radio-noise power using an absorbing clamp in lieu of radiated
emission measurements for certain restricted frequency ranges and certain types of equipment.
Section 14 pertains to relaxing the radiated and/or conducted emission limits for short duration
(<200 ms) transients.
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1.5.3 Emissions

The FCC Part 15 EMC Regulations limit the maximum allowable conducted
emission, on the ac power line in the range of 0.150 to 30 MHz, and the
maximum radiated emission in the frequency range of 30 MHz to 40 GHz.

1.5.3.1 Radiated Emissions. For radiated emissions, the measurement pro-
cedure specifies an open area test site (OATS) or equivalent measurement made
over a ground plane with a tuned dipole or other correlatable, linearly polarized
antenna. This setup is shown in Fig. 1-2. ANSI C63.4 allows for the use of an
alternative test site, such as an absorber-lined room, provided it meets specified
site attenuation requirements. However, a shielded enclosure without absorber
lining may not be used for radiated emission measurements.

The specified receive antenna in the 30- to- 1000-MHz range is a tuned
dipole, although other linearly polarized broadband antennas may also be
used. However, in case of a dispute, data taken with the tuned dipole will take
precedence. Above 1000 MHz, a linearly polarized horn antenna shall be used.

Table 1-1 lists the FCC radiated emission limits (§ 15.109) for a Class
A product when measured at a distance of 10 m. Table 1-2 lists the limits for a
Class B product when measured at a distance of 3 m.

TUNED -
HALF-WAVE =X ANTENNA SEARCH HEIGHT 1-4 m
DIPOLE - 4~ HORIZONTAL & VERTICAL POLARIZATION

30r10m

IBO 100 cm>

~
~,

TURNTABLE

GROUND
PLANE

EMI RECEIVER OR
SPECTRUM
ANALYZER

FIGURE 1-2. Open area test site (OATS) for FCC radiated emission test. The
equipment under test (EUT) is on the turntable.
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TABLE 1-1. FCC Class A Radiated Emission Limits Measured at 10 m.

Frequency (MHz) Field Strength (uV/m) Field Strength (dB pV/m)
30-88 90 39.0
88-216 150 43.5
216-960 210 46.5
>960 300 49.5

TABLE 1-2. FCC Class B Radiated Emission Limits Measured at 3 m.

Frequency (MHz) Field Strength (uLV/m) Field Strength (dB pV/m)
30-88 100 40.0
88-216 150 43.5
216-960 200 46.0
>960 500 54.0

TABLE 1-3. FCC Class A and Class B Radiated Emission Limits Measured
at 10 m.

Frequency (MHz) Class A Limit (uV/m) Class B Limit (dB uV/m)
30-88 39.0 29.5
88-216 43.5 33.0
216-960 46.5 35.5
>960 49.5 43.5

A comparison between the Class A and Class B limits must be done at the
same measuring distance. Therefore, if the Class B limits are extrapolated to a
10-m measuring distance (using a 1/d extrapolation), the two sets of limits can
be compared as shown in Table 1-3. As can be observed, the Class B limits are
more restrictive by about 10 dB below 960 MHz and 5 dB above 960 MHz. A
plot of both FCC Class A and Class B radiated emission limits over the
frequency range of 30 MHz to 1000 MHz (at a measuring distance of 10 m) is
shown in Fig. 1-5.

The frequency range over which radiated emission tests must be performed is
from 30 MHz up to the frequency listed in Table 1-4, which is based on the
highest frequency that the equipment under test (EUT) generates or uses.

1.5.3.2 Conducted Emissions. Conducted emission regulations limit the vol-
tage that is conducted back onto the ac power line in the frequency range of 150
kHz to 30 MHz. Conducted emission limits exist because regulators believes
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TABLE 1-4. Upper Frequency Limit for Radiated Emission Testing.

Maximum Frequency Generated Maximum Measurement
or Used in the EUT (MHz) Frequency (GHz)
<108 1

108-500 2

500-1000 5

>1000 5" Harmonic or 40 GHz,

whichever is less

TABLE 1-5. FCC/CISPR Class A Conducted Emission Limits.

Frequency (MHz) Quasi-peak (dB pV) Average (dB pV)
0.15-0.5 79 66
0.5-30 73 60

TABLE 1-6. FCC/CISPR Class B Conducted Emission Limits.

Frequency (MHz) Quasi-peak (dB pV) Average (dB pV)
0.15-0.5 66-56 56-46
0.5-5 56 46

5-30 60 50

“Limit decreases linearly with log of frequency.

that at frequencies below 30 MHz, the primary cause of interference with radio
communications occurs by conducting radio-frequency energy onto the ac
power line and subsequently radiating it from the power line. Therefore,
conducted emission limits are really radiated emission limits in disguise.

The FCC conducted emission limits (§ 15.107) are now the same as
the International Special Committee on Radio Interference (CISPR, from its
title in French) limits, used by the European Union. This is the result of the
Commission amending its conducted emission rules in July 2002 to make them
consistent with the international CISPR requirements.

Tables 1-5 and 1-6 show the Class A and Class B conducted emission limits,
respectively. These voltages are measured common-mode (hot to ground and
neutral to ground) on the ac power line using a 50-Q/50-uH line impedance
stabilization network (LISN) as specified in the measurement procedures.*
Figure 1-3 shows a typical FCC conducted emission test setup.

*The circuit of an LISN is shown in Fig. 13-2.
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VERTICAL
GROUND
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BOND METER, LISN AND GROUND PLANES TOGETHER

FIGURE 1-3. Test setup for FCC conducted emission measurements.

A comparison between Tables 1-5 and 1-6 shows that the Class B quasi-peak
conducted emission limits are from 13 dB to 23 dB more stringent than the
Class A limits. Note also that both peak and average measurements are
required. The peak measurements are representative of noise from narrowband
sources such as clocks, whereas the average measurements are representative of
broadband noise sources. The Class B average conducted emission limits are
from 10 to 20 dB more restrictive than the Class A average limits.

Figure 1-4 shows a plot of both the average and the quasi-peak FCC/CISPR
conducted emission limits.

1.5.4 Administrative Procedures

The FCC rules not only specify the technical standards (limits) that a product
must satisfy but also the administrative procedures that must be followed and
the measuring methods that must be used to determine compliance. Most
administrative procedures are contained in Part 2, Subpart I (Marketing of
Radio Frequency Devices), Subpart J (Equipment Authorization Procedures),
and Subpart K (Importation of Devices Capable of Causing Harmful Inter-
ference) of the FCC Rules and Regulations.

Not only must a product be tested for compliance with the technical
standards contained in the regulations, but also it must be labeled as compliant
(§ 15.19), and information must be provided to the user (§ 15.105) on its
interference potential.
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FIGURE 1-4. FCC/CISPR conducted emission limits.

In addition to the technical standards mentioned above, the rules also
contain a noninterference requirement, which states that if use of the product
causes harmful interference, the user may be required to cease operation of the
device (§ 15.5). Note the difference in responsibility between the technical
standards and the noninterference requirement. Although meeting the technical
standards (limits) is the responsibility of the manufacturer or importer of the
product, satisfying the noninterference requirement is the responsibility of the
user of the product.

In addition to the initial testing to determine compliance of a product,
the rules also specify that the manufacturer or importer is responsible for the
continued, or ongoing, compliance of subsequently manufactured units (§ 2.953,
2.955, 2.1073, 2.1075).

If a change is made to a compliant product, the manufacturer has the
responsibility to determine whether that change has an effect on the compliance
of the product. The FCC has cautioned manufacturers (Public Notice 3281,
April 7, 1982) to note that:

Many changes, which on their face seem insignificant, are in fact very significant.
Thus a change in the layout of a circuit board, or the addition or removal or even
rerouting of a wire, or even a change in the logic will almost surely change the
emission characteristics of the device. Whether this change in characteristics is
enough to throw the product out of compliance can best be determined by
retesting.
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As of this writing (September 2008), the FCC has exempted eight subclasses
of digital devices (§ 15.103) from meeting the technical standards of the rules.
These are as follows:

1. Digital devices used exclusively in a transportation vehicle such as a car,
plane, or boat.

2. Industrial control systems used in an industrial plant, factory, or public
utility.
3. Industrial, commercial, or medical test equipment.

4. Digital devices exclusively used in an appliance such as a microwave
oven, dishwasher, clothes dryer, air conditioner, and so on.

5. Specialized medical devices generally used at the direction or under the
supervision of a licensed health care practitioner, whether used in a
patient’s home or a health care facility. Note, medical devices marketed
through retail channels for use by the general public, are not exempted.

6. Devices with power consumption not exceeding 6 nW, for example, a
digital watch.

7. Joystick controllers or similar devices (such as a mouse) that contain no
digital circuitry. Note, a simple analog to digital converter integrated
circuit (IC) is allowed in the device.

8. Devices in which the highest frequency is below 1.705 MHz and that does
not operate from the ac power line, or contain provisions for operation
while connected to the ac power line.

Each of the above exempted devices is, however, still subject to the
noninterference requirement of the rules. If any of these devices actually cause
harmful interference in use, the user must stop operating the device or in
some way remedy the interference problem. The FCC also states, although not
mandatory, it is strongly recommended that the manufacturer of an exempted
device endeavor to have that device meet the applicable technical standards of
Part 15 of the rules.

Because the FCC has purview over many types of electronic products,
including digital electronics, design and development organizations should
have a complete and current set of the FCC rules applicable to the types of
products they produce. These rules should be referenced during the design to
avoid subsequent embarrassment when compliance demonstration is required.

The complete set of the FCC rules is contained in the Code of Federal
Regulations, Title 47 (Telecommunications)—Parts 0 to 300. They consist of
five volumes and are available from the Superintendent of Documents, U.S.
Government Printing Office. The FCC rules are in the first volume that
contains Parts 0 to 19 of the Code of Federal Regulations. A new edition is
published in the spring of each year and contains all current regulations
codified as of October 1 of the previous year. The Regulations are also
available online at the FCC’s website, www.fcc.gov.
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When changes are made to the FCC regulations, there is a transition period
before they become official. This transition period is usually stated as x-number
of days after the regulation is published in the Federal Register.

1.5.5 Susceptibility

In August 1982, the U.S. Congress amended the Communications Act of 1934
(House Bill #3239) to give the FCC authority to regulate the susceptibility of
home electronics equipment and systems. Examples of home electronics
equipment are radio and television sets, home burglar alarm and security
systems, automatic garage door openers, electronic organs, and stereo/high-
fidelity systems. Although this legislation is aimed primarily at home entertain-
ment equipment and systems, it is not intended to prevent the FCC from
adopting susceptibility standards for devices that are also used outside the
home. To date, however, the FCC has not acted on this authority. Although it
published an inquiry into the problem of Radio Frequency Interference to
Electronic Equipment in 1978 (General Docket No. 78-369), the FCC relies on
self-regulation by industry. Should industry become lax in this respect, the FCC
may move to exercise its jurisdiction.

Surveys of the electromagnetic environment (Heirman 1976, Janes 1977) have
shown that a field strength greater than 2 V/m occurs about 1% of the time.
Because no legal susceptibility requirements exist for commercial equipment in
the United States, a reasonable minimum immunity level objective might be 2 to
3 V/m. Clearly products with susceptibility levels of less than 1 V/m are not well
designed and are very likely to experience interference from rf fields during their
life span.

In 1982, the government of Canada released an Electromagnetic Compat-
ibility Advisory Bulletin (EMCAB-1) that defined three levels, or grades, of
immunity for electronic equipment, and stated the following:

1. Products that meet GRADE 1 (1 V/m) are likely to experience perfor-
mance degradation.

2. Products that meet GRADE 2 (3 V/m) are unlikely to experience
degradation.

3. Products that meet GRADE 3 (10 V/m) should experience performance
degradation only under very arduous circumstances.

In June 1990, an updated version of EMCAB-1 was issued by Industry
Canada. This updated version concludes that products located in populated
areas can be exposed to field strengths that range from 1 V/m to 20 V/m over
most of the frequency band.

1.5.6 Medical Equipment

Most medical equipment (other than what comes under the Part 18 Rules) is
exempt from the FCC Rules. The Food and Drug Administration (FDA), not
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the FCC, regulates medical equipment. Although the FDA developed EMC
standards, as early as 1979 (MDS-201-0004, 1979), they have never officially
adopted them as mandatory. Rather, they depend on their inspectors’ guideline
document to assure that medical devices are properly designed to be immune to
electromagnetic interference (EMI). This document, Guide to Inspections of
Electromagnetic Compatibility Aspects of Medical Devices Quality Systems,
states the following:

At this time the FDA does not require conformance to any EMC standards.
However, EMC should be addressed during the design of new devices, or redesign
of existing devices.

However, the FDA is becoming increasingly concerned about the EMC
aspects of medical devices. Inspectors are now requiring assurance from
manufacturers that they have addressed EMC concerns during the design
process, and that the device will operate properly in its intended electromag-
netic environment. The above-mentioned Guide encourages manufacturers
to use IEC 60601-1-2 Medical Equipment, Electromagnetic Compatibility
Requirements and Tests as their EMC standard. IEC 60601-1-2 provides limits
for both emission and immunity, including transient immunity such as
electrostatic discharge (ESD).

As a result, in most cases, IEC 60601-1-2 has effectively become the
unofficial, de facto, EMC standard that has to be met for medical equipment
in the United States.

1.5.7 Telecom

In the United States, telecommunications central office (network) equipment is
exempt from the FCC Part 15 Rules and Regulations as long as it is installed in
a dedicated building or large room owned or leased by the telephone company.
If it is installed in a subscriber’s facility, such as an office or commercial
building, the exemption does not apply and the FCC Part 15 Rules are
applicable.

Telecordia’s (previously Bellcore’s) GR-1089 is the standard that usually
applies to telecommunications network equipment in the United States.
GR-1089 covers both emission and susceptibility, and it is somewhat similar
to the European Union’s EMC requirements. The standard is often referred to
as the NEBS requirements. NEBS stands for New Equipment Building
Standard. The standard is derived from the original AT&T Bell System internal
NEBS standard.

These standards are not mandatory legal requirements but are contractual
between the buyer and the seller. As such, the requirements can be waived or
not applied in some cases.
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1.5.8 Automotive

As stated, much (although not all) of the electronics built into transportation
vehicles are exempt from EMC regulation, such as the FCC Part 15 Rules, in
the United States (§ 15.103). This does not mean that vehicle systems do not
have legal EMC requirements. In many regions of the world, there are legislated
requirements for vehicle electromagnetic emissions and immunity. The legis-
lated requirements are typically based on many internationally recognized
standards, including CISPR, International Organization for Standardization
(ISO), and the Society of Automotive Engineers (SAE). Each of these organiza-
tions has published several EMC standards applicable to the automotive
industry. Although these standards are voluntary, the automotive manufac-
turers either rigorously apply them or use these standards as a reference in
the development of their own corporate requirements. These developed
corporate requirements may include both component and vehicle level items
and are often based upon the customer satisfaction goals of the manufacturer—
therefore, they almost have the effect of mandatory standards.

For example, SAE J551 is a vehicle-level EMC standard, and SAE J1113isa
component-level EMC standard applicable to individual electronic modules.
Both standards cover emissions and immunity and are somewhat similar to the
military EMC standards.

The resulting vehicle EMC standards cover both emissions and immunity
and are some of the toughest EMC standards in the world, partly because of the
combination of types of systems on vehicles and their proximity to each other.
These systems include high-voltage discharges (such as spark ignition systems)
located near sensitive entertainment radio receiver systems, wiring for inductive
devices such as motors and solenoids in the same wiring harness as data
communication lines, and with the newer ““hybrid vehicles” high-current motor
drive systems that operate at fast switching speeds. The radiated emission
standards are typically 40 dB more stringent than the FCC Class B limits.
Radiated immunity tests are specified up to an electric field strength of 200 V/m
(or in some cases higher) as compared with 3 or 10 V/m for most non-
automotive commercial immunity standards.

In the European Union, vehicles and electronic equipment intended for use
in these vehicles are exempt from the EMC Directive (204/108/EC), but they do
fall within the scope of the automotive directive (95/54/EC) that contains EMC
requirements.

1.6 CANADIAN EMC REQUIREMENTS

The Canadian EMC regulations are similar to those of the United States. The
Canadian regulations are controlled by Industry Canada. Table 1-7 lists
the Canadian EMC standards applicable to various types of products. These
standards can be accessed from the Industry Canada web page (www.ic.gc.ca).
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TABLE 1-7. Canadian EMC Test Standards.

Equipment Type Standard
Information technology equipment (ITE)” ICES-003
Industrial, Scientific & Medical Equipment (ISM) ICES-001
Terminal Equipment Connected to the Telephone Network CS-03

“Digital Equipment.

The ITE and ISM standards can be accessed from the Industry Canada
home page by following the following links: A-Z Index/Spectrum Management
and Telecommunications/Official Publications/Standards/Interference-Causing
Equipment Standards (ICES). The telecom standard can be accessed from
the Industry Canada home page by following the following links: A-Z Index/
Spectrum Management and Telecommunications/Official Publications/Stan-
dards/Terminal Equipment-Technical Specifications List.

The methods of measurement and actual limits for ITE are contained in
CAN/CSA-CEI/IEC CISPR 22:02, Limits and Methods of Measurement of
Radio Disturbance Characteristics of Information Technology Equipment.

To reduce the burden on U.S. and Canadian manufacturers, the United
States and Canada have a mutual recognition agreement whereby each country
agrees to accept test reports from the other country for equipment authoriza-
tion purposes (FCC Public Notice 54795, July 12, 1995).

1.7 EUROPEAN UNION’S EMC REQUIREMENTS

In May 1989, the European Union (EU) published a directive (89/336/EEC)
relating to electromagnetic compatibility, which was to be effective January 1,
1992. However, the European Commission underestimated the task of im-
plementing the directive. As a result, the European Commission amended the
directive in 1992 allowing for a 4-year transition period and requiring full
implementation of the EMC directive by January 1, 1996.

The European EMC directive differs from the FCC regulations by including
immunity requirements in addition to emission requirements. Another differ-
ence is that the directive, without exception, covers all electrical/electronic
equipment. There are no exemptions—the EMC directive even covers a light
bulb. The directive does, however, exclude equipment that is covered by
another directive with EMC provisions, such as the automotive directive.
Another example would be medical equipment, which comes under the medical
directive (93/42/EEC) not the EMC directive.

1.7.1 Emission Requirements

As stated, the EU’s conducted emission requirements are now the same as the
FCC’s (see Tables 1-5 and 1-6 as well as Fig. 1-4). The radiated emission
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TABLE 1-8. CISPR Radiated Emission Limits at 10 m.
Frequency (MHz)  Class A Limit (dB pV/m)  Class B Limit (dB uV/m)

30-230 40 30
230-1000 47 37

230 MHz
88 MHz 216 MHz, 960 MHz
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FIGURE 1-5. Comparison of FCC and CISPR radiated emission limits, measured at
a distance of 10 m.

standards are similar but not exactly the same. Table 1-8 shows the European
Union’s Class A and Class B radiated emission limits when measured at 10 m.

Figure 1-5 compares the EU’s radiated emission standard with the current
FCC standard over the frequency range of 30 MHz to 1000 MHz. The FCC
Class B limits have been extrapolated to a 10-m measuring distance for this
comparison. As can be observed the European (CISPR) limits are more
restrictive in the frequency range from 88 to 230 MHz. Below 88 MHz and
above 230 MHz the CISPR and FCC limits are virtually the same (within 0.5
dB of each other). However, the EU has no radiated emission limit above 1
GHz, whereas the FCC limits, under some circumstances (see Table 1-4), go up
to 40 GHz.

Table 1-9 is a composite worst-case combination of the FCC and CISPR
radiated emission limits when measured at 10 m.
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TABLE 1-9. Composite Worst-Case Radiated Emission Limits for
Commercial Products, Measured at a Distance of 10 m.

Frequency (MHz)  Class A Limit (dB pV/m)  Class B Limit (dB pV/m)

30-230 39 29.5
230-1000 46.5 355
>1000 49.5 43.5

1.7.2 Harmonics and Flicker

The EU has two additional emission requirements that relate to power quality
issues—harmonics and flicker. These regulations apply to products that draw
an input current of 16 A per phase or less and are intended to be connected
to the public ac power distribution system. The FCC has no similar
requirement.

The harmonic requirement (EN 61000-3-2) limits the harmonic content of
the current drawn by the product from the ac power line, (see Table 18-3). The
generation of harmonics is the result of the nonlinear behavior of the loads
connected to the ac power line. Common nonlinear loads include switched-
mode power supplies, variable-speed motor drives, and electronic ballasts for
fluorescent lamps.

A major source of harmonics is a full-wave rectifier connected directly to the
ac power line and followed by a large-value capacitor input filter. Under these
circumstances, current is only drawn from the power line when the input
voltage exceeds that on the filter capacitor. As a result, current is drawn from
the power line only on the peaks of the ac voltage waveform (see Fig. 13-4). The
resultant current waveshape is rich in odd harmonics (third, fifth, seventh, etc.).
Total harmonic distortion (THD) values of 70% to 150% are not uncommon
under these circumstances.

The number of harmonics present is determined by the rise and fall time of
the current pulse, and their magnitude by the current wave shape. Most
switching power supplies (the exception is very low-power supplies) and
variable-speed motor drives cannot meet this requirement without some kind
of passive or active power factor correction circuitry.

To alleviate this problem, the ac input current pulse must be spread out over
a larger portion of a cycle to reduce the harmonic content. Normally the THD
of the current pulse must be reduced to 25% or less to be compliant with the
EU regulations.

The flicker requirements (EN 61000-3-3) limit the transient ac power line
current drawn by the product; see Table 18-4. The purpose of this requirement
is to prevent lights from flickering, because it is perceived as being disturbing to
people. The regulations are based on not providing a noticeable change in the
illumination of a 60-W incandescent lamp powered off the same ac power
supply as the equipment under test.
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Because of the finite source impedance of the power line, the changing
current requirements of equipment connected to the line produces correspond-
ing voltage fluctuations on the ac power line. If the voltage variation is large
enough, it will produce a perceptible change in lighting illumination. If the load
changes are of sufficient magnitude and repetition rate, the resulting flickering
of lights can be irritating and disturbing.

To determine an applicable limit, many people were subjected to light flicker
to determine the irritability threshold. When the flicker rate is low (<1 per
minute), the threshold of irritability is when the ac line voltage changes by 3%.
People are most sensitive to light flicker when the rate is around 1000 times per
minute. At a rate of 1000 times per minute, a 0.3% voltage change is just as
irritating as a 3% change at less than one change per minute. Above about 1800
changes per minute, light flicker is no longer perceived.

Most EMC emission requirements are based on the magnitude of a
measured parameter not exceeding a specified amount (the limit). However,
flicker tests are different in that they require many measurements to be made
and then a statistical analysis to be performed on the measured data to
determine whether the limit is exceeded.

For most equipment, this requirement is not a problem because they
naturally do not draw large transient currents off the ac power line. However,
the requirement can be a problem for products that suddenly switch on heaters
that draw large currents, or motors under a heavy load. An example would be
when an air conditioner compressor or a large heater in a copy machine is
suddenly switched on.

1.7.3 Immunity Requirements

The EU’s immunity requirements cover radiated and conducted immunity, as
well as transient immunity that include ESD, electrical fast transient (EFT),
and surge.

The EFT requirement simulates noise generated by inductively switched
loads on the ac power line. As a contactor is opened to an inductive load, an arc
is formed that extinguishes and restarts many times. The surge requirement is
intended to simulate the effect of a nearby lightning pulse.

In addition, the EU has susceptibility requirements that cover ac voltage
dips, sags, and interruptions.

For additional information on these transient immunity and power line
disturbance requirements, see Sections 14.3 and 14.4.

1.7.4 Directives and Standards

The European regulations consist of directives and standards. The directives
are very general and are the legal requirements. The standards provide one way,
but not the only way, to comply with the directive.
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The EMC Directive 2004/108/EC (which superceded the original EMC
Directive 89/336/EEC) defines the essential requirements for a product to be
marketed in the EU. They are as follows:

1. The equipment must be constructed to ensure that any electromagnetic
disturbance it generates allows radio and telecommunication equipment
and other apparatus to function as intended.

2. The equipment must be constructed with an inherent level of immunity to
externally generated electromagnetic disturbances.

These are the only legal requirements with respect to EMC and the require-
ments are vague. The directive provides for two methods of demonstrating
compliance with its requirements. The most commonly used is by a declaration
of conformity; the other option is the use of a technical construction file.

If a product is tested to and complies with the applicable EMC standards it is
presumed to meet the requirements of the directive, and the manufacturer can
produce a declaration of conformity attesting to that fact.

A declaration of conformity is a self-certification process in which the
responsible party, manufacturer or importer, must first determine the applic-
able standards for the product, test the product to the standards, and issue a
declaration declaring compliance with those standards and the EMC directive.
The declaration of conformity can be a single-page document but must contain
the following:

o Application of which council directives (all applicable directives)

» Standards used (including date of standard) to determine conformity
e Product name and model number, also serial numbers if applicable

e Manufacturer’s name and address

o A dated declaration that the product conforms to the directives

» A signature by a person empowered to legally bind the manufacturer

The technical construction file approach to demonstrating conformity is
unique to the European Union. The technical construction file is often used
where no harmonized standards exist for the product and the manufacturer
does not think that the generic standards are appropriate. In this case, the
manufacturer produces a technical file to describe the procedures and tests used
to ensure compliance with the EMC directive. The manufacturer can develop
its own EMC specifications and test procedures. The manufacturer can decide
how, where, when, or if, the product is tested for EMC. An independent
competent body, however, must approve the technical construction file. The
competent bodies are appointed by the individual states of the European
Union, and the European Commission publishes a list of them in the Official
Journal of the European Union. The competent body must agree that, using the
manufacturer’s procedures and tests, the product satisfies the essential
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requirements of the EMC directive. This approach is acceptable, because in the
European Union, the EMC directive is the legal document that must be
satisfied, not the standards. In most other jurisdictions, the standards are the
legal documents that must be complied with.

Products whose compliance with the EMC directive has been demonstrated
by one of the above procedures shall be labeled with the CE mark. The CE
mark consists of the lower case letters “ce” in a specified, distinctive font.
Affixing the CE mark to a product indicates conformity to all applicable
directives, not just the EMC directive. Other applicable directives might be, the
safety directive, the toy directive, the machinery directive, and so on.

Two types of standards exist in the European Union: product specific and
generic.* Product-specific standards always take precedence over generic
standards. However, if no applicable product-specific standard exists for a
product, the generic standards are then applicable. Emission and immunity
requirements for a product are usually covered by different standards.
Currently, over 50 different standards are associated with the EMC directive.
Table 1-10 lists some of the more commonly applicable product-specific
standards, as well as the four generic EMC standards. If a product-specific
standard does not exist in a category, then the requirement defaults to the
appropriate generic standard.

The EU’s standards writing organization CENELEC (the European Com-
mittee for Electro-Technical Standardization) has been given the task of
drawing up the corresponding technical specifications meeting the essential
requirements of the EMC directive, compliance with which will provide a
presumption of conformity with the essential requirements of the EMC

TABLE 1-10. European Union’s EMC Test Standards.

Equipment Type Emission Immunity

Product Specific Standards

Information Technology Equipment (ITE) EN 55022 EN 55024
Industrial, Scientific & Medical Equipment (ISM) EN 55011 -

Radio & Television Receivers EN 55013 EN 55020
Household Appliances/Electric Tools EN 55014-1 EN 55014-2
Lamps & Luminaries EN 55015 EN 61547
Adjustable Speed Motor Drives EN 61800-3  EN 61800-3
Medical Equipment” EN 60601-1-2 EN 60601-1-2

Generic Standards
Residential, Commercial, Light Industrial Environment EN 61000-6-3 EN 61000-6-1
Heavy Industrial Environment EN 61000-6-4 EN 61000-6-2

“Covered by the Medical Directive (93/42/EEC), not the EMC Directive

* A third type of standard also exists, which is a basic standard. Basic standards are usually test or
measurement procedures and are referenced by the product-specific or generic standards.
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directive. Such specifications are referred to as harmonized standards. Most
CENELEC standards are derived from International Electro-Technical Com-
mittee (ITC) or CISPR standards—ITC for immunity standards and CISPR
for emission standards. The CENELEC standards, or European Norms (EN),
are not official until a reference to them is published in the ““Official Journal of
the European Union.”

As new standards come into existence and existing standards are modified,
as regularly happens, a transition period, usually of 2 years is specified in
the standard. During the transition period, either the old standard or the new
standard can be used to demonstrate compliance with the EMC directive.

The latest information on the EMC Directive 2004/108/EC and the harmo-
nized standards can be obtained on the following website: http://europa.cu.int/
comm/enterprise/newapproach/standardization/harmstds/reflist/emc.html.

In light of the large breadth and scope of the EMC Directive and the variety
of products covered, the European Commission in 1997 felt it necessary to
publish a 124-page guideline to the interpretation of the EMC directive to be
used by manufacturers, test laboratories, and other parties affected by the
directive (European Commission, 1997). This guideline was intended to clarify
matters and procedures relating to the interpretation of the EMC Directive. It
also clarified the application of the Directive to components, subassemblies,
apparatus, systems, and installations, as well as the application of the Directive
to spare parts, used, and repaired apparatus.

1.8 INTERNATIONAL HARMONIZATION

It would be desirable to have one international EMC standard for allowable
emission and immunity of electronic products, instead of many different
national standards. This would allow a manufacturer to design and test a
product to one standard that would be acceptable worldwide. Figure 1-6
depicts a typical commercial product and shows the different types of EMC
requirements, both emission and immunity, that it might have to meet in a
harmonized world market.

Even more important than a single uniform EMC standard is a single
uniform EMC test procedure. If the test procedure is the same, then an EMC
test could be performed once and the results compared against many different
standards (limits) to determine compliance with each regulation. When the test
procedures are different, however, the product must be retested for each
standard, which is a costly and time-consuming task.

The most likely vehicle for accomplishing harmonization is the European
Union’s EMC standards, which are based on the CISPR standards. CISPR was
formed in 1934 to determine measurement methods and limits for radio-
frequency interference to facilitate international trade. CISPR has no regula-
tory authority, but its standards, when adopted by governments, become
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FIGURE 1-6. Typical composite worldwide commercial EMC requirements.

national standards. In 1985 CISPR adopted a new set of emission standards
(Publication 22) for Information Technology Equipment (computer and digital
electronics). The European Union has adopted the CISPR standard as the basis
for their emission requirements. As a voting member of CISPR, the United
States voted in favor of the new standard. This action puts considerable
pressure on the FCC to adopt the same standards.

In 1996, the FCC modified its Part 15 Rules to allow manufacturers to use a
Declaration of Conformity as a compliance procedure for personal computers
and their peripherals, which is similar to that used by the EU’s EMC
regulations. As stated, the FCC also has adopted the CISPR limits for
conducted emission.

1.9 MILITARY STANDARDS

Another important group of EMC standards are those issued by the U.S.
Department of Defense and are applicable to military and aerospace equip-
ment. In 1968, the Department of Defense consolidated the multitude of
different EMC standards from the various branches of the service into two
universally applicable standards. MIL-STD-461 specified the limits that had to
be met, and MIL-STD-462 specified the test methods and procedures for
making the tests contained in MIL-STD-461. These standards are more
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stringent than the FCC regulations, and they cover immunity as well as
emissions in the frequency range of 30 Hz to 40 GHz.

Over the years, these standards have gone through revisions that ranged
from MIL-STD-461A in 1968 to MIL-STD-461E in 1999. In 1999, MIL-STD-
461D (Limits) and MIL-STD-462D (Test Procedures) were merged into one
standard MIL-STD-461E that covered both limits and test procedures.*

Unlike commercial standards, MIL-STDs are not legal requirements; rather,
they are contractual requirements. As such, test limits can be negotiated and
waivers are possible. Earlier versions are still applicable to current products
because the requirements are contractual, not legal. Normally whatever version
the original procurement contract specified is still applicable.”

The test procedures specified in the military standards are often different
than those specified by commercial EMC standards, which makes a direct
comparison of the limits difficult. For radiated emissions the military standard
specifies enclosed chamber (shielded room) testing, whereas the FCC and the
EU rules require open-area testing. For conducted emission testing, the military
standards originally measured current, whereas the commercial standards
measure voltage.

As more was learned about EMC testing and its accuracy, the military has
come under some criticism for some of its test procedures. As a result, the
military has adopted some of the commercial test procedures. For example,
MIL-STD-461E specifies the use of a LISN and the measurement of voltage
rather than current for conducted emission testing. Also MIL-STD-461E
requires that some absorber material must be used on the walls of chambers
used for emission and immunity testing to make the chamber at least partially
anechoic.

Table 1-11 is a list of the emission and immunity requirements established by
MIL-STD-461E. Tests are required for both radiated and conducted emissions
as well as for radiated, conducted, and high-voltage transient susceptibility.

The military standards are application specific, often with different limits for
different environments (such as Army, Navy, aerospace, etc.). Some require-
ments listed in Table 1-11 are applicable to only certain environments and not
to others. Table 1-12 lists the applicability of the requirements to the various
environments.

1.10 AVIONICS

The commercial avionics industry has its own set of EMC standards, which are
similar to those of the military. These standards apply to the entire spectrum of
commercial aircraft, which includes light general aviation aircraft, helicopters,

*On December 10, 2007, MIL-STD 461F was released.
"By contrast, when a commercial standard is revised or modified, all newly manufactured products
must comply with the new limits by the end of the specified transition period.
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TABLE 1-11. Emission and Susceptibility Requirements of MIL-STD-461E.

Requirement Description

CE101 Conducted Emissions, Power Leads, 30 Hz to 10 kHz

CE102 Conducted Emissions, Power Leads, 10 kHz to 10 MHz

CE106 Conducted Emissions, Antenna Terminals, 10 kHz to 40 GHz

CS101 Conducted Susceptibility, Power Leads, 30 Hz to 50 kHz

CS103 Conducted Susceptibility, Antenna Port, Inter—-modulation, 15 kHz
to 10 GHz

CS104 Conducted Susceptibility, Antenna Port, Rejection of Undesired
Signals, 30 Hz to 20 GHz

CS105 Conducted Susceptibility, Antenna Port, Cross-modulation, 30 Hz to
20 GHz

CS109 Conducted Susceptibility, Structure Current, 60 Hz to 100 kHz

CS114 Conducted Susceptibility, Bulk Current Injection, 10 kHz to 40 MHz

CS115 Conducted Susceptibility, Bulk Current Injection, Impulse Excitation

CS116 Conducted Susceptibility, Damped Sinusoidal Transients, Cables
and Power Leads, 10 kHz to 100 MHz

RE101 Radiated Emission, Magnetic Field, 30 Hz to 100 kHz

REI102 Radiated Emission, Electric Field, 10 kHz to 18 GHz

RE103 Radiated Emission, Antenna Spurious and Harmonic Outputs, 10
kHz to 40 GHz

RS101 Radiated Susceptibility, Magnetic Field, 30 Hz to 100 kHz

RS103 Radiated Susceptibility, Electric Field, 10 kHz to 40 GHz

RS105 Radiated Susceptibility, Transient Electromagnetic Field

TABLE 1-12. Requirement Applicability Matrix, MIL-STD-461E.

CCCCCCCCCCCRRRRRR
Equipment Installed In,On,or E E ES S S S S S S S EEES S S
Launched From the Following 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Platforms or Installations 00000O0OO0OO0OTT1TT1TOOO0OO0OT OO

1 26134594561 2313S5
Surface Ships NALASSSNALAAALAAL
Submarines AALASSSLALAAALAAL
Aircraft, Army, & Flight Line A AL AS S S NAAAAALAAL
Aircraft, Navy LALASSSNAAALALTLATL
Aircraft, Air Force NALASSSNAAANALNAN
Space Systems & LaunchEq. N A L AS S S NA A ANALNAN
Ground, Army NALASSSNAAANALTLAN
Ground, Navy NALASSSNAAANALAAL
Ground, Air Force NALASSSNAAANALNAN

A =applicable, L = limited applicability as specified in the standard, S=applicable only if specified
in procurement document, N =not applicable.
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and jumbo jets. The Radio Technical Commission for Aeronautics (RTCA)
produces these standards for the avionics industry. The current version is
RTCA/DO-160E Environmental Conditions and Test Procedures For Airborne
Equipment and was issued in December 2004. Sections 15 through 23 and
Section 25 cover EMC issues.

Like the military standard, DO-160E is a contractual, not legal, requirement,
so its terms may be negotiable.

1.11 THE REGULATORY PROCESS

We are all probably familiar with the phrase ignorance of the law is no defense.
How then do governments make their commercial EMC regulations public, so
that we all presumably know of their existence? In most countries, regulations
are made public by publication, or being referenced, in the “Official Journal” of
that country. In the United States, the official journal is the Federal Register; in
Canada, it is the Canada Gazette; and in the European Union, it is the Official
Journal of the European Union.

Once a regulation is published, or referenced, in the official journal, its
official, and everyone is presumed to know of its existence.

1.12 TYPICAL NOISE PATH

A block diagram of a typical noise path is shown in Fig. 1-7. As shown, three
elements are necessary to produce an interference problem. First, there must be a
noise source. Second, there must be a receptor circuit that is susceptible to the
noise. Third, there must be a coupling channel to transmit the noise from the source
to the receptor. In addition, the characteristics of the noise must be such that it is
emitted at a frequency that the receptor is susceptible, an amplitude sufficient to
affect the receptor, and a time the receptor is susceptible to the noise. A good way
to remember the important noise characteristics is with the acronym FAT.

The first step in analyzing a noise problem is to define the problem. This is
done by determining what is the noise source, what is the receptor, what is
the coupling channel, and what are the FAT characteristics of the noise. It
follows that there are three ways to break the noise path: (1) the characteristics
of the noise can be changed at the source, (2) the receptor can be made
insensitive to the noise, or (3) the transmission through the coupling channel

NOISE COUPLING
SOURCE CHANNEL

RECEPTOR

FIGURE 1-7. Before noise can be a problem, there must be a noise source, a receptor,
and a coupling channel.



1.13 METHODS OF NOISE COUPLING 31

can be eliminated or minimized. In some cases, the noise suppression techni-
ques must be applied to two or to all three parts of the noise path.

In the case of an emission problem, we are most likely to attack the source of
the emissions by changing its characteristics—its frequency, amplitude, or time.
For a susceptibility problem, we are most likely to direct our attention to
modifying the receptor to increase its immunity to the noise. In many cases,
modifying the source or receptor is not practical, which then leaves us with only
the option of controlling the coupling channel.

As an example, consider the circuit shown in Fig. 1-8. It shows a shielded
direct current (dc) motor connected to its motor-drive circuit. Motor noise is
interfering with a low-level circuit in the same equipment. Commutator noise
from the motor is conducted out of the shield on the leads going to the drive
circuit. From the leads, noise is radiated to the low-level circuitry.

In this example, the noise source consists of the arcs between the brushes and
the commutator. The coupling channel has two parts: conduction on the motor
leads and radiation from the leads. The receptor is the low-level circuit. In this
case, not much can be done about the source or the receptor. Therefore, the
interference must be eliminated by breaking the coupling channel. Noise
conduction out of the shield or radiation from the leads must be stopped, or
both steps may be necessary. This example is discussed more fully in Section 5.7.

1.13 METHODS OF NOISE COUPLING

1.13.1 Conductively Coupled Noise

One of the most obvious, but often overlooked, ways to couple noise into a
circuit is on a conductor. A wire run through a noisy environment may pick up

MOTOR ‘
NOISE DC
CONTROL
CIRCUIT % CURRENT MOTOR

RADIATED
NOISE
LOW- SHIELD
LEVEL
CIRCUITS

FIGURE 1-8. In this example, the noise source is the motor, and the receptor is the
low-level circuit. The coupling channel consists of conduction on the motor leads and
radiation from the leads.
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noise and then conduct it to another circuit. There it causes interference. The
solution is to prevent the wire from picking up the noise or to remove the noise
from it by filtering before it interferes with the susceptible circuit.

The major example in this category is noise conducted into a circuit on the
power supply leads. If the designer of the circuit has no control over the power
supply, or if other equipment is connected to the power supply, it becomes
necessary to decouple or filter the noise from the wires before they enter the
circuit. A second example is noise coupled into or out of a shielded enclosure by
the wires that pass through the shield.

1.13.2 Common Impedance Coupling

Common impedance coupling occurs when currents from two different circuits
flow through a common impedance. The voltage drop across the impedance
observed by each circuit is influenced by the other circuit. This type of coupling
usually occurs in the power and/or ground system. The classic example of this
type of coupling is shown in Fig. 1-9. The ground currents 1 and 2 both flow
through the common ground impedance. As far as circuit 1 is concerned,
its ground potential is modulated by ground current 2 flowing in the common
ground impedance. Some noise, therefore, is coupled from circuit 2 to circuit 1,
and vice versa, through the common ground impedance.

Another example of this problem is illustrated in the power distribution
circuit shown in Fig. 1-10. Any change in the supply current required by circuit
2 will affect the voltage at the terminals of circuit 1 because of the common
impedances of the power supply lines and the internal source impedance of the
power supply. A significant improvement can be obtained by connecting

CIRCUIT CIRCUIT
1 2

A A

| |

| |

| |

' |

|

[ GROUND ‘— GROUND
GROUND CUR1RENT CURRENT GROUND
VOLTAGE - VOLTAGE
CIRCUIT 1 o CIRCUIT 2

| COMMON |

* GROUND ']

— |IMPEDANCE

FIGURE 1-9. When two circuits share a common ground, the ground voltage of each
one is affected by the ground current of the other circuit.
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i1+i2 i1
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POWER COMMON LINE CIRCUIT
SUPPLY {MPEDANCES 1
T \ AN 1
SOURCE _
IMPEDANCE 12

CIRCUIT
2

FIGURE 1-10. When two circuits share a common power supply, current drawn by
one circuit affects the voltage at the other circuit.

the leads from circuit 2 directly to the power supply output terminals, thus
bypassing the common line impedance. However, some noise coupling through
the power supply’s internal impedance will remain.

1.13.3 Electric and Magnetic Field Coupling

Radiated electric and magnetic fields provide another means of noise coupling.
All circuit elements, including conductors, radiate electromagnetic fields when-
ever a charge is moved. In addition to this unintentional radiation, there is the
problem of intentional radiation from sources such as broadcast stations and
radar transmitters. When the receiver is close to the source (near field), electric
and magnetic fields are considered separately. When the receiver is far from the
source (far field), the radiation is considered as combined electric and magnetic
or electromagnetic radiation.*

1.14 MISCELLANEOUS NOISE SOURCES

1.14.1 Galvanic Action

If dissimilar metals are used in the signal path in low-level circuitry, a noise
voltage may appear from the galvanic action between the two metals. The
presence of moisture or water vapor in conjunction with the two metals
produces a chemical wet cell (galvanic couple). The voltage developed depends
on the two metals used and is related to their positions in the galvanic series

*See Chapter 6 for an explanation of near field and far field.
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TABLE 1-13. Galvanic Series.

ANODIC END
(Most susceptible to corrosion)
Group | 1. Magnesium 13. Nickel (active)
14. Brass
2. Zinc 15. Copper
3. Galvanized steel 16. Bronze
Group II 4. Aluminum 28 Group 1V 17. Copper-nickel alloy
5. Cadmium 18. Monel
6. Aluminum 17ST 19. Silver solder
20. Nickel (passive)’
7. Steel 21. Stainless steel
8. Iron (passive)’
9. Stainless steel
Group III (active) 22. Silver
10. Lead-tin solder Group V 23. Graphite
11. Lead 24. Gold
12. Tin 25 Platinum

CATHODIC END
(Least susceptibility to corrosion)

“Passivation by immersion in a strongly acidic solution.

shown in Table 1-13. The farther apart the metals are on this table, the larger
the developed voltage. If the metals are the same, no potential difference can
develop.

In addition to producing a noise voltage, the use of dissimilar metals can
produce a corrosion problem. Galvanic corrosion causes positive ions from
one metal to be transferred to the other one. This action gradually causes
the anode material to be destroyed. The rate of corrosion depends on the
moisture content of the environment and how far apart the metals are in
the galvanic series. The farther apart the metals are in the galvanic series, the
faster the ion transfer. An undesirable, but common, combination of metals is
aluminum and copper. With this combination, the aluminum is eventually
eaten away. The reaction slows down considerably, however, if the copper is
coated with lead-tin solder because aluminum and lead-tin solder are closer in
the galvanic series.

The following four elements are needed before galvanic action can occur:

Anode material (higher rank in Table 1-13)
Electrolyte (usually present as moisture)
Cathode material (lower rank in Table 1-13)

Conducting electrical connection between anode and cathode (usually
present as a leakage path)

sl s
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FIGURE 1-11. Galvanic action can occur if two dissimilar metals are joined and
moisture is present on the surface.

Galvanic action can take place even if moisture does not get between the
anode and the cathode. All that is needed is some moisture on the surface where
the two metals come together, as shown in Fig. 1-11.

As observed in Table 1-13, the metals of the galvanic series are divided into
five groups. When dissimilar metals must be combined, it is desirable to use
metals from the same group. Usually metals from adjacent groups can be used
together if the product is to be used in a fairly benign indoor environment.

Other methods of minimizing corrosion between two dissimilar metals are as
follows:

o Keep the cathode material as small as possible.

» Plate one of the materials to change the group that the contact surface
is in.

» Coat the surface, after joining to exclude surface moisture.

1.14.2  Electrolytic Action

A second type of corrosion is caused by electrolytic action. It is caused by a
direct current flowing between two metals with an electrolyte (which could be
slightly acidic ambient moisture) between them. This type of corrosion does
not depend on the two metals used and will occur even if both are the same.
The rate of corrosion depends on the magnitude of the current and on the
conductivity of the electrolyte.

1.14.3 Triboelectric Effect

A charge can be produced on the dielectric material within a cable, if the
dielectric does not maintain contact with the cable conductors. This is called the
triboelectric effect. It is usually caused by mechanical bending of the cable.
The charge acts as a noise voltage source within the cable. Eliminating sharp
bends and cable motion minimizes this effect. A special “low-noise” cable is
available in which the cable is chemically treated to minimize the possibility of
charge buildup on the dielectric.
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1.14.4 Conductor Motion

If a conductor is moved through a magnetic field, a voltage is induced between
the ends of the wire. Because of power wiring and other circuits with high-
current flow, stray magnetic fields exist in most environments. If a wire with a
low-level signal is allowed to move through this field, then a noise voltage will
be induced in the wire. This problem can be especially troublesome in a
vibrational environment. The solution is simple: prevent wire motion with cable
clamps and other tie-down devices.

1.15 USE OF NETWORK THEORY

For the exact answer to the question of how any electric circuit behaves,
Maxwell’s equations must be solved. These equations are functions of three
space variables (x, y, z) and of time (t)—a four-dimensional problem. Solutions
for any but the simplest problems are usually complex. To avoid this complex-
ity, an approximate analysis technique called “‘electric circuit analysis™ is used
during most design procedures.

Circuit analysis eliminates the spatial variables and provides approximate
solutions as a function of time (or frequency) only. Circuit analysis assumes the
following:

1. All electric fields are confined to the interiors of capacitors.
2. All magnetic fields are confined to the interiors of inductors.

3. Dimensions of the circuits are small compared with the wavelength(s)
under consideration.

What is really implied is that external fields, even though actually present,
can be neglected in the solution of the network. Yet these external fields
may not necessarily be neglected where their effect on other circuits is
concerned.

For example, a 100-W power amplifier may radiate 100 mW of power. These
100 mW are completely negligible as far as the analysis and operation of the
power amplifier is concerned. However, if only a small percentage of this
radiated power is picked up on the input of a sensitive circuit, it may cause
interference.

Even though the 100 mW of radiated emission is completely negligible to the
100-W power amplifier, a sensitive radio receiver, under the right conditions,
may be capable of picking up the signal thousands of miles away.

Whenever possible, noise-coupling channels are represented as equivalent
lumped component networks. For instance, a time-varying electric field that
exists between two conductors can be represented by a capacitor connecting the
two conductors as shown in Fig. 1-12. A time-varying magnetic field that
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FIGURE 1-12. When two circuits are coupled by an electric field, the coupling can be
represented by a capacitor.

couples two conductors can be represented by a mutual inductance between the
two circuits as shown in Fig. 1-13.

For this approach to be valid, the physical dimensions of the circuits must be
small compared with the wavelengths of the signals involved. Wherever
appropriate, this assumption is made throughout this book.

Even when this assumption is not truly valid, the lumped component
representation is still useful for the following reasons:

1. The solution of Maxwell’s equations is not practical for most ‘“real-
world” noise problems because of the complicated boundary conditions.

2. Although lumped component representation will not produce the most
accurate numerical answer, it does clearly show how noise depends on
the parameters of the system. On the other hand, the solution of
Maxwell’s equations, even if possible, does not clearly show such
parameter dependence.

3. To solve a noise problem, a parameter of the system must be changed,
and lumped circuit analysis clearly points out the parameter dependence.

In general, the numerical values of the lumped components are extremely
difficult to calculate with any precision, except for certain special geometries.
One can conclude, however, that these components exist, and as will be shown,
the results can be very useful even when the components are only defined in
a qualitative sense.
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FIGURE 1-13. When two circuits are coupled by a magnetic field, the coupling can be
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represented as a mutual inductance.

SUMMARY

e Designing equipment that does not generate noise is as important as

designing equipment that is not susceptible to noise.

Noise sources can be grouped into the following three categories: (1)
intrinsic noise sources, (2) man-made noise sources, and (3) noise caused

by natural disturbances.

To be cost effective, noise suppression must be considered early in the design.

Electromagnetic compatibility is the ability of an electronic system to
function properly in its intended electromagnetic environment.

Electromagnetic compatibility has two aspects, emission and susceptibility.
Electromagnetic compatibility should be designed into a product not

added on at the end of the design.
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e Most electronic equipment must comply with EMC regulations before
being marketed.

o EMC regulations are not static but are continually changing.
e The three major EMC regulations are the FCC rules, the European
Union’s regulations, and the military standards.
» The following products are temporarily exempt from the FCC requirements:
» Digital electronics in transportation vehicles
o Industrial control systems
o Test equipment
* Home appliances
» Specialized medical devices
» Devices with power consumption not exceeding 6 nW
» Joystick controllers or similar devices

» Devices with clock frequencies less than 1.705 kHz, and which do not
operate from the AC power line

e Virtually no products are exempt from the European Union’s EMC
requirements.

o Electromagnetic compatibility should be a major design objective.
o The following three items are necessary to produce an interference problem:
* A noise source
e A coupling channel
» A susceptible receptor
o Three important characteristics of noise are as follows:
* Frequency
o Amplitude
» Time (when does it occur)
e Metals in contact with each other must be galvanically compatible.

e Noise can be reduced in an electronic system using many techniques; a
single unique solution to most noise reduction problems does not exist.

PROBLEMS

1.1  What is the difference between noise and interference?
1.2 a. Does a digital watch satisfy the FCC’s definition of a digital device?
b. Does a digital watch have to meet the FCC’s EMC requirements?

1.3 a. Does test equipment have to meet the technical standards of the FCC’s
Part 15 EMC regulations?

b. Does test equipment have to meet the non-interference requirement of
the FCC’s Part 15 EMC regulations?
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1.4

1.5

1.6

1.7

1.8

1.9
1.10

1.12

1.13

1.14

1.15

ELECTROMAGNETIC COMPATIBILITY

a. Who is responsible for meeting the technical standards of the FCC’s
EMC regulations?
b. Who is responsible for meeting the non-interference requirement of the
FCC’s EMC regulations?
Are the FCC’s or the European Union’s Class B radiated emission limits
more restrictive:
. In the frequency range of 30 to 88 MHz?
. In the frequency range of 88 to 230 MHz?
In the frequency range of 230 to 960 MHz?
. In the frequency range of 960 to 1000 MHz?
Over what frequency range, below 500 MHz, does the maximum
difference exist between the FCC’s and the European Union’s Class
B radiated emission limits?

& a0 o

b. What is the magnitude of the maximum difference over this frequency
range?

a. Over what frequency range does the FCC specify conducted emission
limits?

b. Over what frequency range does the FCC specify radiated emission
limits?

a. What are the essential requirements for a product to be marketed in the
European Union?

b. Where are the essential requirements defined?

By what process are commercial EMC regulations made public?

What is the major difference between the FCC’s EMC requirement and

the European Union’s EMC requirements?

What additional emission requirements does the European Union have

that the FCC does not?

Your company is in the process of designing a new electronic widget to be

marketed in the European Union. The widget will be used in both

residential and commercial environments. You review the most current

list of harmonized product specific EMC standards, and none of them

apply to widgets. What EMC standards (specifically) should you use to

demonstrate EMC compliance?

To be legally marketed in the European Union, must an electronic

product be compliant with the harmonized EMC standards?

In the European Union, what are the two methods of demonstrating

compliance with the EMC directive?

Which of the following EMC standards are legal requirements and which

are contractual?

e« FCC Part 15 B

e MIL-STD-461E
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2004/108/EC EMC Directive
« RTCA/DO-160E for avionics
* GR-1089 for telephone network equipment
o TIA-968 for telecom terminal equipment
« SAE J551 for automobiles
1.16 What are the official journals of the following countries: the United
States, Canada, and the European Union?
1.17 In the United States, does medical equipment have to meet the FCC’s
EMC requirements?
1.18 What are the three necessary elements to produce an interference problem?
1.19 When analyzing the characteristics of a noise source, what does the
acronym FAT stand for?
1.20 a. Which of the following metals is the most susceptible to corrosion:
cadmium, nickel (passive), magnesium, copper, or steel?
b. Which is the least susceptible to corrosion?
1.21 If a tin plate is bolted to a zinc casting, because of galvanic action, which
metal will be corroded or eaten away?
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2 Cabling

Cables are important because they are usually the longest parts of a system and
therefore act as efficient antennas that pick up and/or radiate noise. This
chapter covers the coupling mechanisms that occur between fields and cables,
and between cables (crosstalk), both unshielded and shielded cables are
considered.

In this chapter, we assume the following:

1. Shields are made of nonmagnetic materials and have a thickness much
less than a skin depth at the frequency of interest.*

2. The receptor is not coupled so tightly to the source that it loads down the
source.

3. Induced currents in the receptor circuit are small enough not to distort
the original field. (This does not apply to a shield around the receptor
circuit.)

4. Cables are short compared with a wavelength.

Because cables are assumed short compared with a wavelength, the coupling
between circuits can be represented by lumped capacitance and inductance
between the conductors. The circuit can then be analyzed by normal network
theory.

Three types of couplings are considered. The first is capacitive or electric
coupling, which results from the interaction of electric fields between circuits.
This type of coupling is commonly identified in the literature as electrostatic
coupling, an obvious misnomer because the fields are not static.

The second is inductive, or magnetic, coupling, which results from the
interaction between the magnetic fields of two circuits. This type of coupling is
commonly described as electromagnetic, which again is misleading terminology
because no electric fields are involved. The third is a combination of electric and
magnetic fields and is appropriately called electromagnetic coupling or radia-
tion. The techniques developed to cope with electric coupling are also

*If the shield is thicker than a skin depth, some additional shielding is present besides that
calculated by methods in this chapter. The effect is discussed in more detail in Chapter 6.

Electromagnetic Compatibility Engineering, by Henry W. Ott
Copyright © 2009 John Wiley & Sons, Inc.
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appropriate for the electromagnetic case. For analysis in the near field, we
normally consider the electric and magnetic fields separately, whereas the
electromagnetic field case is considered when the problem is in the far field.*
The circuit causing the interference is called the source, and the circuit being
affected by the interference is called receptor.

2.1 CAPACITIVE COUPLING

A simple representation of capactive coupling between two conductors is
shown in Fig. 2.1." Capacitance C,, is the stray capacitance between con-
ductors 1 and 2. Capacitance C,g is the capacitance between conductor 1 and
ground, C, is the total capacitance between conductor 2 and ground, and R is
the resistance of circuit 2 to ground. The resistance R results from the circuitry
connected to conductor 2 and is not a stray component. Capacitance Cog
consists of both the stray capacitance of conductor 2 to ground and the effect of
any circuit connected to conductor 2.

The equivalent circuit of the coupling is also shown in Fig. 2-1. Consider the
voltage V; on conductor 1 as the source of interference and conductor 2 as the
affected circuit or receptor. Any capacitance connected directly across the
source, such as C;s in Fig 2-1 can be neglected because it has no effect on the
noise coupling. The noise voltage V' produced between conductor 2 and
ground can be expressed as follows:

1 ,-CONDUCTOR§ 2

C.
Ciz 1 Y 2

N\

Vv

“Q 2|
Cia Cog ‘g
= Cia”r G n Viv
vy
PHYSICAL EQUIVALENT
REPRESENTATION CIRCUIT

FIGURE 2-1. Capacitive coupling between two conductors.

*See Chapter 6 for definitions of near and far fields.

"The two conductors in Fig. 2-1 do not have to represent wires in a cable. They could be any two
conductors in space. For example, they could just as well represent traces on a printed circuit board
(PCB).
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_ Jo[Cr2/(Cra + Cag)]
Jo + 1/R(C12 + ng)

N V. (2-1)

Equation 2-1 does not show clearly how the pickup voltage depends on the
various parameters. Equation 2-1 can be simplified for the case when R is a
lower impedance than the impedance of the stray capacitance C|, plus C,g. In
most practical cases this will be true. Therefore, for

1

RL—FF——F—,
Jjo(Cia + Cag)

Eq. 2-1 can be reduced to the following:
VN :']'CL)RCQ V] . (2-2)

Electric field (capacitive) coupling can be modeled as a current generator,
connected between the receptor circuit and ground, with a magnitude of jw
C,V,. This is shown in Fig. 2-9A.

Equation 2-2 is the most important equation to describe the capacitive
coupling between two conductors, and it shows clearly how the pickup voltage
depends on the parameters. Equation 2-2 shows that the noise voltage is
directly proportional to the frequency (w = 2nf) of the noise source, the
resistance R of the affected circuit to ground, the mutual capacitance C;,
between conductors 1 and 2, and the magnitude of the voltage V.

Assuming that the voltage and frequency of the noise source cannot be
changed, this leaves only two remaining parameters for reducing capacitive
coupling. The receiver circuit can be operated at a lower resistance level, or the
mutual capacitance C, can be decreased. Capacitance Cy, can be decreased by
proper orientation of the conductors, by shielding (described in Section 2.2), or
by physically separating the conductors. If the conductors are moved farther
apart, Cy, decreases, thus decreasing the induced voltage on conductor 2.* The
effect of conductor spacing on capacitive coupling is shown in Fig. 2-2. As a
reference, 0 dB is the coupling when the conductors are separated by three times
the conductor diameter. As can be observed in the figure, little additional
attenuation is gained by spacing the conductors a distance greater than 40 times
their diameter (1 in in the case of 22-gauge wire).

If the resistance from conductor 2 to ground is large, such that

1

R>>.77
Jo(Cra + Cag)

*The capacitance between two parallel conductors of diameter ¢ and spaced D apart is Cj, =g/
cosh™'(D/d), (F/m). For D/d > 3, this reduces to C,=mne/In(2 D/d), (F/m), where £=8.5 x 10~
farads per meter (F/m) for free space.
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then Eq. 2-1 reduces to

Cip
Vy = —————— | V. 2-3
N (Clz + Czc;) ! @-3)

Under this condition, the noise voltage produced between conductor 2 and ground
is the result of the capacitive voltage divider C}, and C,. The noise voltage is
independent of frequency and is of a larger magnitude than when R is small.

A plot of Eq. 2-1 versus w is shown in Fig. 2-3. As can be observed, the
maximum noise coupling is given by Eq. 2-3. The figure also shows that the
actual noise voltage is always less than or equal to the value given by Eq. 2-2.
At a frequency of

1
Y B 24
R(Ci2 + Cyg) -4

Eq. 2-2 gives a value of noise that is 1.41 times the actual value. In almost all
practical cases, the frequency is much less than this, and Eq. 2-2 applies.

2.2 EFFECT OF SHIELD ON CAPACITIVE COUPLING

First, consider the case of an ideal shielded conductor as shown in Fig. 2-4. An
equivalent circuit of the capacitive coupling is also shown in the figure. This is
an ideal case because of the following:

7
Ve = CpY, 7/
N CtCs TN P 7
- - N\ _ Z _ I
= 7
w . S Vs :
3 Vy = joRCy,V, X I Cyp
s ! 1 2
3 / i
> / )
ACTUAL V, |
a ! V. Caa
5 1 1 R Vy
]
4 1 :
[ T — S— !
R(Cyp + Cog) —— -
S = = =
+
]
]
h

LOG OF ANGULAR FREQUENCY o
FIGURE 2-3. Frequency response of capacitive coupled noise voltage.
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FIGURE 2-4. Capacitive coupling with shield placed around receptor conductor.

1. The shield completely encloses conductor 2—none of conductor 2 extends
beyond the shield.

2. The shield is solid—there are no holes in the shield such as would be the
case of a braided shield.

3. The shield is not terminated, and there is no terminating impedance on
conductor 2.

The shield is an unshielded conductor exposed to conductor 1, and because
there is no termination on the shield it has a high terminating impedance.
Therefore Eq. 2-3 can be used to determine the voltage picked up by the shield.
The noise voltage on the shield will be

Cis
Veg=|——""—1V. 2-5
S <C1S+CSG) 1 (2-5)

From the equivalent circuit shown in Fig. 2-4, we recognize, that for this ideal
case, the only impedance connected to conductor 2 is capacitance C»g. Because
no other impedances are connected to conductor 2, no current can flow through
C,s. As a result, there can be no voltage drop across C,g, and voltage picked up
by the conductor 2 will be

Vy = V. (2-6)

The shield therefore did not reduce the noise voltage picked up by conductor 2.

If, however, the shield is grounded, the voltage Vg = 0, and from Eq. 2-6,
the noise voltage V5 on conductor 2 is likewise reduced to zero. Therefore, we
can conclude that the shield is not effective unless it is properly terminated
(grounded). As we will observe, in many cases the shield termination is more
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important than the characteristics of the shield itself (see Section 2.15 on Shield
Terminations).

In many practical cases, the center conductor does extend beyond the shield,
and the situation becomes that of Fig. 2-5. There, C), is the capacitance
between conductor 1 and the shielded conductor 2, and C»4 is the capacitance
between conductor 2 and ground. Both of these capacitances exist because the
ends of conductor 2 extend beyond the shield and as the result of any holes in
the shield. Even if the shield is grounded, there is now a noise voltage coupled
to conductor 2. Its magnitude is expressed as follows:

Cin

Vy=——"7"—"-—V].
N Ch+ C+ Cos !

2-7)

The value of Cy5, and hence Vy, in Eq. 2-7 depends primarily on the length of
conductor 2 that extends beyond the shield and to a lesser extent on any holes
present in the shield.

For good electric field shielding, it is therefore necessary (1) to minimize the
length of the center conductor that extends beyond the shield and (2) to provide a
good ground on the shield. A single ground connection makes a good shield
ground, provided the cable is not longer than one twentieth of a wavelength.
On longer cables, multiple grounds may be necessary.

If in addition the receiving conductor has finite resistance to ground, the
arrangement is that shown in Fig. 2.6. If the shield is grounded, the equivalent
circuit can be simplified as shown in the figure. Any capacitance directly across
the source can be neglected because it has no effect on the noise coupling. The
simplified equivalent circuit can be recognized as the same circuit analyzed in
Fig. 2.1, provided C,g is replaced by the sum of C»; and C,g. Therefore, if

PHYSICAL EQUIVALENT
REPRESENTATION CIRCUIT

FIGURE 2-5. Capacitive coupling when center conductor extends beyond shield; shield
grounded at one point.
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EQUIVALENT SIMPLIFIED EQUIVALENT CIRCUIT
FIGURE 2-6. Capacitive coupling when receptor conductor has resistance to ground.

CIRCUIT FOR GROUNDED SHIELD

1

R< - s
Jo(Cra + Cag + Cag)

which is normally true, then the noise voltage coupled to conductor 2 is
VN :ijC12 V1. (2-8)

This is the same as Eq. 2-2, which is for an unshielded cable, except that Ci,
is greatly reduced by the presence of the shield. Capacitance C;>» now consists
primarily of the capacitance between conductor 1 and the unshielded portions
of conductor 2. If the shield is braided, any capacitance that exists from
conductor 1 to 2 through the holes in the braid must also be included in Cj,.
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2.3 INDUCTIVE COUPLING*

When a current 7 flows through a conductor, it produces a magnetic flux @,
which is proportional to the current. The constant of proportionality is the
inductance L; hence, we can write

7= LI, (2-9a)

where @ is the total magnetic flux and 7 is the current producing the flux.
Rewriting Eq. 2-9a, we get for the self-inductance of a conductor

L =1L 2-9b
- (2:90)
The inductance depends on the geometry of the circuit and the magnetic
properties of the media containing the field.

When current flow in one circuit produces a flux in a second circuit, there is a
mutual inductance M, between circuits 1 and 2 defined as

M, ey (2-10)
I

The symbol ¢, represents the flux in circuit 2 because of the current /; in
circuit 1.

The voltage V' induced in a closed loop of area A4 resulting from a magnetic
field of flux density B can be derived from Faraday’slaw (Hayt, 1974, p. 331) and s

d _
Vy=—— | B-dA 2-11
N dlL ) ( )

where B and A are vectors. If the closed loop is stationary and the flux density is
sinusoidally varying with time but constant over the area of the loop, Eq. 2-11
reduces to"

Vy = jwBAcos 0. (2-12)

As shown in Fig. 2-7, A4 is the area of the closed loop, B is the root mean square
(rms) value of the sinusoidally varying flux density of frequency  radians per
second, and V' is the rms value of the induced voltage.

* A more detailed discussion of the concept of inductance is in Appendix E.

" Equation 2-12 is correct when the MKS system of units is being used, Flux density B is in webers
per square meter (or tesla), and area A is in square meters. If B is expressed in gauss and A4 in square
centimeters (the CGS system), then the right side of Eq. 2-12 must be multiplied by 107%.
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FIGURE 2-7. Induced noise depends on the area enclosed by the disturbed circuit.
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FIGURE 2-8. Magnetic coupling between two circuits.

Because BA cos 0 represents the total magnetic flux (¢;,) coupled to the
receptor circuit, Egs. 2-10 and 2-12 can be combined to express the induced
voltage in terms of the mutual inductance M between two circuits, as follows:

VN :jlel =M—. (2-13)

Equations 2-12 and 2-13 are the basic equations describing inductive coupling
between two circuits. Figure 2-8 shows the inductive (magnetic) coupling
between two circuits as described by Eq. 2-13. I is the current in the interfering
circuit, and M is the term that accounts for the geometry and the magnetic
properties of the medium between the two circuits. The presence of w in Egs. 2-
12 and 2-13 indicates that the coupling is directly proportional to frequency. To
reduce the noise voltage, B, 4, or cos 0 must be reduced. The B term can be
reduced by physical separation of the circuits or by twisting the source wires,
provided the current flows in the twisted pair and not through the ground
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ELECTRIC COUPLING

% Iy=joC,V, R,
A

MAGNETIC COUPLING
()

~
N\
V= joMl,
R,

B

FIGURE 2-9. (A) Equivalent circuit for electric field coupling; (B) equivalent circuit for
magnetic field coupling.

plane. Under these conditions, twisting causes the B fields from each of the
wires to cancel. The area of the receiver circuit can be reduced by placing the
conductor closer to the ground plane (if the return current is through the
ground plane) or by using two conductors twised together (if the return current
is on one of the pair instead of the ground plane). The cos 6 term can be
reduced by proper orientation of the source and receiver circuits.

It may be helpful to note some differences between magnetic and electric
field coupling. For magnetic field coupling, a noise voltage is produced in series
with the receptor conductor (Fig. 2-9B), whereas for electric field coupling, a
noise current is produced between the receptor conductor and ground (Fig. 2-
9A). This difference can be used in the following test to distinguish between
electric and magnetic coupling. Measure the noise voltage across the impedance
at one end of the cable while decreasing the impedance at the opposite end of
the cable (Fig. 2-9). If the measured noise voltage decreases, the pickup is
electric, and if the measured noise voltage increases, the pickup is magnetic.

2.4 MUTUAL INDUCTANCE CALCULATIONS

To evaluate the expression in Eq. 2-13, the mutual inductance between the
source and receptor circuit must be known. Most texts do not pay much
attention to mutual inductance calculations for practical circuit geometries.
Grover (1973), however, provides an extensive treatment of the subject, and
Ruehli (1972) develops the useful concept of partial mutual inductance (also see
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Appendix E). This concept of partial mutual inductance is further developed in
Paul (1986).

Before the mutual inductance can be calculated, an expression must be
determined for the magnitude of the magnetic flux density as a function of
distance from a current-carrying conductor. Using the Biot-Savart law, one can
write the magnetic flux density B at a distance r from a long current-carrying
conductor as

p=tL (2-14)

2nr
for r greater than the radius of the conductor (Hayt, 1974, pp. 235-237). The
flux density B is equal to the flux ¢ per unit area. Therefore, the magnetic field
is directly proportional to the current / and inversely proportional to the
distance r. Using Eqgs. 2-14 and 2-10, one can determine the mutal inductance
for any arbitrary configuration of conductors by calculating the magnetic flux
coupled to the pickup loop from each current-carrying conductor individually,
and then superimposing all the results to obtain the total flux coupling.

Example 2.1. Calculate the mutual inductance between the two nested coplaner
loops shown in Fig. 2-10A, assuming that the sides of the loop are much longer
than the ends (i.e., the coupling contributed by the end conductors can be
neglected). Conductors 1 and 2 are carrying a current /; which induces a
voltage V y into the loop formed by conductors 3 and 4. Figure 2-10B is a cross-
sectional view showing the spacing between the conductors. The magnetic flux
produced by the current in conductor 1 crossing the loop between conductors 3

and 4 is
_/b“]ld,,_“’ln b (2-15)
2= 2 T 2n \a)

Conductor 2 also contributes an equal flux because of the symmetry of the
conductors. This flux is in the same direction as the flux produced by the
current in conductor 1. Therefore, the total flux coupled to the loop formed by
conductors 3 and 4 is twice that given by Eq. 2-15, or

b= {iln<z>}ll- (2-16)

Dividing Eq. 2-16 by I; and substituting 4t x 10"’ H/m for y, we obtain as the
mutual inductance in H/m
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19‘*1/,‘5)3 Y ()2

B
FIGURE 2-10. (A) Nested coplanar loops; (B) cross-sectional view of A.

M =4x10"In (b) (2-17)
a
The voltage coupled between the two loops can be calculated by substituting
the result from Eq. 2-17 into Eq. 2-13.

2.5 EFFECT OF SHIELD ON MAGNETIC COUPLING

If an ungrounded and nonmagnetic shield is now placed around conductor 2,
the circuit becomes that of Fig. 2-11, where M, is the mutual inductance
between conductor 1 and the shield. Because the shield has no effect on the
geometry or magnetic properties of the medium between circuits 1 and 2, it has
no effect on the voltage induced into conductor 2. The shield does, however,
pick up a voltage because of the current in conductor 1:

Vs = joMisl, (2-18)

A ground connection on one end of the shield does not change the situation.
It follows, therefore, that a nonmagnetic shield placed around a conductor and
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grounded at one end has no effect on the magnetically induced voltage in that
conductor.

If, however, the shield is grounded at both ends, the voltage induced into the
shield from Mg in Fig. 2-11, will cause shield current to flow. The shield
current will induce a second noise voltage into conductor 2, and this must be
taken into account. Before this voltage can be calculated, the mutual induc-
tance between a shield and its center conductor must be determined.

For this reason, it will be necessary to calculate the magnetic coupling
between a hollow conducting tube (the shield) and any conductor placed
inside the tube, before continuing the discussion of inductive coupling. This
concept is fundamental to a discussion of magnetic shielding and will be
needed later.

2.5.1 Magnetic Coupling Between Shield and Inner Conductor

First, consider the magnetic field produced by a tubular conductor carrying a
uniform axial current, as shown in Fig. 2-12. If the hole in the tube is concentric
with the outside of the tube, there is no magnetic field in the cavity, and the
total magnetic field is external to the tube (Smythe, 1924, p. 278).

Now, let a conductor be placed inside the tube to form a coaxial cable, as
shown in Fig. 2-13. All of the flux ¢ from the current /; in the shield tube
encircles the inner conductor. The inductance of the shield is equal to

Ls=2. (2-19)

MAGNETIC
FLUX LINES

CURRENT FLOWING
—~ INTO PAPER

NO FIELD

INSIDE

__TUBULAR PERSPECTIVE
~ " CONDUCTOR

END VIEW

FIGURE 2-12. Magnetic field produced by current in a tubular conductor.
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FIGURE 2-13. Coaxial cable with shield current flowing uniformally around the
circumference of the shield.

The mutual inductance between the shield and the inner conductor is equal to

¢

m=2.
I

(2-20)

Because all the flux produced by the shield current encircles the center
conductor, the flux ¢ in Egs. 2-19 and 2-20 is the same. The mutual inductance
between the shield and center conductor is therefore equal to the self-
inductance of the shield

M = L. (2-21)

Equation 2-21 is a most important result and one that we will often have
occasion to refer to. It was derived to show that the mutual inductance between
the shield and the center conductor is equal to the shield inductance. Based on the
reciprocity of mutual inductance (Hayt, 1974, p. 321), the inverse must also be
true. That is, the mutual inductance between the center conductor and the
shield is equal to the shield inductance.

The validity of Eq. 2-21 depends only on the fact that there is no magnetic
field in the cavity of the tube because of shield current. The requirements for
this to be true are that the tube be cylindrical and the current density be uniform
around the circumference of the tube as shown in Fig. 2-12. Because there is no
magnetic field inside the tube, Eq. 2-21 applies regardless of the position of the
conductor within the tube. In other words, the two conductors do not have to
be coaxial. Equation 2-21 is also applicable to the case of multiple conductors
within a shield, in which case it will represent the mutual inductance between
the shield and each conductor in the shield.
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The voltage V' induced into the center conductor due to a current /g in the
shield can now be calculated. Assume that the shield current is produced by a
voltage Vg induced into the shield from some other circuit. Figure 2-14 shows
the circuit being considered; Lg and Rg are the inductance and resistance of the
shield. The voltage Vy is equal to

Vy = joMIs. (2-22)
The current I is equal to
Is = %: (JCLH—IIQS/LJ (2-23)
Therefore
= (jijMSVS> (Jw + 11’35/ LS> ' (229

Because Lg= M (from Eq. 2-21),

ju)
Vv = |1 % , 2-25
N (ja) + RS/LS> § ( )

A plot of Eq. 2-25 is shown in Fig. 2-15. The break frequency for this curve is
defined as the shield cutoff frequency (w.) and occurs at

Rg Rg
W, = ?, or f; = 27‘[L . (2'26)
N s
VN
IOIYYY\ A CENTER
CONDUCTOR
]
Y
SHIELD

Rs

FIGURE 2-14. Equivalent circuis of shielded conductor.
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FIGURE 2-15. Noise voltage in center conductor of coaxial cable because of shield
current.

The noise voltage induced into the center conductor is zero at dc and increases
to almost Vgata frequency of 5Rs/Lg rad/s. Therefore, if shield current is allowed
to flow, a voltage is induced into the center conductor that nearly equals the shield
voltage at frequencies greater than five times the shield cutoff frequency.

This is a very important property of a conductor inside a shield. Measured
values of the shield cutoff frequency and five times this frequency are tabulated
in Table 2-1 for various cables. For most cables, five times the shield cutoff
frequency is near the high end of the audio-frequency band. The aluminum-
foil-shielded cable listed has a much higher shield cutoff frequency than any
other, which is caused by the increased resistance of its thin aluminum-foil
shield.

2.5.2 Magnetic Coupling—Open Wire to Shielded Conductor

Figure 2-16 shows the magnetic couplings that exist when a nonmagnetic shield
is placed around conductor 2 and the shield is grounded at both ends. In this
figure, the shield conductor is shown separated from conductor 2 to simplify
the drawing. Because the shield is grounded at both ends, the shield current
flows and induces a voltage into conductor 2. Therefore, here are two
components to the voltage induced into conductor 2. The voltage V> from
direct induction from conductor 1, and the voltage V. from the induced shield
current. Note that these two voltages are of opposite polarity. The total noise
voltage induced into conductor 2 is therefore

Vn=Vy—=V.. (2-27)

If we use the identity of Eq. 2-21 and note that mutual inductance Mg from
conductor 1 to the shield is equal to the mutual inductance M, from conductor
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TABLE 2-1. Measured Values of Sheild Cutoff Frequency f..

Cable Impedance Cutoff Five Times Remarks
(@) Frequency Cutoff
(kHz) Frequency (kHz)

Coaxial cable

RG-6A 75 0.6 3.0 Double shielded
RG-213 50 0.7 3.5
RG-214 50 0.7 3.5 Double shielded
RG-62A 93 1.5 7.5
RG-59C 75 1.6 8.0
RG-58C 50 2.0 10.0
Shielded twisted pair
754E 125 0.8 4.0 Double shielded
24 Ga. — 2.2 11.0
22 Ga.“ - 7.0 35.0 Aluminum-foil shield
Shielded single
24 Ga. - 4.0 20.0

“One pair out of an 11-pair cable (Belden, 8775).

1 to conductor 2 (because the shield and conductor 2 are located in the same
place in space with respect to conductor 1), then Eq. 2-27 becomes

Rs/L
VW<_ij1u11L s/Ls ], (2-28)

w + RS/LS

If w is small in Eq. 2-28, the term in brackets equals 1, and the noise voltage
is the same as for the unshielded cable. Therefore, at low frequencies, a shield,
even when grounded at both ends, provides no magnetic field shielding.

If w is large, then Eq. 2-28 reduces to

R
mmm&ﬂ. (2-29)
S

Equation 2-28 is plotted in Fig. 2-17. At low frequencies, the noise pickup in
the shielded cable is the same as for an unshielded cable; however, at
frequencies above the shield cutoff frequency, the pickup voltage stops
increasing and remains constant. The shielding effectiveness (shown cross-
hatched in Fig. 2-17) is therefore equal to the difference between the line for the
unshielded cable and for the shielded cable.

From Eq. 2-29, we can conclude that to minimize the noise voltage coupled
into conductor 2, the shield resistance Rg should be minimized. This comes
about because it is the induced shield current that produces the magnetic field
that cancels a large percentage of the direct induction into conductor 2.
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FIGURE 2-16. Magnetic coupling to a shielded cable with the shield grounded at both
ends.

Because Rg reduces the shield current, it decreases the magnetic shielding
effectiveness.

From the middle diagram in Fig. 2-16, we can infer that Rgrepresents not only
the resistance of the shield but also all the resistance in the loop in which the shield
current /g flows. Therefore, Rgactually includes not only the shield resistance but
also the termination resistance of the shield and any resistance in the ground. For
maximum shielding effectiveness, all these resistances must be minimized.
Therefore, the practice, which is sometimes recommended, of terminating a
shield with a resistor instead of directly to ground will drastically reduce the
magnetic field shielding effectiveness of the cable and should be avoided.

Figure 2-18 shows a transformer analogy equivalent circuit for the config-
uration of Fig. 2-16. As can be observed, the shield acts as a shorted turn in the
transformer to short out the voltage in winding 2. Any resistance (such as shield
resistance) in the shorted turn (shield) will decrease its effectiveness in shorting
out the voltage in winding 2.
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FIGURE 2-17. Magnetic field coupled noise voltage for an unshielded and shielded
cable (shield grounded at both ends) versus frequency.

Vi = joMipli— joM,,l,

FIGURE 2-18. Transformer analogy of magnetic field coupling to a shielded cable when
shield is grounded at both ends (MS2 is much larger than M12 or M1S).

2.6 SHIELDING TO PREVENT MAGNETIC RADIATION

To prevent radiation, the source of the interference may be shielded. Figure 2-19
shows the electric and magnetic fields that surround a current-carrying con-
ductor located in free space. If a non-magnetic shield is placed around the
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FIGURE 2-21. Fields around shielded conductor; shield grounded and carrying a
current equal to the conductor current but in the opposite direction.

conductor, then the electric field lines will terminate on the shield, but there will
be very little effect on the magnetic field, as shown in Fig. 2-20. If a shield current
equal and opposite to that in the center conductor is made to flow on the shield, it
generates an equal but opposite external magnetic field. This field cancels the
magnetic field caused by the current in the center conductor external to the
shield, which results in the condition shown in Fig. 2-21, with no fields external to
the shield.
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FIGURE 2-22. Division of current between shield and ground plane.

Figure 2-22 shows a circuit that is grounded at both ends and carries a
current /;. To prevent magnetic field radiation from this circuit, the shield must
be grounded at both ends, and the return current must flow from 4 to B in the
shield (/g in the figure) instead of in the ground plane (/g in the figure). But why
should the current return from point 4 to B through the shield instead of
through the zero-resistance ground plane? The equivalent circuit can be used to
analyze this configuration. By writing a mesh equation around the ground loop
(A—Rg—Lg—B—A), the shield current I can be determined:

0= Is(joLs + Rs) — Li(joM), (2-30)

where M is the mutual inductance between the shield and center conductor and
as previously shown (Eq. 2-21), M = Lg. Making this substitution and
rearranging produces this expression for /g:

Jjo Jjo
Jo=1 = I 2-31
s ! (/a) + RS/LS) <J(JJ + m(,) ! ( )

As can be observed from the preceding equation, if the frequency is much
above the shield cutoff frequency ., the shield current approaches the center
conductor current. Because of the mutual inductance between the shield and
center conductor, a coaxial cable acts as a common-mode choke (see Fig. 3-36),
and the shield provides a return path with lower total circuit inductance than
the ground plane at high frequency. As the frequency decreases below 5w, the
cable provides less and less magnetic shielding as more of the current returns
via the ground plane.

To prevent radiation of a magnetic field from a conductor grounded at both
ends, the conductor should be shielded, and the shield should be grounded at both
ends. This approach provides good magnetic field shielding at frequencies
considerably above the shield cutoff frequency. This reduction in the radiated
magnetic field is not because of the magnetic shielding properties of the shield
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FIGURE 2-23. Without ground at far end, all return current flows through shield.

as such. Rather, the return current on the shield generates a field that cancels
the center conductor’s field.

If the ground is removed from one end of the circuit, as shown in Fig. 2-23,
then the shield should not be grounded at that end because the return current
must now all flow on the shield. This is true especially at frequencies less than
the shield cutoff frequency. Grounding both ends of the shield, in this case,
reduces the shielding because some current will return via the ground plane.

2.7 SHIELDING A RECEPTOR AGAINST MAGNETIC FIELDS

The best way to protect against magnetic fields at the receptor is to decrease the
area of the receptor loop. The area of interest is the total area enclosed by
current flow in the receptor circuit. An important consideration is the path
taken by the current in returning to the source. Often, the current returns by a
path other than the one intended by the designer, and therefore, the area of the
loop changes. If a nonmagnetic shield placed around a conductor causes the
current to return over a path that encloses a smaller area, then some protection
against magnetic fields will have been provided by the shield. This protection,
however, is caused by the reduced loop area and not by any magnetic shielding
properties of the shield.

Figure 2-24 illustrates the effect of a shield on the loop area of a circuit. In
Fig. 2-24A, the source Vg is connected to the load R; by a single conductor,
using a ground return path. The area enclosed by the current is the rectangle
between the conductor and the ground plane. In Fig. 2-24B, a shield is placed
around the conductor and grounded at both ends. If the current returns
through the shield rather than the ground plane, then the area of the loop is
decreased, and a degree of magnetic protection is provided. The current will
return through the shield if the frequency is greater than five times the shield
cutoff frequency as previously shown. A shield placed around the conductor
and grounded at one end only, as shown in Fig. 2-24C, does not change the
loop area and therefore provides no magnetic protection.
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The arrangement of Fig. 2-24B does not protect against magnetic fields at
frequencies below the shield cutoff frequency because then most of the current
returns through the ground plane and not through the shield. At low
frequencies, this circuit also has two other problems, as follows: (1) Because
the shield is one of the circuit conductors, any noise current in it will produce an
IR drop in the shield and appear to the circuit as a noise voltage, and (2) if there
is a difference in ground potential between the two ends of the shield then it will
show up as a noise voltage in the circuit.

2.8 COMMON IMPEDANCE SHIELD COUPLING

When a coaxial cable is used at low frequencies and the shield is grounded at
both ends, only a limited amount of magnetic field protection is possible because
of the noise current induced into the shield Because the induced current flows
through the shield, which is also one of the signal conductors, a noise voltage is
produced in the shield, that is equal to the shield current times the shield
resistance. This is shown in Fig. 2-25. The current /g is the noise current caused
by a ground differential or by external magnetic field coupling. If the voltages are
summed around the input loop, then the following expression is obtained:

Vin = —j(l)MIS +jWLSI9 + Rgls. (2-32)

R T"/s

\
NOISE CURRENT

~IS

EQUIVALENT CIRCUIT

FIGURE 2-25. Effect of noise current flowing in the shield of a coaxial cable.
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Because, as previously shown, Lg = M, Eq. 2-32 reduces to
V]N = Rsls. (2-33)

Notice that the two inductive noise voltages (the first and second terms in Eq. 2-
32) cancel, which leaves only the resistive noise voltage term.

This example shows common impedance coupling and is the result of the
shield having to serve two functions. First, it is the return conductor for the
signal, and second it is a shield and carries the induced noise current. This
problem can be climinated, or at least minimized, by using a three-conductor
cable (e.g., a shiclded twisted pair). In this case, the two twisted pair conductors
carry the signal and the shield only carries the noise current; therefore, the
shield is not performing two functions.

Common impedance shield coupling is often a problem in consumer audio
systems that use unbalanced interconnections, which usually consist of a cable
with a center conductor and a shield terminated in a phono plug. The problem
can be minimized by reducing the resistance of the cable shield or by using a
balanced interconnection and a shielded twisted pair.

Even if the shield is grounded at only one end, noise currents may still flow in
the shield because of electromagnetic field coupling (that is, the cable acts as an
antenna and picks up radio frequency (rf) energy). This is often referred to as
shield current induced noise (SCIN) (Brown and Whitlock, 2003).

This problem does not occur at high frequencies, because as the result of
skin effect, a coaxial cable actually contains the following three isolated
conductors: (1) the center conductor, (2) the inner surface of the shield
conductor, and (3) the outer surface of the shield conductor. The signal return
current flows only on the inside surface of the shield, and the noise current
flows only on the outer surface of the shield. Therefore, the two currents do not
flow through a common impedance, and the noise coupling discussed above
does not occur.

2.9 EXPERIMENTAL DATA

The magnetic field shielding properties of various cable configurations were
measured and compared. The test setup is shown in Fig. 2-26, and the test
results are tabulated in Figs. 2-27 and 2-28. The frequency (50 kHz) is greater
than five times the shield cutoff frequency for all the cables tested. The cables
shown in Figs. 2-27 and 2-28 represent tests cables shown as L, in Fig. 2-26.

In circuits A4 through F (Fig. 2-27), both ends of the circuit are grounded.
They provide much less magnetic field attenuation than do circuits G through K
(Fig. 2-28), where only one end is grounded.
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50-KHz POWER iMQ
OSCILLATOR AMPLIFIER {
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FIGURE 2-26. Test setup of inductive coupling experiment.

Circuit 4 in Fig. 2-27 provides essentially no magnetic field shielding. The
actual noise voltage measured across the 1 MQ resistor in this case was 0.8 V.
The pickup in configuration A4 is used as a reference and is called 0 dB, to
compare the performance of all the other ciucuits. In circuit B, the shield is
grounded at one end; this has no effect on the magnetic shielding. Grounding
the shield at both ends as in configuration C provides some magnetic field
protection because the frequency is above the shield cutoff frequency. The
protection would be even greater if it were not for the ground loop formed by
grounding both ends of the circuit. The magnetic field induces a large noise
current into the low-impedance ground loop that consists of the cable shield
and the two ground points. The shield noise current then produces a noise
volatage in the shield, as was shown in the preceding section.

Use of a twisted pair as in circuit D should provide much greater magnetic
field noise reduction, but its effect is defeated by the ground loop formed by
circuit grounds at both ends. This effect can clearly be observed by comparing
the attenuation of circuit H to that of circuit D. Adding a shield with one end
grounded to the twisted pair as in £ has no effect. Grounding the shield at both
ends as in F provides additional protection, because the low-impedance shield
shunts some of the magnetically induced ground-loop current away from the
signal conductors. In general, however, none of the circuit configurations in
Fig. 2-27 provide good magnetic field protection because of the ground loops.
If the circuit must be grounded at both ends, then configurations C or F should
be used.

Circuit G shows a significant improvement in magnetic field shielding, which
is caused by the small loop areca formed by the coaxial cable and the fact that no
ground loop is available to defeat the shielding. The coax provides a small loop
area because the shield can be represented by an equivalent conductor located
on its center axis. This effectively locates the shield at or near the axis of the
center conductor.

It was expected that the twisted pair of circuit H would provide considerably
more shielding than the 55 dB shown. The reduced shielding is because some
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FREQUENCY = 50 KHz FOR ALL TESTS

FIGURE 2-27. Results of inductive coupling experiment; all circuits are grounded at
both ends.

electric field coupling is now beginning to show up because the twisted pair is
unshielded and the termination is unbalanced (see Section 4.1). This can be seen
in circuit /, where attenuation increases to 70 dB by placing a shield around the
twisted pair. The fact that attenuation in circuit G is better than in / indicates
that in this case the particular coaxial cable presents a smaller loop area to the
magnetic field than does the twisted pair. This, however, is not necessarily true
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FIGURE 2-28. Results of inductive coupling experiment; all circuits are grounded at
one end only.

in general. Increasing the number of turns per unit length for either of the
twisted pairs (H or I) would reduce the pickup. In general, circuit / is preferred
to circuit G for low-frequency magnetic shielding because in 7 the shield is not
also one of the signal conductors.

Grounding both ends of the shield as in circuit J decreases the shielding
slightly. This reduction is because of the high shield current in the ground loop
formed by the shield inducing unequal voltages in the two center conductors.
Circuit K provides more shielding than 7 because it combines the features of the
coax G with those of the twisted pair /. Circuit K is not normally desirable
because any noise voltages or currents that do get on the shield can flow down
the signal conductor. It is almost always better to connect the shield and the
signal conductors together at just one point. That point should be such that
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noise current from the shield does not have to flow down the signal conductor
to get to ground.

Keep in mind that these experimental results are for relatively low-frequency
(50 kHz) magnetic field shielding only, and no difference in ground potential
existed between the two ends of the cable in the test setup.

2.10  EXAMPLE OF SELECTIVE SHIELDING

The shielded loop antenna is an example where the electric field is selectively
shielded, whereas the magnetic field is unaffected. Such an antenna is useful in
radio direction finders and as a magnetic field probe for precompliance EMC
measurements (see Section 18.4). It can also decrease the antenna noise pickup
in broadcast receivers. The latter effect is significant because most local noise
sources generate a predominantly electric field. Figure 2-29A shows the basic
loop antenna. From Eq. 2-12, the magnitude of the voltage produced in the
loop by the magnetic field is

V,y = 2nfBA cos 0. (2-34)

The angle 0 is measured between the magnetic field and a perpendicular to the
plane of the loop. The loop, however, also act as a vertical antenna and will
pick up a voltage from an incident electric field. This voltage is equal to the E
field times the effective height of the antenna. For a circular single-loop
antenna, the effective height is 2n 4/A (ITT, 1968, p. 25-6). The induced
voltage from the electric field becomes

_ 2nAE .
-
The angle 0 is measured between the electric field and the plane of the loop.

Qg

BASIC LOOP LOOP WITH SHIELD LOOP WITH SPLIT SHIELD
A 8 Cc

Ve

os 6’ (2-35)

FIGURE 2-29. Split shield on loop antenna selectively reduces electric field while
passing magnetic field.
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To eliminate pickup from the electric field, the loop could be shielded as
shown in Fig. 2-29B. However, this configuration allows shield current to flow,
which will cancel the magnetic field as well as the electric field. To preserve the
magnetic sensitivity of the loop, the shield must be broken to prevent the flow
of shield current. This can be done as shown in Fig. 2-29C by breaking the
shield at the top. The resulting antenna responds only to the magnetic filed
component of an applied wave.

2.11 SHIELD TRANSFER IMPEDANCE

In 1934, Schelkunoff first proposed the concept of transfer impedance as a
means of measuring the shielding effectiveness of cable shields. The shield
transfer impedance is a property of the shield that relates the open circuit
voltage (per unit length) developed between the center conductor and the shield
to the shield current. The shield transfer impedance can be written as

1 /fdv
ZT — E <d1) 3 (2'36)

where Z7 is the transfer impedance in ohms per unit length, /g is the shield
current, V is the voltage induced between the internal conductors and the
shield, and / is the length of the cable. The smaller the transfer impedance, the
more effective the shielding.

At low frequencies, the transfer impedance is equal to the direct current
(dc) resistance of the shield. This result is equivalent to the results obtained in
Eq. 2-33. At higher frequencies (above 1| mHz for typical cables), the transfer
impedance of a solid tubular shield decreases because of skin effect, and the
shielding effectiveness of the cable increases. Skin effect causes the noise
current to remain on the outside surface of the shield, and the signal current
on the inside; therefore, it eliminates the common impedance coupling
between the two currents.

Figure 2-30 is a plot of the magnitude of the transfer impedance (normalized
to the value of the dc resistance R,.) for a solid tubular shield. If the shield is
braided, then the transfer impedance will increase with frequency above about
1 MHz, as shown in Fig. 2-34.

2.12 COAXIAL CABLE VERSUS TWISTED PAIR

When comparing coaxial cable with twisted pair, it is important to first
recognize the usefulness of both types of cables from a propagation point of
view. This is shown in Fig. 2-31. Prior to the 1980s, the normal useful frequency
for twisted pair cables was considered to be about 100 kHz, with special
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FIGURE 2-30. Magnitude of normalized transfer impedance for a solid shield.

applications going up to as high as 10 MHz. However, realizing the economic
advantage of twisted pair over coaxial cable in many applications, today’s cable
designers and manufacturers have found ways to overcome this limitation.
Twisted pair cables do not have as uniform characteristic impedance as
coaxial cables, which is the result of the two conductors not maintaining
a constant position with respect to each other and is especially true when
the cable is flexed or bent. Today’s cable designers have been able to extend the
normal useful frequency of twisted pairs up to 10 MHz with some applications
[e.g., Ethernet and high-definition multimedia interface (HDMI)] extending up
to hundreds of megahertz. These high-performance cables have less capacitance
and are more tightly and uniformly twisted. In addition, in some cases, they
have the two wires of the pair bonded together so they remain in the exact same
relationship to each other over the length of the cable. Bonded twisted pair
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FIGURE 2-31. Useful frequency range for various transmission lines. Normal applica-
tions (solid line) and special applications (dashed line).

cables provide a more uniform characteristic impedance and are more immune
to noise and produce much less radiation.

Many modern-day unshielded twisted pair (UTP) cables perform as well or
better than older shielded twisted pair (STP) cables. A twisted pair cable is
inherently a balanced structure and effectively rejects noise as discussed in
Chapter 4—many of today’s cables are extremely well balanced. Excellent
examples of this are category (Cat) 5 and Cat 6 Ethernet cables. ANSI/TIA/
EIA 568B-2.1 defines performance specifications, such as impedance, cable loss,
crosstalk, and radiation, for Cat 5 Ethernet cables. The Cat 5 cable, (see Fig. 2-
32) consists of four UTPs made from 24-gauge solid wire. The nominal pitch of
the twist is 1 per cm (2.5/in). Each pair in the cable, however, has a slightly
different pitch to minimize the crosstalk between pairs. The Ethernet cable
terminations are balanced. Cat 5e UTP cables are designed to perform well up
to 125 MHz, Cat 6 cables up to 250 MHz, and in the future, Cat 7 cables should
be useful up to about 600 MHz.

Coaxial cable has a more uniform characteristic impedance with lower
losses. It is useful from dc up to very high frequency (VHF), with some
applications extending up to ultra high frequency (UHF). Above 1 GHz, the
losses in coaxial cable become large, and a waveguide often becomes a more
practical transmission medium.

A coaxial cable grounded at one end provides a good degree of protection
from capacitive (electric field) pickup. But if a noise current flows in the shield,
then a noise voltage is produced as was discussed in Section 2.8. Its magnitude
is equal to the shield current times the shield resistance. Because in a coax the
shield is also part of the signal path, this voltage appears as noise in series
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FIGURE 2-32. Cat 5 Ethernet cable.

with the input signal. A double-shielded, or triaxial, cable with insulation
between the two shields can eliminate the noise voltage produced by the shield
resistance. The noise current flows in the outer shield, and the signal return
current flows in the inner shield. The two currents (signal and noise), therefore,
do not flow through a common impedance.

Unfortunately, triaxial cables are expensive and awkward to use. A coaxial
cable at high frequencies, however, acts as a triaxial cable because of skin effect.
For a typical coaxial cable, the skin effect becomes important at about 1 MHz.
The noise current flows on the outside surface of the shield, whereas the signal
current flows on the inside surface. For this reason, a coaxial cable behaves
better at high frequency.

A shielded twisted pair has characteristics similar to a triaxial cable and is
not as expensive or awkward. The signal current flows in the two inner
conductors, and any induced noise current flows in the shield. Common-
impedance coupling is therefore eliminated. In addition, any shield current
present is equally coupled (ideally), by mutual inductance, to both inner
conductors and the two equal noise voltages cancel.

An unshielded twisted pair, unless its terminations are balanced (see Section
4.1), provides very little protection against capacitive (electric field) pickup, but
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it is very good for protection against magnetic field pickup. The effectiveness of
twisting increases as the number of twists per unit length increases. When
terminating a twisted pair, the more the two wires are separated, the less the
noise suppression. Therefore, when terminating a twisted pair, shielded or
unshielded, do not untwist the conductors any more than necessary to make the
termination.

Twisted pair cables, even when unshielded, are very effective in reducing
magnetic field coupling. Only two conditions are necessary for this to be true.
First, the signal must flow equally and in opposite directions on the two
conductors. Second, the pitch of the twist must be less than one twentieth of a
wavelength at the frequencies of concern. (One twist per inch will be effective
up to about 500 MHz.) The above is true whether the terminations are balanced
or not. In addition, if the terminations are balanced, then twisted pair cables
will also be effective in reducing electric field coupling (see Section 4.1). Do not
confuse twisted pair wiring with balancing, because they are two completely
different concepts, although often used together.

2.13 BRAIDED SHIELDS

Most cables are actually shielded with braid rather than with a solid conductor;
see Fig. 2-33. The advantage of braid is flexibility, durability, strength, and long
flex life. Braids typically provide only 60% to 98% coverage and are less
effective as shields than solid conductors. Braided shields usually provide just
slightly reduced electric field shielding (except at UHF frequencies) but greatly
reduced magnetic field shielding. The reason is that braid distorts the uni-
formity of the longitudinal shield current. A braid is typically from 5 to 30 dB
less effective than a solid shield for protecting against magnetic fields.

At higher frequencies, the effectiveness of the braid decreases even more as a
result of the holes in the braid. Multiple shields offer more protection but at

OUTER BRAIDED
SHEATH SHIELD

DIELECTRIC CENTER
CONDUCTOR

FIGURE 2-33. Cable with a braid shield.
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higher costs and less flexibility. Premium cables with double and even triple
shields, as well as silver-plated copper braid wires, are used in some critical
military, aerospace, and instrumentation applications.

Figure 2-34 (Vance, 1978, Fig. 5-14) shows the transfer impedance for a
typical braided-shielded cable normalized to the dc resistance of the shield. The
decrease in transfer impedance around 1 MHz is because of the skin effect of
the shield. The subsequent increase in transfer impedance above 1 MHz is
caused by the holes in the braid. Curves are given for various percentages of
coverage of the braid. Loose-weave braid (lower percentage shield coverage)
provides more flexibility, whereas a tighter weave braid (higher percentage
shield coverage) provides better shielding and less flexibility. As can be
observed, for the best shielding, the braid should provide at least 95%
coverage.
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FIGURE 2-34. Normalized transfer impedance of a braided-wire shield, as a function of
percent braid coverage (Vance, 1978, reprinted with permission of John Wiley & Sons, Inc.).
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Cables with thin, solid aluminum-foil shields are available; these cables
provide almost 100% coverage and more effective electric field shielding. They
are not as strong as braid, have a higher shield cutoff frequency because of their
higher resistance, and are difficult (if not impossible) to terminate properly.
Shields are also available that combine a foil shield with a braid. These cables
are intended to take advantage of the best properties of both foil and braid
while minimizing the disadvantages of both. The braid allows proper 360°
termination of the shield, and the foil covers the holes in the braid. The
shielding effectiveness of braid over foil, or double-braid, cable does not start to
degrade until about 100 MHz.

2.14 SPIRAL SHIELDS

A spiral shield (Fig. 2-35) is used on cables for one of three reasons, as follows:
reduced manufacturing costs, ease of termination, or increased flexibility. It
consists of a belt of conductors wrapped around the cable core (dielectric). The
belt usually consists of from three to seven conductors.

Let us consider the differences between a spiral shield cable and an ideal,
solid, homogeneous shield cable. In the solid homogeneous shield cable, the
shield current is longitudinal along the axis of the cable, and the magnetic field
produced by the shield current is circular and external to the shield as was
shown in Fig. 2-12.

In the case of a spiral shield cable, the shield current follows the spiral and is
at an angle ¢ with respect to the longitudinal axis of the cable, where ¢ is the
pitch angle of the spiral as shown in Fig. 2-36.*

OUTER SPIRAL
SHEATH SHIELD

DIELECTRIC / CENTER

CONDUCTOR
FIGURE 2-35. Cable with a spiral shield.

* This assumes that, as is usually the case in practice, poor electrical conductivity occurs between the
individual conductors forming the spiral.
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The total current 7 in the shield can be decomposed into two components,
one longitudinal along the axis of the cable and the other circular around the
circumference of the cable as shown in Fig. 2-37. The longitudinal current /7,
along the cable axis is equal to

I = 1Icos ¢, (2-37)

where [ is the total shield current and ¢ is the pitch angle. The circular current
1. perpendicular to the cable axis and around the circumference of the cable is
equal to

1. = Isin ¢. (2-38)

The longitudinal current /; behaves the same as the shield current does on a
solid, homogenous, shielded cable and produces a circular magnetic field external
to the cable. In the case of a long thin cable, the circular current behaves as a
solenoid (coil of wire or inductor) along the axis of the cable and produces a
longitudinal magnetic field H inside the shield and no magnetic field outside the
shield, as shown in Fig. 2-38. This is just the opposite of the magnetic field
produced by the longitudinal shield current, which exists outside the shield with
no magnetic field inside the shield. The longitudinal magnetic field produced by
the circular component of the shield current has the detrimental effect of
increasing the shield inductance. Therefore, the cable behaves as a normal
coaxial cable as a result of the longitudinal current component, with additional
inductance as a result of the circular current component.

Longitudinal
Axis of Cable

Shield
Current (I)

FIGURE 2-36. Direction of shield current flow on a spiral shield cable; ¢ is the pitch
angle of the spiral.

I, =1cos @

_ Longitudinal
Axis of Cable

FIGURE 2-37. The shield current on a spiral shield cable can be decomposed into two
components, one longitudinal (/;) and one circular (/.).
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A braided shield cable can be thought of as having two, or more, interwoven
spiral belts of conductor sets woven in opposite direction, such that each belt
alternately passes over then under the other belt as shown in Fig. 2-33. One belt
is applied in a clockwise direction, and the other belt is applied in a counter-
clockwise direction. Because of the opposite direction of the lay of the two
belts, the circular components of shield current tend to cancel each other, which
leaves only the longitudinal component of the shield current—hence the much
better high-frequency performance of braided shield cables compared with
spiral shield cables.

As previously stated (Section 2.11), the shielding effectiveness of a shielded
cable can be expressed in terms of the shield transfer impedance. For a spiral
shield cable, the transfer impedance contains two terms, one from the long-
itudinal component of the shield current and the other from the circular
component of the shield current.

The transfer impedance that results from the longitudinal component of
shield current decreases with frequency (which is good) as was shown in Fig. 2-
30, whereas the component from the circular component of the shield current
increases with frequency (which is bad). The net effect is that for spiral shield
cables, the transfer impedance increases with frequency above about 100 kHz.
The high-frequency transfer impedance is a strong function of the pitch angle ¢
of the spiral; the larger this angle is the larger will be the transfer impedance and
the less shielding effectiveness the cable will have.

Normal braided shield cables also have shield transfer impedances that
increase at high frequency, but the increase is much less than for the case of
spiral shield cables. Figure 2-39 shows measured values of transfer impedance
for cables that have various types of shields (Tsaliovich, 1995, Fig. 3-9).

Spiral shields are basically coils of wire that exhibit inductive effects with
large high-frequency transfer impedances. Therefore, spiral shield cables should
not be used in applications where signals are above about 100 kHz; basically,
their use should be limited to audio frequencies and below. A more detailed
discussion of spiral, as well as braided, shields is contained in Cable Shielding
For Electromagnetic Compatibility (Tsaliovich, 1995).

(AN >
_ _ _ Longitudinal
M Axis of Cable

I,=1sin@

FIGURE 2-38. The circular component of shield current on a spiral shield cable
produces a magnetic field along the longitudinal axis of the cable.
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FIGURE 2-39. Measured values of shield transfer impedance, versus frequency, for
various types of cable shields. The lower the transfer impedance, the better the shielding
(from Tsaliovich, 1995 © AT&T).

2.15 SHIELD TERMINATIONS

Most shielded cable problems are the result of improper shield terminations.
The maximum benefit of a well-shiclded cable will only be realized if the shield
is properly terminated. Requirements of a proper shield termination are as
follows:

1. Termination at the proper end, or ends, and to the proper point or points
2. A very low impedance termination connection
3. A 360° contact with the shield

2.15.1 Pigtails

The magnetic shielding previously discussed depends on a uniform distribution
of the longitudinal shield current around the circumference of the shield.
Therefore, the magnetic shielding effectiveness near the ends of the cable
depends strongly on the method by which the shield is terminated. A pigtail
connection (Fig. 2-40) causes the shield current to be concentrated on one side
of the shield. For maximum protection, the shield should be terminated
uniformly around its circumference. This can be accomplished by using coaxial
connectors such as BNC, UHF, or Type N. Such a connector, shown in Fig.
2-41, provides a 360° electrical contact to the shield. A coaxial termination also
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provides complete coverage of the inner conductor, which preserves the
integrity of electric field shielding.

A 360° contact is important not only between the shield and the connector
but also between the two mating halves of the connector. Screw type
connectors, such as Type N and UHF, perform the best in this respect. Figure
2-42 shows an EMC version of a nonscrew-type XLR connector that contains
spring fingers around its circumference to provide 360° shield contact between
the mating halves. Figure 2-43 shows another method of providing a 360° shield
termination, in this case without using a connector.

The use of a pigtail termination whose length is only a small fraction of the
total cable length can have a significant effect on the noise coupling to the cable
at frequencies above 100 kHz. For example, the coupling to a 3.66-m (12 ft)
shielded cable with the shield grounded at both ends with 8-cm pigtail
terminations is shown in Fig. 2-44 (Paul, 1980, Fig. 8a). The terminating
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FIGURE 2-40. Pigtail shield connection concentrates current on one side of the shield.

SHIELD TERMINATION

FIGURE 2-41. Disassembled BNC connector showing a 360° contact to the shield.
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impedance of the shielded conductor was 50 Q. This figure shows the individual
contributions of the magnetic coupling to the shielded portion of the cable, the
magnetic coupling to the unshielded (pigtail) portion of the cable, and the
electric coupling to the unshielded portion of the cable. The capacitive (electric
field) coupling to the shielded portion of the cable was negligible because the

FIGURE 2-42. A female XLR connector (used in pro-audio installations) with spring
fingers around its circumference to provide a 360° contact between mating halves of the
connector backshell.
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FIGURE 2-43. One method of terminating a cable, without a connector, and still
providing a 360° contact to the shield.
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shield was grounded and the shielded conductor’s terminating impedance was
low (50 Q°). As shown in Fig. 2-44, above 100 kHz, the primary coupling to the
cable is from the inductive coupling to the pigtail.

If the terminating impedance of the shielded conductor is increased from 50
to 1000 Q, the result is as shown in Fig. 2-45 (Paul, 1980, Fig. 8b). In this case,
the capacitive coupling to the pigtail is the predominant coupling mechanism
above 10 kHz. Under these conditions, the coupling at 1 MHz is 40 dB greater
than what it would have been if the cable had been completely shielded (no
pigtail).

As can be observed from Figs. 2-44 and 2-45, although short pigtail
terminations may be acceptable for low-frequency (<10 kHz) cable shield
grounding, they are unacceptable for high-frequency shield grounding.
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FIGURE 2-44. Coupling to a 3.7-m shielded cable with an §-cm pigtail termination.
Circuit termination equals 50 Q (from Paul, 1980, © IEEE).
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FIGURE 2-45. Coupling to a 3.7-m shielded cable with an 8-cm pigtail termination.
Circuit termination equals 1000 Q (from Paul, 1980, © IEEE).

2.15.2 Grounding of Cable Shields

The most common questions asked with respect to cable shield grounding are,
where should the shield be terminated? At one end or at both ends and to what
should it be connected? The simple answer is that it depends!

2.15.2.1 Low-Frequency Cable Shield Grounding. The main reason to shield
cables at low frequency is to protect them against electric field coupling
primarily from 50/60-Hz power conductors. As was discussed in Section
2.5.2, a shield provides no magnetic field protection at low frequency. This
points out the advantage of using shielded twisted pair cables at low frequency:
The shield protects against the electric field coupling and the twisted pair
protects against the magnetic field coupling. Many low-frequency circuits
contain high-impedance devices that are susceptible to electric field coupling,
hence, the importance of low-frequency cable shielding.
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At low frequency, shields on multiconductor cables where the shield is not
the signal return conductor are often grounded at only one end. If the shield is
grounded at more than one end, then noise current may flow in the shield
because of a difference in ground potential at the two ends of the cable. This
potential difference, and therefore the shield current, is usually the result of
50/60-Hz currents in the ground. In the case of a coaxial cable, the shield
current will produce a noise voltage whose magnitude is equal to the shield
current times the shield resistance, as was shown in Eq. 2-33. In the case of a
shielded twisted pair, the shield current may inductively couple unequal
voltages into the twisted pair signal conductors and be a source of noise (see
Section 4.1 on balancing). But if the shield is to be grounded at only one end,
then which end should it be grounded, and to what ground?

Usually, it is better to ground the shield at the source end, because that is the
reference for the signal voltage. If the signal source is floating (not grounded),
however, then it is better to ground the cable shield at the load end.

Preferred low-frequency shielding schemes for both the shielded twisted pair
and the coaxial cable are shown in Fig. 2-46. Circuits 4 through D are cases
where either the source or the amplifier (load) circuit is grounded, but not both.
In these four cases, the cable shield is also shown grounded at only one end, and
it is the same end at which the circuit is grounded. When the signal circuit is
grounded at both ends as shown in circuits £ and F, the amount of noise
reduction possible is limited by the difference in ground potential and by the
susceptibility of the ground loop to magnetic fields. In the case of circuit E, the
shielded twisted pair cable is also grounded at both ends to force some ground-
loop current to flow through the lower impedance shield, rather than on the
signal return conductor. In circuit F, the shield of the coaxial cable must be
grounded at both ends because it is also the return conductor for the signal, and
the signal is grounded at both ends. In this case, the noise coupling can be
decreased by decreasing the resistance of the cable shield, as this will reduce the
common impedance coupling as was discussed in Section 2.8. If additional
noise immunity is required, then the ground loop must be broken. This can be
done by using transformers, optical couplers, or common-mode chokes as
discussed in Section 3.4.

An indication of the type of performance to be expected from the config-
urations shown in Fig 2-46 can be obtained by referring to the results of the
magnetic coupling experiment presented in Figs. 2-27 and 2-28.

Grounding the cable shield at only one end to eliminate power line frequency
noise coupling, however, allows the cable to act as a high-frequency antenna
and be vulnerable to rf pickup. AM and FM radio transmitters can induce
high-frequency rf currents into the cable shield. If the cable shield is connected
to the circuit ground, then these rf currents will enter the equipment and may
cause interference. Therefore, the proper way to terminate the cable shield is to
the equipment’s shielded enclosure, not to the circuit ground. This connection
should have the lowest impedance possible, and the connection should be made
to the outside of the shielded enclosure. In this way, any rf noise current on the
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FIGURE 2-46. Preferred low-frequency shield grounding schemes for shielded twisted
pair and coaxial cables.

shield will flow harmlessly on the outside surface of the enclosure and through
the enclosure’s parasitic capacitance to ground, bypassing the sensitive electro-
nics inside the box.

If you think of a cable shield as being an extension of the enclosure’s shield,
then it becomes clear that the shield should be terminated to the enclosure not to
the circuit ground.
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In the professional audio world, a noise problem that occurs from connect-
ing a cable shield to circuit ground, instead of to chassis ground, is referred to
as the “Pin I Problem.” Neil Muncy coined this term in 1995 in his classic
paper on the subject, Noise Susceptibility in Analog and Digital Signal Proces-
sing Systems. The term Pin [ refers to the connector pin that is connected to the
cable shield in XLR connectors, which are commonly used in professional
audio systems. For a phone jack, Pin I would refer to the sleeve; for a phono
plug or BNC connector, it would refer to the outside shell of the connector.

Because of the many documented cases of interference caused by terminating
cable shields to circuit ground, the Audio Engineering Society, in 2005,
published a standard on cable shield grounding in audio equipment that
says: The cable shield and the shell of the equipment connector(s) shall have a
direct connection to the shielding enclosure via the lowest impedance path possible
(AES48, 2005).

Shields on coaxial cables, where the shield is the signal return conductor,
must be grounded at both ends, and this ground, for functionality, must be to
the circuit ground. However, for noise considerations, as discussed above, the
shield should first be terminated to the enclosure. This can be accomplished
easily by terminating the cable shield to the enclosure and then connecting the
circuit ground to the enclosure at the same point.

The single-ended shield ground is effective at low frequencies (audio and
below), because it prevents power-frequency currents from flowing on the
shield and possibly introducing noise into the signal circuit. The single-point
ground also eliminates the shield ground loop* and its associated possible
magnetic field pickup. As frequency increases, however, the single-point ground
becomes less and less effective. As the cable length approaches one-quarter
wavelength, a cable shield grounded at one end becomes a very efficient
antenna. Under these circumstances, grounding both ends of the shield is
normally required.

2.15.2.2 High-Frequency Cable Shield Grounding. At frequencies above about
100 kHz, or where cable length exceeds one twentieth of a wavelength, it
becomes necessary to ground the shield at both ends. This is true for either
multiconductor or coaxial cables. Another problem develops at high frequency;
stray capacitance tends to complete the ground loop, as shown in Fig. 2-47,
which makes it difficult or impossible to maintain ground isolation at the
unterminated end of the shield.

It is therefore common practice at high frequency, and with digital circuits,
to ground the cable shield at both ends. Any small noise voltage caused by a
difference in ground potential that may couple into the circuit (primarily at
power line frequencies and its harmonics) will not affect digital circuits and can
usually be filtered out of rf circuits, because of the large frequency difference

*The loop formed between the cable shield and the external ground.
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FIGURE 2-47. At high frequencies, stay capacitance completes the ground loop.

between the noise and the signal. At frequencies above 1 MHz, the skin effect
reduces the common impedance coupling from the signal and noise currents
that flow in the shield. The skin effect causes the noise current to flow on the
outside surface of the shield and the signal current to flow on the inside surface
of the shield. The multiple grounds also provide magnetic field shielding at
frequencies above the shield cutoff frequency.

2.15.2.3 Hybrid Cable Shield Grounding. Although single-point grounds are
effective at audio frequencies and below, and multipoint grounds are effective
at high frequency, what does one do when the signal contains both high- and
low-frequency components, for example, a video signal? Most audio equipment
today also contains digital circuitry for signal processing, so even in audio
equipment, high-frequency signals are often present. Although, in this later
case, the high-frequency signals may not be intentionally in the cable, they can
unintentionally be coupled as a common-mode signal to the cable, and the
cable shield may then be needed to prevent the radiation of these high-
frequency signals.

In these situations, the circuit shown in Fig. 2-47 can be taken advantage of
by replacing the stray capacitance with an actual capacitor (i.e., 47 nF), which
forms a combination or hybrid ground. At low frequency, a single-point
ground exists because the impedance of the capacitor is large. However, at
high frequency, the capacitor becomes a low impedance, which converts the
circuit to one that is grounded at both ends.

The actual implementation of an effective hybrid cable shield ground may,
however, be difficult, because any inductance in series with the capacitor will
decrease its effectiveness. Ideally, the capacitor should be built into the
connector. Recently, some audio connector manufacturers have begun to
understand the advantage of the hybrid shield ground approach and have
designed connectors with an effective shield-terminating capacitor built in.
Figure 2-48 shows an XLR connector with 10 radial surface-mount capacitors
connected between the cable shield termination and the connector backshell,
which effectively breaks the ground loop at low frequency while maintaining a
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FIGURE 2-48. XLR connector with 10 SMT capacitors between the cable shield and
the connector backshell.

low impedance cable-shield-to-connector-shell termination at high frequency.
The paralleling of 10 capacitors decreases the inductance in series with any one
capacitor by a factor of 10 and produces a hybrid shield termination that can be
effective up to about 1 GHz.

2.15.2.4 Double Shielded Cable Grounding. Two reasons to use a double-
shielded cable are as follows: One is to increase the high-frequency shielding
effectiveness; the other is when you have both high-frequency and low-
frequency signals in the same cable. In the first case, the two shields can be
in contact with each other; in the second case, the two shields must be isolated
from each other (often referred to as a triaxial cable).

Having two shields that are isolated from each other allows the designer the
option of terminating the two shields differently. The outer shield can be
terminated at both ends to provide effective high-frequency as well as magnetic
field shielding. The outer shield is often also used to prevent radiation from the
cable, which results from high-frequency common-mode currents on the cable.
The inner shield can then be terminated at only one end, thus avoiding the
ground-loop coupling that would occur if grounded at both ends. Effectively,
the inner shield is low-frequency terminated, whereas the outer shield is high-
frequency terminated, which thereby solves the problem caused by a signal
containing both high- and low-frequency components. The outer shield should
be connected to the enclosure, and the inner shield should be connected to the
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enclosure or to the circuit ground, whichever performs best in that
circumstance.

Another interesting possibility when using a triaxial cable is to terminate
both shields at one end only—but at opposite ends. Therefore, no low-
frequency ground loop is present, but the inter-shield capacitance closes the
loop at high frequency. This can often be effective in cases that have very long
cable runs where there might be a large ground voltage differential between the
two ends, and where there will be a lot of inter-shield capacitance because of the
long cable run.

2.16 RIBBON CABLES

A major cost associated with the use of cables is the expense related to the
termination of the cable. The advantage of ribbon cables is that they allow low-
cost multiple terminations, which is the primary reason for using them.

Ribbon cables have a second advantage. They are ‘“‘controlled cables”
because the position and orientation of the wires within the cable is fixed,
like the conductors on a printed wiring board. However, a normal wiring
harness is a “‘random cables’ because the position and orientation of the wires
within the cable is random and varies from one harness to the next. Therefore,
the noise performance of a “random cable’ can vary from one unit to the next.

The major problem associated with the use of ribbon cables relates to the way
the individual conductors are assigned with respect to signal leads and grounds.

Figure 2-49A shows a ribbon cable where one conductor is a ground and all the
remaining conductors are signal leads. This configuration is used because it
minimizes the number of conductors required; however, it has three problems.
First, it produces large loop areas between the signal conductors and their ground
return, which results in radiation and susceptibility. The second problem is the
common impedance coupling produced when all the signal conductors use the
same ground return. The third problem is crosstalk between the individual
conductors—both capacitive and inductive; therefore, this configuration should
seldom be used. If it is used, the single ground should be assigned to one of the
center conductors to minimize the loop areas.

Figure 2-49B shows a better configuration. In this arrangement, the loop
areas are small because each conductor has a separate ground return next to it.
Because each conductor has a separate ground return, common impedance
coupling is eliminated, and the crosstalk between leads is minimized. This is the
preferred configuration for a ribbon cable, even though it does require twice as
many conductors as Fig 2-49A. In applications where crosstalk between cables
is a problem, two grounds may be required between signal conductors.

A configuration that is only slightly inferior to Fig. 2-49B, and one that used
25% fewer conductors is shown in Fig. 2-49C. This configuration also has a
ground conductor next to every signal conductor and therefore has small loop
areas. Two signal conductors share one ground, so some common impedance
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FIGURE 2-49. Ribbon cable configurations: (4) single ground; (B) alternate grounds;
(C) ground/signal/signal/ground; (D) signal over ground plane.

coupling occurs, and the crosstalk is higher than in Fig. 2-49B because there is
no ground between some of the adjacent signal conductors. This configuration
may provide adequate performance in many applications and has the lowest
cost-to-performance ratio.

Ribbon cables are also available with a ground plane across the full width
of the cable as shown in Fig. 2-49D. In this case, the loop areas are determined
by the spacing between the signal conductor and the ground plane under it.
Because this dimension is usually less than the lead-to-lead spacing in the
cable, the loop areas are smaller than in the alternate ground configuration of
Fig. 2-49B. If allowed to do so, the ground current will flow under the signal
conductor, for the same reason that the current returned on the shield in
Fig. 2-22. However, unless the cable is terminated with a full-width electrical
contact to the ground plane, the return currents will be forced out from under
the signal leads, and the loop area will increase. Because it is difficult to
terminate this kind of cable properly, it is not often used.
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Shielded ribbon cables are also available; however, unless the shield is
properly terminated with a 360° connection (a difficult thing to do), their
effectiveness is considerably reduced. The effect of shield termination on the
radiation from ribbon cables was discussed by Palmgren (1981). Palmgren
points out that the outside conductors in a shielded ribbon cable are not as well
shielded as the conductors located closer to the center of the cable (typically 7
dB less shielding). This effect is caused by the nonuniformity of the shield
current at the outside edge of the shield. Therefore, critical signals should not
be placed on the outside conductors of shielded ribbon cables.

2.17 ELECTRICALLY LONG CABLES

The analysis presented in this chapter has assumed that the cables were short
compared with a wavelength. What this really means is that all the current on
the cables is in phase. Under these circumstances, the theory predicts that both
the electric and the magnetic field coupling increase with frequency indefinitely.
In practice, however, the coupling levels off above some frequency.

As cables approach a quarter wavelength in length, some of the current in
the cable is out of phase. When the cable is a half-wavelength long, the out-of-
phase currents will cause the external coupling to be zero because of cancella-
tion of effects. This does not alter the dependence of the coupling on the
various other parameters of the problem; it only changes the numerical result.
Therefore, the parameters that determine the coupling remain the same,
regardless of the length of the cables.

Figure 2-50 shows the coupling between two cables with and without the
assumption that the cables are short. The results are almost exact up to the
point where the phasing effects start to occur, about one tenth of a wavelength.
The short cable approximation results are, however, still useful up to about one
quarter wavelength. Above this point, the actual coupling decreases because
some of the current is out of phase, whereas the short cable approximation
predicts an increase in the coupling. If the rise in coupling predicted by the
short cable approximation is truncated at a quarter wavelength, it provides an
approximation to the actual coupling. Note that the nulls and peaks produced
by the phasing the currents are not taken into account under these circum-
stances. However, unless one is planning to take advantage of these nulls and
peaks in the design of equipment—a dangerous thing to do—their location is
not important.

For more information on analyzing long cables see Paul (1979) and Smith
(1977).

SUMMARY

e Electric field coupling can be modeled by inserting a noise current
generator in shunt with the receptor circuit.
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FIGURE 2-50. Electric field coupling between cables using the short cable approxima-
tion (dashed line) and the transmission line model (solid line).

o Magnetic field coupling can be modeled by inserting a noise voltage
generator in series with the receptor

« Electric fields are much easier to guard against than magnetic fields.

o A shield grounded at one or more points shiclds against electric fields.

e The key to reducing magnetic coupling is to decrease the area of the
pickup loop.

» For a coaxial cable grounded at both ends, virtually all the return current
flows in the shied at frequencies above audio.

» To prevent magnetic field radiation or pickup, a shield grounded at both
ends is useful above audio frequencies.

o Any shield in which noise currents flow should not be part of the signal
path.

» Because of skin effect, at high frequencies, a coaxial cable behaves as a
triaxial cable.

o The shielding effectiveness of a twisted pair increases as the number of
twists per unit length increases.



98

CABLING

The magnetic shielding effects listed in this chapter require a cylindrical
shield with uniform distribution of shield current over the circumference of
the shield.

For a solid-shield cable, the shielding effectiveness increases with
frequency.

For a braid-over-foil or double-braid cable, the shielding effectiveness
begins to decrease above about 100 MHZ.

For a braided-shield cable, the shielding effectiveness begins to decrease
above about 10 MHz.

For a spiral shield cable, the shielding effectiveness begins to decrease
above about 100 kHz.

Most cable shielding problems are caused by improper shield
terminations.

At low frequency, cable shields may be grounded at one end only.

At high frequency, cable shields should be grounded at both ends.
Hybrid shield terminations can be used effectively when both low- and
high-frequency signals are involved.

Cable shields should be terminated to the equipment enclosure not to the
circuit ground.

The major problem with ribbon cables relates to how individual con-
ductors are assigned between signals and grounds.

PROBLEMS

2.1

2.2

In Fig. P2-1 the stray capacitance between conductors 1 and 2 is 50 pF.
Each conductor has a capacitance to ground of 150 pF. Conductor 1 has a
10-V alternating current (ac) signal at a frequency of 100 kHz on it. What is
the noise voltage picked up by conductor 2 if its termination Ry is:

a. An infinite resistance?
b. A 1000-Q resistance?
c. A 50-Q resistance?

In Fig. P2-2, a grounded shield is placed around conductor 2. The
capacitance from conductor 2 to the shield is 100 pF, The capacitance
between conductors 2 and 1 is 2 pF, and the capacitance between
conductor 2 and ground is 5 pF. Conductor 1 has a 10-V ac signal at a
frequency of 100 kHz on it. For this configuration, what is the noise voltage
picked up by conductor 2 if its termination Ry is:

a. An infinite resistance?

b. A 1000-Q resistance?

c. A 50-Q resistance?
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2.3 Because of the switching action of power transistors, a noise voltage is
usually introduced in switching-type power supplies between the power-
supply output leads and the case. This is represented by V' in Fig. P2-3.
This noise voltage can capacitively couple into adjoining Circuit 2 as
illustrated. Cy is the equivalent coupling capacitance between the case
and the output power leads. Assume C»,<Cyy.

a. For this circuit configuration, determine and sketch the ratio Vy»/
Va1 as a function of frequency. (Neglect the capacitors C, shown
dotted.)

Next, capacitors C are added between the output power leads and the

case, as indicated.

b. How does this affect the noise coupling?

¢. How would shielding of the power-supply leads improve the noise
performance?

2.4 Two conductors, each 10-cm long and space 1-cm apart, form a circuit.

This circuit is located where there is a 10-gauss magnetic field at 60 Hz.

What is the maximum noise voltage coupled into the circuit from the
magnetic field?

2.5 Figure P2-5A is a partial schematic for a low-level transistor amplifier. A
printed circuit layout for the circuit is shown in Fig. P2-5B. The circuit is
located within a strong magnetic field.

What is the advantage of the alternate layout shown in Fig. P2-5C
over that of Fig. P2-5B?
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FIGURE P2-6.

2.6 Calculate the mutual inductance per unit length between the two
coplaner parallel loops shown in Fig. P2-6.
2.7 Using the results of Problem 2.6:

a. Calculate the mutual inductance per unit length between adjacent
pairs (first and second pair) of a ribbon cable having a conductor
spacing of 0.05 in. Also calculate the mutual inductance between the
first and third pair, and between the first and fourth pair.

b. If the signal in one pair is a 10-MHz, 5-V sine wave and the cable is ter-
minated with 500 Q, what is the voltage induced into the adjacent pair?

2.8 What is the maximum value of the mutual inductance between two
circuits?

2.9 How does the magnitude of the magnetic field vary versus distance from:
a. A single isolated conductor?

b. Closely spaced parallel conductors carrying the signal and return
current?
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2.10 A receptor circuit consists of a 1-m long wire, located 5 cm above a
ground plane. Each end of the circuit is terminated with a 50-Q resistor.
An electric field induces a noise current of 0.5 mA into the circuit. The
magnetic field from the same noise source induces a noise voltage of 25
mV into the circuit.

a. If the noise voltage is measured across each of the terminating
resistors, what will the two readings be?

b. What general conclusion can you draw from the above results?

c. What will happen if the polarity of the magnetic-field induced
voltage is reversed?

2.11 Explain why an unshielded twisted pair will only provide protection
against capacitive pickup when its terminations are balanced (i.e., both
have the same impedance to ground)?

2.12 In a spiral shield cable, what percentage of the magnetic field H
produced by
a. The longitudinal component of the shield current is inside the shield.

What percentage is outside the shield?
b. The circular component of the shield current is inside the shield.
What percentage is outside the shield?
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3 Grounding

The search for a “‘good ground” is very similar to the search for the Holy Grail in
many respects—tales abound about its existence and we all say we want and need it,
but we cannot seem to find it.

—Warren H. Lewis*

Of all the conductors used in interconnecting electronics, the most complex is
ironically the one that generally gets the least attention—the ground. Ground-
ing is one of the primary ways of minimizing unwanted noise and of producing
a safe system. That said, a noise-free system is not necessarily a safe system, and
conversely, a safe system is not necessarily a noise-free system. It is the
responsibility of the designer to provide both a safe and a noise-free system.
A good ground system must be designed, it is wishful thinking to expect a ground
system to perform well if little or no thought has been given to its design. It is
sometimes difficult to believe that expensive engineering time should be devoted
to sorting out the minute details of circuit grounding, but in the end, not having
to solve mysterious noise problems once the equipment is built and tested saves
both time and money.

One advantage of a well-designed ground system is that it can often provide
protection against unwanted interference and emission, without any additional
per-unit cost to the product. The only cost is the engineering time required to
design the system. In comparison, an improperly designed ground system may
be a primary source of interference and emission and therefore require
considerable engineering time to eliminate the problem. Hence, a properly
designed ground system can be truly cost effective.

Grounding is an important and often misunderstood aspect of noise and
interference control. One problem with grounding is the word itself. The
word “ground” can mean many different things to many different people. It
could mean an 8-ft long rod driven into the earth for lightning protection,
it could mean the green safety wire used in an alternating current (ac) power
distribution system, it could mean a ground plane on a digital logic printed

* Lewis, 1995, p.301.

Electromagnetic Compatibility Engineering, by Henry W. Ott
Copyright © 2009 John Wiley & Sons, Inc.
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circuit board (PCB), or it could refer to a narrow trace on a PCB that provides
the return path for a low-frequency analog signal on a satellite orbiting the
earth. In all the above cases, the requirements for the ground are different.

Grounds fall into two categories as follows: (1) safety grounds and (2) signal
grounds. The second category probably should not be called grounds at all, but
rather returns, and it could be further subdivided into either signal or power
returns. If they are called grounds, they should be referred to as ‘‘signal
grounds” or “power grounds” to define the type of current they carry and to
distinguish them from “‘safety grounds.” Common usage, however, often just
refers to them all as grounds.

In most cases, safety grounds do not carry current, except during a fault, as
discussed later in this chapter. This distinction is important, because signal
grounds do carry current during normal operation. Therefore, another way to
classify grounds would be (1) those that carry current during normal operation
(such as signal or power returns) and (2) those that do not carry current during
normal operation (such as safety grounds).

In addition, if a ground is connected to the enclosure or chassis of the
equipment, then it is often called a chassis ground. 1f a ground is connected to
the earth through a low-impedance path, then it may be called an earth ground.
Safety grounds are usually connected to the earth or some conducting body that
serves in place of the earth such as the airframe of an aircraft or the hull of a ship.
Signal grounds may or may not be connected to the earth. In many cases, a safety
ground is required at a point that is unsuitable for a signal ground, which can
complicate the design problem. However, the basic objective of grounding must
always be to first make it safe and then make it work properly without compromising
the safety. In all cases, grounding techniques are available to do this.

3.1 AC POWER DISTRIBUTION AND SAFETY GROUNDS

In the power industry, grounding usually means a connection to the earth. In
the United States, ac power distribution, grounding, and wiring standards for
facilities are contained in the National Electric Code (NEC), which is often just
referred to as “‘the code.” Changes to the code are made every 3 years. The
basic purpose of power system grounding is to protect personnel, animals,
structures, and buildings from harm because of electrical shock or fire. In
facility wiring, this is usually accomplished by the following:

1. Insuring the operation of a protective device (fuse or circuit breaker) in the
event of a fault (i.e., contact between the hot conductor and the equipment
enclosure)

2. Minimizing the potential difference between conductive enclosures and
other metal objects

3. Providing lightning protection
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3.1.1 Service Entrance

Electrical power enters a facility (residential or commercial/industrial) at the
service entrance. The utility is responsible for the wiring and grounding on
the supply side of the service entrance, and the user is responsible for the wiring
and grounding on the load side of the service entrance. The service entrance is
the interface between the utility and the user; it is where metering takes place,
where power can be disconnected from the facility, and where lightning is likely
to enter the facility. With few exceptions, the NEC allows only one service
entrance per building (Article 230.2); the few exceptions to this are listed in
Articles 230.2(A) through 230.2(D).

A three-phase, high-voltage (typically 4160 or 13,800 V) system is usually
used to feed power to a neighborhood. The service drop to the facility can
either be supplied aerially or underground. In industrial areas, all three phases
are available for the service drop. In residential areas, however, only one phase
is available for the service drop—the high-voltage being stepped down using
a single-phase distribution transformer. A very common configuration is a
center-tapped secondary power distribution transformer as shown in Fig. 3-1.
This arrangement provides the facility with single-phase power at 120 and
240 V. The center tap of the transformer secondary (neutral conductor) is
solidly grounded to earth both at the distribution transformer and at the service
entrance panel.

3-PHASE
HIGH-VOLTAGE
POWER SERVICE
DISTRIBUTION ENTRANGCE
PANEL
FTTT s T s 1
. I ~ , HOT
1 T o o :
1 . I
' 120V I 120V
240V |
I ! | NEUTRAL BRANCH
' ' . CIRCUIT
! 1
1
1
! 120V | ! GROUND
1 | —~ !
® 0—— 1
! 1
1
! J
SINGLE-PHASE R
POWER
DISTRIBUTION
TRANSFORMER
(CASE GROUNDED) — -+
EARTH EARTH
GROUND GROUND

FIGURE 3-1. A single-phase residential service providing 120/240 V single-phase power.
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The voltage between either of the outer terminals of the transformer
secondary and the neutral is 120 V. The voltage between the two outer
terminals of the transformer is 240 V. Two-hundred-forty volts is often used
to power large appliances such as electric ovens, large air conditioners, and
electric clothes dryers. The two outer conductors are “hot” (at a voltage with
respect to the grounded neutral) and must contain overcurrent protection
devices such as fuses or circuit breakers. Fuses or circuit breakers are not
allowed in the neutral conductor (230.90(B)). The code also specifies that
not more than six manually operated breakers or disconnects be required to
completely disconnect power from a facility (230.71), and these disconnects
must all be at the same location, preferably in the same panel box.

The NEC does not imply that grounding is the only way to make electrical
installations safe; isolation, insulation, and guarding are also viable alternatives
in some situations. For example, power distribution systems above 1000 V are
normally not grounded. The NEC, however, provides one method of providing
a safe ac power distribution system, and it is often codified into law by local and
state governmental authorities.

In the early days of ac electrical power distribution, there was much
discussion amongst “experts” as to whether the power distribution system in
buildings should be grounded or not (International Association of Electrical
Inspectors, Appendix A, 1999). The term “grounded,” in this case, refers to
connecting one of the current carrying conductors, usually called the neutral,
to the earth. In 1892, the New York Board of Fire Underwriters issued a report
on Grounding of Electrical Wires, which stated: “The New York Board of Fire
Underwriters has condemned the practice of grounding the neutral as danger-
ous and orders it to be stopped. There can be no doubt that the practice of
grounding the neutral is not as safe as a completely insulated system.”

The only mandatory grounding requirement in the first (1897) edition of the
National Electrical Code was that for lightning arrestors. It was not until 16
years later in the 1913 code that the neutral conductor of the ac power
distribution transformer secondary was required to be grounded.

To this day, in many parts of the world, ungrounded ac power distribution
systems are in common use. Over 100 years of experience with these un-
grounded systems have shown that such systems can be safe. On naval ships
where reliability is critical and seawater an ever-present problem, power
distribution systems are usually not grounded. The United States, as well
as many other nations, however, have adopted a grounded system—an
approach many feel is safer. The above discussion, however, clearly demon-
strates that there is more than one acceptable way to achieve electrical safety.

3.1.2 Branch Circuits

The grounding requirements for ac power distribution systems are contained in
Article 250 of the code. In addition to the grounded neutral, an additional
safety ground is required to protect against shock hazards. A 120-V branch
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FIGURE 3-2. Standard 120-V ac power distribution branch circuit has three conductors.

circuit, therefore, must be a three-wire system as shown in Fig. 3-2. Load
current flows through the hot (black) conductor, which contains overcurrent
protection and returns through the neutral (white) conductor. The NEC refers
to the neutral as the “grounded conductor.” The safety ground (green, green
with yellow stripe, or bare) conductor must be connected to all non-current-
carrying metallic equipment enclosures and hardware, and it must be contained
in the same cable or conduit as the black and white current-carrying con-
ductors. The NEC refers to the safety ground as the “grounding conductor.” In
this book, however, we will just call the three conductors hot, neutral, and
ground (or safety ground).

The only time the ground conductor carries current is during a fault, and
then only momentarily, until the overcurrent protection device (fuse or circuit
breaker) opens the circuit removing voltage and rendering the equipment safe.
Because no current normally flows in the ground, it has no voltage drop, and
the hardware and enclosures connected to it are all at the same potential. The
NEC specifies that the neutral and ground wires shall be connected together at
one and only one point, and that point shall be at the main service entrance panel
(250.24(A)(5)). To do otherwise would allow some of the load current to return
on the ground conductor, thereby producing a voltage drop in the conductor.
In addition, the NEC requires that the ground conductor also be connected to
the earth through a ground rod or some other means at the service entrance
panel. The NEC refers to the ground rod as a “grounding electrode.” We will
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just refer to it as a ground rod. Metal water pipes and building steel
must also be bonded* to the ground rod to form a single “grounding elec-
trode system” for the building. A properly wired branch circuit is shown in
Fig. 3-3.

A combination 120/240-V branch circuit is similar to the 120-V circuit,
except an additional hot (often red) conductor is added, as shown in Fig. 3-4. If
the load requires only 240 V, the neutral (white) wire shown in Fig 3-4 is not
required.

Figure 3-5 shows what happens when a fault occurs in a piece of electrical
equipment connected to a properly installed ac power line. A low-impedance
path that consists of the hot conductor, the ground conductor, and the neutral-
to-ground bond exists, which draws a large fault current and quickly blows the
overcurrent protection device, thereby removing power from the load and
rendering the equipment safe.

Note that the ground-to-neutral bond is required for the overcurrent
protection device to operate; however, the ground-to-earth bond is not
required. Neither is the earth connection required for all the metal connected
to the ground conductor to be at the same potential. Why then does the NEC
require the earth connection? Overhead power lines are very susceptible to
lightning strikes. The earth connection is used to divert the lightning current
to ground and to limit the voltage imposed on the power system by lightning, as
well as any voltage induced from power line surges or unintentional contact
with higher voltage power lines.

3.1.3 Noise Control

It should be kept in mind that the NEC says very little about the issue of noise
and interference control, it is mostly concerned with electrical safety and fire
protection. The system designer must find a way to satisfy the code and still
produce a low-noise system. In addition, the NEC is only concerned with a
frequency of 50/60 Hz and its harmonics. An acceptable 60-Hz ground will not
be an acceptable 1-MHz ground. A good resource on satisfying the NEC
requirements while producing a low-noise system is IEEE Std. 1100-2005, I[EEE
Recommended Practice for Powering and Grounding Electronic Equipment,
which is referred to as the “Emerald Book.”

Noise can be differential mode (hot to neutral) or common mode (neutral to
ground) as shown in Fig. 3-6. Grounding, however, will only have an effect on the
common-mode noise.

To control noise and interference, one needs to create a low-impedance
ground system that is effective not only at 50/60 Hz but also at much higher
frequencies (tens if not hundreds of megahertz). To achieve this objective,

*The NEC defines bonding as follows: The permanent joining of metallic parts to form an
electrically conductive path...”
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FIGURE 3-4. Combination 120/240-V ac power distribution circuit has four conductors.
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FIGURE 3-6. Differential-mode and common-mode noise.

supplemental ground conductors such as ground straps, ground planes, ground
grids, and so on may be required. The NEC allows such supplemental ground
conductors provided they meet the following two conditions:

1. They must be in addition to the ground conductors required by NEC, not
in place of them.

2. They must be bonded to the NEC required ground conductors.

The most effective method of obtaining a low-impedance ground over the
widest range of frequencies for physically separated units of equipment is to
connect them to a solid ground plane as shown in Fig. 3-26. This plane is often
referred to as a zero signal reference plane (ZSRP). A ZSRP has several orders
of magnitude less impedance than a single ground wire of any practical
dimensions, and this low impedance exists over a frequency range that spans
many orders of magnitude (i.e., dc to hundreds of megahertz or more). A ZSRP is
without a doubt the optimum low-impedance, wide-bandwidth ground structure.

In many cases, a solid ZSRP is not practical; in which case, a grid can be
used to simulate a solid plane with good results. A grid can be thought of as a
plane with holes in it. As long as the maximum dimension of the holes is kept to
less than one twentieth of a wavelength, a grid will be almost as effective as a
plane. This approach, which is a gridded ZSRP, is typically used in large
computer room in the form of a cellular raised floor usually with a grid
conductor spacing of 60 cm (approximately 2 ft).

3.1.4 Earth Grounds

It is a myth that connecting equipment to an earth reduces noise and inter-
ference. Some equipment designers, in an attempt to control noise and
interference, have proposed connecting their equipment to a “quiet ground”
that consists of an isolated separate ground rod. Such a system is shown in
Fig. 3-7. If, however, a fault should occur between the hot conductor and the
enclosure, the fault-current path, as indicated by the arrows in the figure, now
includes the earth. The problem is that the earth is not a good conductor.
Seldom is the earth resistance less than a few ohms, and often it is in the 10-to
15-Q range. The NEC allows the resistance between the ground rod and the
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FIGURE 3-7. Fault current path when the load is connected to an isolated or separate
“quiet” ground. This configuration is dangerous and violates the NEC.

earth to be as high as 25 Q (250.56). If the resistance to earth is greater than
25 Q, then a second ground rod must be driven at least 6 feet away from the
first rod and electrically bonded to the first ground rod. The fault current,
therefore, may be less than 5A, which is far too small to cause the circuit
breaker to trip. This configuration is very dangerous, and it should never be
used. It also violates the requirements contained in the NEC. The NEC
states that: The earth shall not be considered as an effective fault-current path
(250.4(B)(4)).

If multiple ground rods are used, the NEC requires that they all be bonded
together to produce a single low-impedance fault-current path (250.50).
Communications systems [cable television (CATV), telephone, etc.] ground
rods are also required to be bonded to the building grounding electrode system
(810.20(J)). This is necessary to reduce differences in potential between the
ground rods during a lightning strike.

In addition to the fact that the configuration of Fig. 3-7 is unsafe, it seldom
reduces noise or interference. The ac power earth ground system is an array of
long wires, which act as antennas, to pick up all kinds of noise and interference.
It is also heavily polluted with noisy power currents from other equipment and
the power utility. The earth is not a low impedance, and it is far from being an
equipotential. It is more likely the cause of noise and interference than the
solution to these problems.
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In practice, a properly installed ac power distribution system, in a building
or home, will develop small, perfectly safe, voltage difference between the
grounds of the various outlets. Leakage currents, magnetic field induction, and
currents that flow through electromagnetic interference (EMI) filter capacitors
connected to the equipment ground cause these voltages. The voltage measured
between two ground points is typically less than 100 mV, but in some cases, it is
as high as a few volts. These noise voltages, although safe, if coupled into most
low-level signal circuits are clearly excessive. Therefore, the ac power ground is
of little practical value as a signal reference. Connection should be made to the
ac power, or earth, ground only when required for safety.

3.1.5 Isolated Grounds

When required for the reduction of noise (electromagnetic interference) on the
ground of sensitive electronic equipment, the NEC allows the use of a
receptacle in which the ground terminal is insulated from the receptacle
mounting structure (250.146(D)).* A similar section (250.96(B)) allows for
the use of an isolated ground with directly wired equipment enclosures. These
examples are exceptions to the normal NEC requirement for a solidly grounded
circuit. It is important to understand that, in this case, the term isolated refers
to the method by which the receptacle is grounded, not if it is grounded.” An
isolated ground (IG) receptacle is one in which there is no direct electrical
connection between the ground terminal on the receptacle and any other metal
part of the assembly. Isolated ground receptacles are usually colored orange;
however, the only NEC requirement is that they be identified by an orange A on
the face of the receptacle (406.2(D)). The use of an IG receptacle does not
relieve the requirement that the metal outlet box and all other metallic
structures be grounded.

The wiring of an isolated ground receptacle is shown in Fig. 3-8. The
receptacle’s ground pin is connected to the safety ground by running a separate
insulated conductor to the service entrance panel or source of a separately
derived system (see Section. 3.1.6). The insulated ground conductor must pass
through any intermediate panel boxes without making an electrical connection
to the boxes. The normal safety-ground conductor is still required and is
connected to all the outlet and panel boxes. The system now has two grounding
conductors. The isolated grounding conductor connects to the receptacle’s
ground pin and only grounds the equipment plugged into the receptacle. The
normal safety ground conductor grounds all other hardware as well as the
outlet box and any intermediate panel boxes. The ac power wiring is now a
four-conductor system, which includes hot, neutral, isolated ground, normal

*The NEC does not address the issue of exactly what circumstances would justify the use of an
isolated ground.

"Some prefer to use the term insulated ground instead of isolated ground, because it more accurately
describes how the system is wired and does not imply that the circuit is isolated from ground.
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hardware (safety) ground.* The isolated ground conductor and hardware
ground conductor must all be run in the same cable or conduit as the associated
current-carrying conductors (hot and neutral).

Comparing Figs. 3-3 and 3-8 shows that the only differences are (1) the
removal of the bonding jumper between the receptacle’s ground pin and
the outlet box and (2) the addition of an insulated ground conductor run
back to the service entrance panel.

Any intentional or accidental connection, other than the one at the service
entrance panel, between the isolated ground conductor and the safety
ground conductor will compromise the whole purpose behind the isolated
ground configuration. Not only will it compromise the circuit where the
extraneous connection occurs, but also it will compromise all isolated ground
circuits supported by the isolated ground bus in the service entrance panel.

The benefits, if any, of using an IG receptacle is not universally agreed on
and is not discussed in the code. Results range from no improvement, to some
improvement, to increased noise. Any noise improvement that does occur,
however, will only be with respect to common-mode noise, not to differential-
mode noise.

In many cases, a separate branch circuit, a ZSRP, or the use of an isolation
transformer to produce a separately derived system will give better noise
performance. These approaches can also be used in combination with each
other as well as with an isolated ground to reduce noise even more.

3.1.6 Separately Derived Systems

A separately derived system is a wiring system in which the hot and neutral
conductors have no direct electrical connection to the main electrical service.
Examples of a separately derived system are those provided by a generator, a
battery or, a transformer—provided there is no direct electrical connection to
another power source. Basically, in the case of a separately derived system, we
start all over again, as if it was the main service entrance panel, and we create a
new single-point neutral-to-ground bond.

An isolation transformer can often be used to reduce common-mode noise.
Because the isolation transformer creates a separately derived system, a new
neutral-to-ground bond point can be established. At this point, there will be no
common-mode noise voltage between the ground and the neutral conductor. If
the voltage derived from the transformer is used solely to feed sensitive electronic
loads, then noise will be greatly reduced. Figure 3-9 shows the wiring between an
isolation transformer and a load. Considering the transformer secondary as a
separately derived (new) source of power, we observe that the right-hand portion
of Fig. 3-9 (panel box to load) and Fig. 3-2 are wired the same.

An isolation transformer will not reduce any differential-mode (hot-to-neutral)
noise present on the main power source, as this will directly couple through the

* A metallic conduit may also be used as the safety ground in place of a separate ground conductor.
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FIGURE 3-9. An isolation transformer used to create a separately derived system. A
new neutral-to-ground bond point is established at the transformer or first panel box
after the transformer.

transformer. An isolation transformer can be used with a solidly grounded
receptacle or with an IG receptacle. This technique is probably the best use of an
IG receptacle, when combined with an isolation transformer.

3.1.7 Grounding Myths

More myths exist relating to the field of grounding than in any other area of
electrical engineering. The more common of these are as follows:

1. The earth is a low-impedance path for ground current. False, the
impedance of the earth is orders of magnitude greater than the impedance
of a copper conductor.

2. Theearth is an equipotential. False, this is clearly not true as a result of (1).

3. The impedance of a conductor is determined by its resistance. False, what
happened to the concept of inductive reactance?

4. To operate with low noise, a circuit or system must be connected to an
earth ground. False, because airplanes, satellites, cars, and battery-
powered laptop computers all operate fine without a ground connection.
As a matter of fact, an earth ground is more likely to be the cause of a
noise problem. More electronic system noise problems are resolved by
removing (or isolating) a circuit from earth ground than by connecting it
to earth ground.
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5. To reduce noise, an electronic system should be connected to a separate
“quiet ground” by use of a separate, isolated ground rod. False, in
addition to being untrue, this approach is dangerous and violates the
requirements of the NEC.

6. An carth ground is unidirectional, with current only flowing into the
ground. False, because current must flow in loops, any current that flows
into the ground must also flow out of the ground somewhere else.

7. An isolated receptacle is not grounded. False, the term ““isolated” refers
only to the method by which a receptacle is grounded, not if it is grounded.

8. A system designer can name ground conductors by the type of the current
that they should carry (i.e., signal, power, lightning, digital, analog, quiet,
noisy, etc.), and the electrons will comply and only flow in the appro-
priately designated conductors. Obviously false.

3.2 SIGNAL GROUNDS

A ground is often defined as an equipotential* point or plane that serves as a
reference potential for a circuit or system. I like to refer to this as the voltage
definition of ground. This definition, however, is not representative of practical
ground systems, because they, in reality, are not equipotentials; also, this definition
does not emphasize the importance of the actual path taken by the ground current.
It is important for the designer to know the actual return current path to evaluate
the radiated emission or susceptibility of a circuit. To understand the limitations
and problems of “real-world” ground systems, it is better to use a definition more
representative of the actual situation. A better definition for a signal ground is a
low-impedance path for current to return to the source (Ott, 1979). This current
definition of a ground emphasizes the importance of current flow. It implies that
because current is flowing through some finite impedance, a difference in potential
will exist between any two physically separated ground points. The voltage
definition defines what a ground ideally should be, whereas the current definition
more closely defines what a ground actually is. Keep in mind another important
difference between the voltage and current concepts of ground. Voltage is always
relative, and we must ask, “With respect to what?” What potential should our
ground be at, and respect to what should it be measured? Current, on the other hand,
is definitive—the current always wants to return to the source.
Three basic objectives of signal grounding are as follows:

1. Not to interrupt the ground return path
2. Return the current through the smallest loop possible’
3. Be aware of possible common impedance coupling in the ground

* A point where the voltage does not change, regardless of the current applied to it or drawn from it.
"This will be the lowest inductance path.
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The most important characteristic of a ground conductor is its impedance.
The impedance of any conductor can be written as

Zy = Ry +jol, (3-1)

Equation 3-1 clearly shows the effect that frequency has on ground
impedance. At low frequency, the resistance R, will be dominant. At high
frequency, the inductance L, will be the dominant impedance. At frequencies
greater than 13 kHz, a straight length of 24-gauge wire, | in above a ground
plane, has more inductive reactance than resistance; see Fig. 3-10.

In designing a ground, it is important to ask: How does the ground current
flow? The path taken by ground current must be determined. Then, because any
conductor carrying current will have a voltage drop, the effect of this voltage
drop on the performance of all circuits connected to the ground must be
evaluated. Ground voltage, just like all other voltage, obeys Ohms law; therefore,

Ve=1,Z, (3-2)
Equation 3-2 points out two ways to minimize the ground noise voltage V.

1. Minimize the ground impedance Z,
2. Decrease I, by forcing the ground current to flow through a different path
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FIGURE 3-10. Resistance and inductive reactance versus frequency for a straight, 1-ft
length of 24-gauge wire, located 1-in. above a ground plane.
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The first approach is commonly used at high frequency and with digital
circuits, by using a ground plane or grid. The latter approach is commonly used
with low-frequency analog circuits by using single-point grounding. With
single-point grounding, we can direct the ground current to flow where we
want it to flow. Equation 3-2 also clearly demonstrates the all-important point
that, assuming current is in the ground, two physically separated points will
never be at the same potential.

Consider the case of the double-sided PCB as shown in Fig. 3-11. It consists
of a trace routed as shown on the topside of the board and a solid ground plane
on the bottom of the board. At points A and B, vias pass through the board
connecting the topside trace to the ground plane to complete the current loop.
The question is, exactly how does the current flow in the ground plane between
points A and B?

At low frequencies, the ground current will take the path of least resistance,
which is directly between points A and B as shown in Fig. 3-12A. However, at
high frequencies, the ground current takes the path of least inductance, which is
directly under the trace as shown in Fig. 3-12B, because this represents the
smallest loop area. Therefore, the current return paths are different at low
frequency and at high frequency. In this case, the distinction between
low frequency and high frequency is typically a few hundred kilohertz.

SOURCE

FULL GROUND PLANE
ON BOTTOM OF BOARD
FIGURE 3-11. A double-sided PCB with a single trace on the topside and a full ground

plane on the bottom side. How does the ground plane current flow between points A
and B?

LOW FREQUENCY HIGH FREQUENCY
A B

FIGURE 3-12. Ground plane current path, (A) at low frequency the return current
takes the path of least resistance and (B), at high frequency the return current takes the
path of least inductance.
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Notice that for the low-frequency case (Fig. 3-12A), the current flows
around a very large loop, which is undesirable. However in the high-frequency
case (Fig. 3-12B), the current flows around a small loop (the length of the signal
trace times the thickness of the board). One can therefore conclude that high-
frequency ground currents do what we want them to (i.e., flow through a small
loop), and as designers all we have to do is not to interrupt them or prevent
them from flowing as they desire. Low-frequency ground currents, however,
may or may not flow as we want them to (i.e., flow through a small loop), so we
often must direct the current (or force the current) to flow where we want.

The proper signal ground system is determined by many things, such as the
type of circuitry, the frequency of operation, the size of the system, whether it is
self-contained or distributed, as well as other constraints such as safety and
electrostatic discharge (ESD) protection. It is important to understand that no
single ground system is proper for all applications.

Another factor to keep in mind is that grounding always involves compro-
mise. All ground systems have advantages as well as disadvantages. The
designer’s job is to maximize the advantages and to minimize the disadvantages
of the ground for the application at hand.

Also, grounding problems have more than one acceptable solution. There-
fore, although two different engineers often will come up with two different
solutions to the same grounding problem, both solutions may be acceptable.

Last, grounding is hierarchical. Grounding is done at the integrated circuit
(IC) level, at the circuit board level, as well as at the system or equipment level.
Each level is often performed by different people; each one does not usually
know what will happen at the next level. For example, the IC designer does
not know every use or application of the device, every piece of equipment that
the device will go into, or what grounding strategy the final equipment designer
will take.

Signal grounds can be divided into the following three categories:

1. Single-point grounds
2. Multipoint grounds
3. Hybrid grounds

Single-point and multipoint grounds are shown in Figs. 3-13 and 3-14,
respectively.* Hybrid grounds are shown in Figs. 3-21 and 3-23. Two subclasses
of single-point grounds are as follows: those with series connections and those
with parallel connections, as shown in Fig. 3-13. The series connection is also
called a common or daisy chain, and the parallel connection is often called a
separate or star ground system.

* Because grounding is hierarchical, the boxes labeled circuit 1, 2, and so on in these figures can
represent anything you desire—a large rack of electronic equipment, a small electronic module, a
PCB, or even an individual component or IC.
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7 _
SERIES CONNECTION PARALLEL CONNECTION
FIGURE 3-13. Two types of single-point grounding connections.

_
FIGURE 3-14. Multipoint grounding connections.

In general, it is desirable that the topology of the power distribution system
follows that of the ground. Usually, the ground structure is designed first, and
then the power is distributed in a similar manner.

3.2.1 Single-Point Ground Systems

Single-point grounds are most effectively used at low frequency, from dc up to
about 20 kHz. They should usually not be used above 100 kHz, although
sometimes this limit can be pushed as high as 1 MHz. With single-point
grounding, we control the ground topology to direct the ground current to flow
where we want it to flow, which decreases I, in the sensitive portions of
the ground. From Eq. 3-2, we observe that decreasing /,, decreases the voltage
drop in that portion of the ground. In addition, single-point grounding can be
used effectively to prevent ground loops.

The most undesirable single-point ground system is the common or daisy
chain ground system shown in Fig. 3-15. This system is a series connection
of all the individual circuit grounds. The impedances Z shown* represent those
of the ground conductors, and I, I, and I3 are the ground currents of circuits
1, 2, and 3, respectively. Point A is not a zero potential but is at a potential of

V=0 + L+ 5)Z, (3-3)

* Although resistors are shown in the figure, they are intended to represent impedances in general
and could just as well be inductors.
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FIGURE 3-15. Common, or daisy chain, single-point ground system is a series ground
connection and is undesirable from a noise standpoint, but it has the advantage of
simple wiring.

and point C is at a potential of

Ve=U+hL+5L)Z + (L + )2, + I;Z;. (3-4)

Although this circuit is the least desirable single-point grounding system, it is
commonly used because of its simplicity. In noncritical applications, it may be
perfectly satisfactory. The configuration should not be used between circuits
that operate at widely different current levels, because the high current stages
will adversely affect the low-level circuits through the common ground
impedance. When the system is used, the most critical circuit should be the
one nearest the primary ground point. Note that point A in Fig. 3-15is at a
lower potential than points B or C.

The separate or parallel ground system shown in Fig. 3-16 is a more
desirable single-point ground system. That is because no cross coupling occurs
between ground currents from different circuits. The potentials at points A and
C, for example, are as follows:

Vi=1hLZ, (3-5)
Ve = 1,75, (3-6)

The ground potential of a circuit is now a function of the ground current and
impedance of that circuit only. This system can be mechanically cumbersome,
however, because in a large system an unreasonable number of ground
conductors may be necessary.

Most practical single-point ground systems are actually a combination of the
series and parallel connection. Such a combination is a compromise between
the need to meet the electrical noise criteria and the goal of avoiding more
wiring complexity than necessary. The key to balancing these factors success-
fully is to group ground leads selectively, so that circuits of widely varying
power and noise levels do not share the same ground return wire. Thus, several
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CIRCUIT CIRCUIT CIRCUIT
1 2 3

FIGURE 3-16. Separate, or parallel, single-point ground system is a parallel ground
connection and provides good low-frequency grounding, but it may be mechanically
cumbersome in large systems.

low-level circuits may share a common ground return, whereas other high-level
circuits could share a different ground return conductor.

The NEC mandated ac power ground system is actually a combination of a
series and parallel connected single-point ground. Within a branch circuit
(connected to one circuit breaker), the grounds are series connected, and the
various branch circuit grounds are parallel connected. The single, or star, point
is at the service entrance panel, as shown in Fig. 3-17.

At high frequencies, the single-point ground system is undesirable because
the inductance of the ground conductors increase the ground impedance. At
still higher frequencies, the impedance of the ground conductors can be very
high, if the length coincides with odd multiples of a quarter wavelength.
Not only will these grounds have large impedance, but also they will act as
antennas and radiate, as well as pick up energy effectively. To maintain a
low impedance and to minimize radiation and pickup, ground leads should
always be kept shorter than one twentieth of a wavelength.

At high frequency, there is no such thing as a single-point ground. Figure 3-18
shows what happens when a single-point ground configuration is attempted at
high frequencies. Because of their inductance, the ground conductors represent
high impedances. However at high frequency, the impedance of the stray
capacitance between the circuits and ground is low. The ground current therefore
flows through the low impedance of the stray capacitance and not the high
impedance that results from the inductance of the long ground conductors. The
result is a multipoint ground at high frequency.

3.2.2 Multipoint Ground Systems

Multipoint grounds are used at high frequency (above 100 kHz) and in digital
circuitry. Multipoint ground systems minimize the ground noise voltage V, in
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FIGURE 3-17. A single-point ac power ground, as per the NEC.
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FIGURE 3-18. At high frequency, single-point grounds become multipoint grounds
because of stray capacitance.

Eq. 3-2 by minimizing the ground impedance Z,. From Eq. 3-1, we observe that
at high frequency, this means minimizing the ground inductance, which can be
done by the use of ground planes or grids. Where possible, use multiple
connections between the circuits and the plane to reduce the inductance. In the
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FIGURE 3-19. Multipoint ground system is a good choice at frequencies above about
100 kHz. Impedances R; — Ry and L — L3 must be minimized at the frequency of interest.

multipoint system shown in Fig. 3-19, circuits are connected to the nearest
available low-impedance ground plane. The low ground impedance is primarily
the result of the low inductance of the ground plane. The connections between
each circuit and the ground plane should be kept as short as possible to
minimize their impedance. In many high-frequency circuits, the length of these
ground leads may have to be kept to a small fraction of an inch. All single-point
grounds become multipoint grounds at high frequency because of stray
capacitance, as was shown in Fig. 3-18.

Increasing the thickness of the ground plane has no effect on its high-
frequency impedance because (1) it is the inductance not the resistance of the
ground that determines its impedance and (2) high-frequency currents only flow
on the surface of the plane because of the skin effect (see Section 6.4).

A good low-inductance ground is necessary on any PCB that contains high-
frequency or digital logic circuits. The ground can be either a ground plane;
or on a double-sided board, a ground grid. The ground plane provides a
low-inductance return for signal currents and allows for the possibility of using
constant impedance transmission lines for signal interconnections.

Although the ground on a digital logic board should be multipoint, that does
not mean that the power supplied to the board must also be multipoint
grounded. Because the high-frequency digital logic currents should be confined
to the board and not flow through the power supply conductors that feed the
board, and because the power is dc, it can be wired as a single-point ground
even though the logic board ground is multipoint.

3.2.3 Common Impedance Coupling

Many ground system problems occur as the result of common impedance
coupling. An example of common impedance coupling is shown in Fig. 3-20,
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FIGURE 3-20. An example of common impedance coupling.

which shows two circuits that share the same ground return. The voltage V7,
across the load impedance R;; of circuit 1 will be

Vii=Vsi+ Zg(l) + 1), (3-7)

where Z; is the common ground impedance and /; and I, are the signal
currents in circuits 1 and 2, respectively. Notice that in this situation the signal
voltage across the load R of circuit 1 is no longer a function of just the current
in circuit 1, but also it is a function of the current in circuit 2. The term I; Zs in
Eq. 3-7 represents an intracircuit noise voltage, and the term I, Z; represents
an intercircuit noise voltage.

Common impedance coupling becomes a problem when two or more circuits
share a common ground and one or more of the following conditions exist:

1. A high-impedance ground (at high frequency, this is caused by too much
inductance; at low-frequency this is caused by too much resistance).

2. A large ground current.
3. A very sensitive, low-noise margin circuit, connected to the ground.

Single-point grounds overcome these problems by separating ground cur-
rents that are likely to interfere with each other and by forcing them to flow on
different conductors, effectively controlling /, in Eq. 3-2. This approach is
effective at low frequency. However, the signal current paths and long lead
lengths associated with single-point grounds increase the inductance, which is
detrimental at high frequencies. In addition, at high frequencies, single-point
grounds are almost impossible to achieve because parasitic capacitance closes
the ground loop as was shown in Fig. 3-18.

Multipoint grounds overcome these problems by producing a very low
ground impedance, effectively controlling the L, term in Eq. 3-1.

Normally, at frequencies below 100 kHz, a single-point ground system may
be preferable; above 100 kHz, a multipoint ground system is best.
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3.2.4 Hybrid Grounds

When the signal frequency covers a wide range both above and below 100 kHz,
a hybrid ground may be a solution. A video signal is a good example of this; the
signal frequencies can range from 30 Hz to tens of megahertz. A hybrid ground
is one in which the system-grounding configuration behaves differently at
different frequencies. Figure 3-21 shows a common type of hybrid ground
system that acts as a single-point ground at low frequency and as a multipoint
ground at high frequency.

A practical application of this principle is the cable-shielding configuration
shown in Fig. 3-22. At low frequency, the capacitor C is a high impedance and
the cable shield is single-point grounded at the load end only. At high
frequency, the capacitor C is a low impedance and the cable shield is effectively
grounded at both ends. This type of hybrid shield ground was previously
discussed in Section 2.15.2.3.

A different type of hybrid ground is shown in Fig. 3-23. This hybrid ground,
although not very common, can be used when many equipment enclosures
must be grounded to the power system ground, but it is desirable to have
a single-point signal ground for the circuitry. The ground inductors provide a

D U—

FIGURE 3-21. A hybrid ground connection that acts as a single-point ground at low
frequencies and a multipoint ground at high frequencies.

o

C

FIGURE 3-22. Example of a hybrid grounded cable shield.
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2 4

FIGURE 3-23. A hybrid ground connection that acts as a multipoint ground at low
frequencies and a single-point ground at high frequencies.

low-impedance safety ground at 50/60 Hz, and ground isolation at higher
frequencies. Another application might be if the equipment is conducting a
noise current out on the ground conductor, which causes the power cable to
radiate, thereby failing regulatory electromagnetic compatibility (EMC)
requirements. If the ground conductor is removed, the product passes EMC,
but that is a safety violation. An inductor or choke (e.g., 10 to 25 pH) added in
series with the ground wire will provide a low impedance at 50/60 Hz, while
providing a high impedance at the much higher noise frequencies.

3.2.5 Chassis Grounds

Chassis ground is any conductor that is connected to the equipment’s metal
enclosure. Chassis ground and signal ground are usually connected together at
one or more points. The key to minimizing noise and interference is to
determine where and how to connect the signal ground to the chassis. Proper
circuit grounding will reduce the radiated emissions from the product as well as
increase the product’s immunity to external electromagnetic fields.

Consider the case of a PCB, with an input/output (I/O) cable, mounted
inside a metallic enclosure as shown in Fig. 3-24. Because the circuit ground
carries current and has a finite impedance, there will be a voltage drop Vg
across it. This voltage will drive a common-mode current out on the cable, and
will cause the cable to radiate. If the circuit ground is connected to the chassis at
the end of the PCB opposite the cable, then the full voltage V' will drive the
current onto the cable. If, however, the circuit ground is connected to the
enclosure at the I/O connector, the voltage driving common-mode current out
onto the cable will ideally be zero. The full ground voltage will now appear at
the end of the PCB without the cable connection. It is, therefore, important to
establish a low-impedance connection between the chassis and the circuit
ground in the I/O area of the board.
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FIGURE 3-24. Circuit ground should be connected to the enclosure (chassis) in the I/O
area of the PCB.

Another way to visualize this example is to assume that the ground voltage
produces a common-mode noise current that flows toward the I/O connector.
At the connector, there will be a current division between the cable and the PCB
ground-to-chassis connection. The lower the value of the board ground to
chassis impedance, the smaller the common-mode current on the cable will be.
The key to the effectiveness of this approach is achieving a low impedance (at
the frequencies of interest) in the PCB-to-chassis connection. This method is
often easier said than done, especially when the frequencies involved can be in
the range of hundreds of megahertz or more. At high frequency, this implies
low inductance and usually requires multiple connections.

Establishing a low-impedance connection between the circuit ground and the
chassis in the I/O area is also advantageous with respect to radio frequency (rf)
immunity. Any high-frequency noise currents induced into the cable will be
conducted to the enclosure, instead of flowing through the PCB ground.

3.3 EQUIPMENT/SYSTEM GROUNDING

Electronic circuits for many systems are mounted in large equipment racks or
cabinets. A typical system will consist of one or more of these equipment
enclosures. The equipment enclosures can be large or small; can be located
adjacent to each other or dispersed; can be located in a building, ship, or
aircraft; and can be powered by ac or direct current (dc) power systems.
Equipment grounding objectives include electrical safety, lightning protection,
EMC control, and signal integrity. The following discussion emphasizes ac-
powered land-based systems; however, analogous grounding methods apply to
systems in vehicles, and aircraft, as well as to dc-powered systems.

Although the examples in this section show the grounding of large equip-
ment enclosures, the same principles are equally applicable to systems that
contain many small circuit modules such as those that might be found in cars or
aircraft. In fact, the principles are even applicable to a system that contains a
collection of printed circuit boards. Remember, grounding is hierarchal and the
same principles apply regardless of the scale.
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The following three types of systems (originally categorized by Denny, 1983)
will be considered: (1) isolated systems, (2) clustered systems, and (3) dis-
tributed systems.

3.3.1 Isolated Systems

An isolated system is one in which all functions are contained within a single
enclosure with no external signal connections to other grounded systems.
Examples of isolated systems are vending machines, television sets, component
stereo system (with all the components mounted in a single rack),* desktop
computer, and so on. This system is the simplest of all systems and the easiest to
ground properly. The optimum way to minimize the potential difference
between interconnected items of electronics is to have them all contained in a
single six-sided metallic enclosure of the smallest size possible.

The NEC requires that all exposed metallic enclosures of electronic equip-
ment be connected to the ac power ground conductor. Only one safety ground
connection is required between the enclosure and the earth, structure, airframe,
hull, and so on. This enclosure ground can be provided by (1) the ac power
ground (green wire) when powered by single-phase ac (see Fig. 3-2) or (2) a
separate ground conductor run with the power cable (or a metallic conduit)
when powered by three-phase ac.

Internal signals should be grounded as appropriate for the type of circuitry
and frequency of operation. Because an isolated system does not have any /O
to other grounded equipment, the grounding of I/O signals does not have to be
considered.

3.3.2 Clustered Systems

A clustered system has multiple equipment enclosures (cabinets, racks equip-
ment frames, etc.) located in a small area such as in an equipment closet or a
single room as shown in Fig. 3-25. Multiple interconnecting I/O cables may
exist, not shown in Fig. 3-25, between individual elements of the system, but
not with any other grounded system. Examples of clustered systems are a small
data-processing center, a mini computer with many large peripherals, or a
component stereo system with the components scattered around the room.

3.3.2.1 Safety Grounding of Clustered Systems. For safety, the equipment
enclosures must be connected to the ac power ground. This connection can be
accomplished in many ways. The racks could be single-point grounded, or they
could be multipoint grounded. If single-point grounded, they could be
connected in a series (or daisy chain) fashion, or they could be connected in
a parallel (or star) pattern. If a series connection, as was shown in Fig 3-15, is

*The fact that speakers may be mounted remote from the system does not change the fact that this
is an isolated system, because the speakers are not grounded.
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FIGURE 3-25. Four equipment enclosures forming a clustered system.

used, the potential of an enclosure will be a function of the ground current
associated with another rack. As discussed in Section 3.2.1, the series connected
single-point ground is the least desirable, and it is normally unsatisfactory for
the interconnection of equipment racks that contain sensitive electronic
equipment.

A better approach is to use a parallel or star ground as was shown in Fig. 3-16.
In this case, each equipment rack is connected to the main grounding bus with a
separate ground conductor. Because each equipment ground conductor carries
less current, than in the case of the series connection, the voltage drops in the
ground conductors are reduced and the ground potential of an enclosure is only a
function of its own ground current. In many cases, this approach provides more
than adequate noise performance.

3.3.2.2 Signal Grounding of Clustered Systems. Internal signals should be
grounded as appropriate for the type of circuitry and frequency of operation.
Signal-ground referencing between elements may be single point, multipoint, or
hybrid, whatever is appropriate for the characteristics of the signals involved. If
single point, the signal ground reference is usually provided by the existing
NEC-required equipment grounding conductors. If multipoint, the signal
ground may be provided by cable shields (poorest), auxiliary ground con-
ductors or wide metal straps (better), or with a wire grid or solid metal plane
(best). For the case of nonsensitive electronic equipment in a benign environ-
ment, signal grounding with cable shields or auxiliary ground conductors is
often acceptable. For sensitive electronic equipment in a harsh environment,
wide metal straps, grids, or ground planes should be seriously considered.

By far the best way to obtain a low-impedance signal ground connection,
over the broadest range of frequencies between separated units, is by inter-
connecting them with a solid metallic ground plane as shown in Fig. 3-26. The
impedance of the plane will be three to four orders of magnitude less than that
of any single wire. This produces a true multipoint grounding system and is
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FIGURE 3-26. A ZSRP is the optimum way to provide a low-impedance ground
connection between individual equipment enclosures that is effective over the widest
frequency range.

often referred to as a ZSRP. The second best approach is to use a ground grid.
A grid can be considered to be a plane with holes in it. As long as the holes are
small compared with a wavelength (<A/20) at the highest frequency of interest,
the grid will closely approximate the performance of a plane and is often easier
to implement.

In a multipoint ground system, each electronic equipment enclosure or rack
must first be grounded using the NEC-mandated equipment-grounding con-
ductor. In addition, each rack or enclosure is connected to another ground, in
this case, the ZSRP. Figure 3-27 shows this. Remember, a grid could be used
in place of the plane. This approach is effective from dc to high frequency, and
it is without a doubt the optimum configuration.

Although ZSRPs perform extremely well, they are not perfect. They, as well
as all conductor configurations, have resonances. When a conductor or a
current path becomes a quarter wavelength (or odd multiples thereof) long, it
will present a high impedance. However, in the case of a ZSRP, or grid, when
one current path becomes a quarter wavelength long, other parallel paths will
exist that are not a quarter wavelength long. Therefore, the ground current
will follow these lower impedance parallel paths, instead of the high-impedance
quarter-wavelength path. Therefore, even when resonances are considered, the
impedance of a ZSRP will be less than any that of any single-conductor
alternative.

For lightning protection, the ZSRP should not be isolated from any objects
or structures. It should be bonded to each item that penetrates it, such as pipes,
metallic conduit, building steel, and so on. The ZSRP should also be bonded to
any metal object located within 6 ft of it. This rule is important to prevent
lightning flashover.
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FIGURE 3-27. Implementation of a ZSRP ground structure while still retaining the
NEC-mandated equipment-grounding conductors.

3.3.2.3 Ground Straps. To minimize inductance, equipment enclosures should
be bonded to the ZSRP at multiple points (a minimum of four is a good rule to
follow) using short straps with a length-to-width ratio of 3:1 or less. Increasing
the diameter of a round conductor does not reduce its inductance significantly
because of the logarithmic relationship between the diameter and the induc-
tance (see Section 10.5.1).

Instead of a round conductor, a short, flat rectangular strap should be used
to bond the enclosures to the ZSRP. The inductance of a flat rectangular
conductor is (Lewis, 1995, p. 316)

L = 0.002/ [2.303 log <2ll> 1054 0.235(W ;r I)} , (3-8)

w—+

where L is the inductance in pH, / is the length, w is the width, and ¢ is the
thickness of the flat-strap (all in centimeters). In the case of a rectangular
conductor, the length-to-width ratio can have a significant effect on the
inductance of the strap.* For a strap of a given length, the inductance decreases
as the strap’s width is increased. Figure 3-28 shows the inductance of a 10-cm-
long, 0.1-cm-thick conductor as a function of the length-to-width ratio, as a
percentage of the inductance at a length-to-width ratio of 100:1.

* Actually, this ratio is the length-to-width plus thickness ratio. However, because the thickness ¢ is
usually much less than the width w, we usually just consider the length-to-width ratio.
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Equation 3-8 also shows that as the strap length is increased, the inductance
will increase regardless of the length-to-width ratio because of the / term in
front of the brackets. However, for a fixed-length strap, the inductance will
decrease as a function of the length-to-width ratio as shown in Fig. 3-28 and as
listed in Table 3-1. Therefore, for good high-frequency performance, a short-
strap with the smallest length-to-width ratio possible should be used.

The ground strap can be constructed from solid metal or braid. Braid is
often preferred over solid metal where flexibility is needed. Braid, however, is
susceptible to corrosion between the individual strands that will increase its
impedance. Copper braid, if used, should be tinned or silver plated to reduce
this problem. A tinned or plated braid, in good condition, should perform as
well as a solid strap in this application.
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FIGURE 3-28. Inductance of a rectangular cross-section grounding strap as a function

of its length-to-width ratio. Inductance is plotted as a percentage of the inductance of a
100:1 length-to-width ratio strap.

TABLE 3-1. Percent decrease in inductance as a function of the length-to-width
ratio of a fixed-length, rectangular cross-section conductor.

Length-to Width Ratio Percent Decrease in Inductance”
100:1 0
50:1 8
20:1 21
10:1 33
5:1 45
3:1 54
2:1 61
1:1 72

“The decrease is with respect to the inductance existing with a 100:1 length-to-width ratio.
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Additional reduction in inductance can be obtained by using multiple
grounding straps. The inductance of two straps in parallel will be half the
inductance of one strap, provided they are separated so that the mutual
inductance is negligible. This decrease in inductance is linear with the number
of straps used. Four widely separated ground straps will have one quarter the
inductance of one strap.

Therefore, for the lowest impedance, high-frequency equipment grounding,
multiple ground straps, with the shortest length possible, and with the smallest
length-to-width ratio possible should be used.

Equipment cabinets are often intentionally or unintentionally (e.g., as the
result of the painted surface of the cabinet) insulated from the ground plane
that they are sitting on. Therefore, the only electrical connection to the ground
plane is through the bonding straps. This situation produces a resonance
problem, as shown in Fig. 3-29, which is caused by the parasitic capacitance
between the enclosure and the ground plane. This capacitance will resonate
with the ground strap inductance at a frequency of

(3-9)

where L is the ground strap inductance and C is the parasitic capacitance
between the enclosure and the ground plane. Because this is a parallel
resonance, the impedance at resonance will be very large, thus effectively
disconnecting the enclosure from the plane. It is not unusual for this resonance
to be in the 10- to 50-MHz frequency range. It is desirable to keep this ground
strap resonance at a frequency above the operating frequencies of the system.
To raise the resonant frequency, the capacitance and/or inductance must be
decreased. The inductance can be decreased by using a multiplicity of short,

EQUIPMENT
ENCLOSURE

PARASITIC
CAPACITANCE

BONDING STRAP
INDUCTANCE

FIGURE 3-29. Bonding strap resonance can occur from the parallel combination of the
bonding strap inductance and the parasitic capacitance of the enclosure.
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wide grounding straps. Raising the cabinet, with an insulator, farther above the
ground plane, will decrease the capacitance.

3.3.2.4 Inter-Unit Cabling. Signal as well as power cables between the
individual elements should be routed close to the ZSRP as shown in Fig. 3-30B,
not in the air above the enclosures as shown in Fig. 3-30A. This approach
minimizes the area between the cables and the reference plane, which will
minimize the common-mode noise coupling into the cables. In some cases (e.g.,
computer rooms), the ZSRP or grid is part of a raised floor; in these cases, the
cables can be run below the ZSRP, as shown as option 2 in Fig. 3-30B.

To understand how these equipment grounding concepts can be applied to
things other than large racks of electronics, let us apply the concepts for
clustered systems to a product in a small enclosure the size of a “‘bread box,”
which consists of several individual modules and printed circuit boards all
interconnected by cables. There might be a power supply module, a disk drive
module, a liquid crystal display (LCD) module, and many printed circuit
boards. What would be the optimum way to mount, ground, and interconnect
the modules and PCBs?

Remember, grounding is hierarchical, and although a single enclosure is an
isolated system on a macroscale, if we only consider the elements inside the
enclosure, they could be considered to be a clustered system on a microscale.

INTERCONNECTING CABLES
[ | |

—1 —1
0 0
ZSRP
A
OPTION 1, CABLES ROUTED ABOVE ZSRP
—1 —1
0 0
1 r T [
ZSRP : ]

OPTION 2, CABLES ROUTED BELOW ZSRP

B

FIGURE 3-30. (A) Poor interunit cabling routing and (B) preferred interunit cabling
routing.
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The optimum configuration then would be to have all the modules and PCBs
mounted and grounded to a single ground plane or metal chassis, acting as a
ZSRP, and all the cables routed as close to the plane as possible. If each PCB
were grounded to the plane with four metal % in diameter stand offs, each stand
off should have a length no greater than % in to not exceed a length-to-width
ratio of 3:1.

3.3.3 Distributed Systems

A distributed system has multiple equipment enclosures (cabinets, racks
equipment frames, etc.) that are physically separated such as in different
rooms, buildings, and so on as shown in Fig. 3-31. There will also be multiple
interconnecting I/O cables between individual elements of the system, and these
cables are often long, in excess of one twentieth of a wavelength at the

\ LOCALLY GROUNDED ELEMENTS

FIGURE 3-31. A distributed system that consists of a multiplicity of widely separated
elements.
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frequencies of interest. Examples of distributed systems are industrial process
control equipment and large mainframe computer networks. The elements of
the system are fed power from different sources, for example different branch
circuits, if within a single building, or even different transformer banks if the
elements are located in different buildings.

3.3.3.1 Grounding of Distributed Systems. In a distributed system, the different
elements usually have separate ac power, safety, and lightning protection
grounds. The element, or elements, located at each location can, however, be
considered to be either an isolated or clustered system, and they are safety
grounded appropriately for that type of system.

Internal signals should be grounded as appropriate for the type of circuitry
and frequency of operation. The primary problem associated with a distributed
system is the treatment afforded to the signals that must interconnect between
the individual elements of the system. All signal ports and interconnecting
cables should be viewed as existing in a harsh (noisy) environment and treated
appropriately using the principles covered in Chapter 2 on Cabling and
Chapter 4 on Balancing and Filtering.

The main considerations involved in determining the applicable 1/O treat-
ment are as follows: What are the characteristics of the signal? What type of
cabling and/or filtering will be used? Is the signal analog or digital? What is its
frequency and amplitude? Is the signal balanced or unbalanced? (Balanced
signals are more immune to noise than unbalanced signals.) Will the cabling be
individual wires, twisted pairs (shielded or unshielded), ribbon cable, or coax?
If shields are used, should they be grounded at one end, both ends, or hybrid
grounded? Another important consideration is can or will some form of
isolation or filtering be used? For example, can the signal be transformer or
optically coupled to the cable? Filters and common-mode chokes can also be
used to treat the I/O signals and to minimize the noise coupling.

In this situation, ground loops may be a problem. Section 3.4 covers this
subject and its mitigation. All interconnecting signals should be analyzed to
determine the degree of protection required. Some interconnects, depending on
frequency, amplitude, signal characteristic, and so on, may not require any
special protective measures.

3.3.3.2 Common Battery Systems. A common battery distributed system is one
in which the structure (chassis, hull, airframe, etc.) is used for the dc power
return. Such a configuration can often be found in automobiles and aircraft. In
this type of system, the structure often becomes the signal reference. Because all
the ground currents (power and signal) flow through the structure, common
impedance coupling can be a major problem. Any voltage differential that exists
between various points of the structure, as a result of this common impedance
coupling in the ground, will appear in series with all ground-referenced (single-
ended) signal interconnections. From a noise and interference perspective, such
a system is not very desirable, and it can at best be problematic.
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The primary problem associated with a common battery distributed system
is the treatment afforded to the signals that must interconnect between the
individual elements of the system. All interconnecting signals should be
analyzed to determine the degree of protection, if any, required. The magnitude
of the noise voltage compared with the signal level in the circuit is important. If
the signal-to-noise ratio is such that circuit operation is likely to be affected,
then steps must be taken to provide adequate protection from the common-
mode ground noise. Sensitive signals should be treated as discussed in Section
3.4 for ground loops. Because balanced interconnections are more immune to
noise than single-ended interconnections, they should be seriously considered in
this situation.

Providing power to equipment using a twisted pair is always better than
using a chassis return. However, if a twisted pair is used in parallel with a
chassis return, then it will not be as effective as without the chassis return.
Using a twisted pair will still provide some benefits, however. It will reduce any
magnetic field differential-mode pickup in the power leads. Although the low-
frequency return currents will still return via the chassis (assuming that it is a
lower resistance than the return conductor in the twisted pair), high-frequency
noise currents will return via the twisted pair (because this provides a lower
inductance path) and will not radiate as efficiently and possibly interfere with
other equipment. In addition, if chassis ground is poor (high impedance) or
degrades with time, the power current can return on the twisted pair, which
provides increased reliability.

3.3.3.3 Central System With Extensions. A special case of a distributed system
is a central system with extensions. Such a system shown in Fig. 3-32 consists of
a central element, or elements, connected, usually in a star arrangement, to
remote elements that may extend out long distances from the central element.
What distinguishes this from a distributed system is that the remote elements,
which are usually small, are not powered or grounded locally; rather, they get
their power from the central element. Usually, these are low-frequency systems.
The best example of this type of system is the telephone network; another
example would be a programmable logic controller (PLC) in a factory with
remote ungrounded sensors and/or actuators.

The central element should be grounded as an isolated or clustered system,
whichever is appropriate for the configuration. In addition, the cables to the
remote elements should be treated to prevent noise pickup and/or radiation as
was discussed in Chapter 2.

3.4 GROUND LOOPS

Ground loops, at times, can be a source of noise and interference. This is
especially true when multiple ground points are separated by a large distance
and are connected to the ac power ground, or when low-level analog circuits are
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FIGURE 3-32. A central system with extensions. The extensions are not locally
grounded and are fed power from the central system.
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FIGURE 3-33. A ground loop between two circuits.

used. In these cases, it may be necessary to provide some form of discrimination
or isolation against the ground path noise.

Figure 3-33 shows a system grounded at two different points. Two different
ground symbols are shown in the figure to emphasize the fact that the two
physically separated ground points are likely to be at different potentials. This
configuration has three potential problems, as follows:

1. A difference in ground potential V5 between the two grounds may couple
a noise voltage Vy into the circuit as shown in Fig. 3-33. The ground
potential is usually the result of other currents flowing through the
ground impedance.

2. Any strong magnetic fields can induce a noise voltage into the loop
formed by the signal conductors and the ground, which is designated as
“ground loop” in Fig. 3-33.
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3. The signal current has multiple return paths and may, especially at low-
frequency, flow through the ground connection and not return on the
signal return conductor.

Item 3 is seldom a problem at high frequency because the larger loop
associated with the ground return path will have much more inductance than
the smaller loop if the current returns on the signal return conductor. Hence,
the high-frequency signal current will return on the signal return conductor, not
in the ground.

The magnitude of the noise voltage compared with the signal level in the
circuit is important. If the signal-to-noise ratio is such that circuit operation is
affected, then steps must be taken to remedy the situation. In many cases,
however, nothing, special has to be done.

All ground loops are not bad, and a designer should not get paranoid about
the presence of a ground loop. Most ground loops are benign. Most actual
ground-loop problems occur at low frequency, under 100 kHz, and they are
usually associated with sensitive analog circuits, such as audio or instrumenta-
tion systems. The classic example of this is 50/60-Hz hum coupling into an
audio system. Ground loops are seldom a problem at high frequency, above
100 kHz, or in digital logic systems. Experience has shown that more problems
are caused by trying to avoid ground loops than those caused by the ground
loops themselves. Some ground loops are actually helpful, for example, in the
case of a cable shield being grounded at both ends in order to provide magnetic
field shielding, as was discussed in Section 2.5.

If ground loops are a problem, then they can be dealt with in one of three
ways as follows:

1. Avoid them by using single-point or hybrid grounds. This technique is
usually only effective at low frequencies, and often it makes the situation
worse when attempted at high frequency.

2. Tolerate them by minimizing ground impedance (e.g., by using a ZSRP)
and/or by increasing the circuit noise margin (e.g, by increasing the signal
voltage level or by using a balanced circuit).

3. Break them by using one of the techniques discussed below.

The ground loop shown in Fig. 3-33 can be broken by one of the following:

1. Transformers
2. Common-mode chokes
3. Optical couplers

Figure 3-34 shows circuits 1 and 2 isolated with a transformer. The ground
noise voltage now appears between the transformer’s primary and secondary
windings and not at the input to the circuit. The remaining noise coupling, if
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FIGURE 3-34. A transformer used to break a ground loop ground between two circuits.

any, is now primarily a function of the parasitic capacitance between the
transformer windings, as discussed in Section 5.3 on transformers, and it can be
reduced even more by placing a Faraday shield between the transformer
windings. Although transformers provide excellent results, they do have
some disadvantages. They are often large, have limited frequency response,
provide no dc continuity, and are costly. In addition, if multiple signals are
connected between the circuits, then multiple transformers are required.

Most professional audio equipment uses a balanced interface to minimize
susceptibility to interference and ground loops. Most consumer audio equip-
ment, however, uses a less expensive unbalanced interface. An unbalanced
interface is much more susceptible to common-impedance coupling (see Fig. 2-
25) resulting from any ground loops that may be formed by interconnecting
various pieces of equipment. Isolation transformers are often used in the
interconnecting signal leads to eliminate or break the ground loop. Figure 3-35
shows a dual, high-quality audio isolation transformer unit that can be used to
eliminate hum and buzz caused by ground loops in such audio applications.
The module shown is a dual unit intended for stereo interconnections that use
RCA phono plugs. The transformers have mumetal external shields to reduce
magnetic field pickup, as well as having Faraday shields between the primary
and secondary windings to reduce the interwinding capacitance. The unit
shown has a frequency response of 10 Hz to 10 MHz with an insertion loss of
less than 0.5 dB and a common-mode (noise) rejection ratio (CMRR) of 120 dB
at 60 Hz and 70 dB at 20 kHz.

Note that when isolation is used to break a ground loop, the isolation should
be applied to the signal interconnections—not achieved by isolating (breaking)
the ac power safety ground. The latter approach is a violation of the NEC and
can be very dangerous.

In Fig. 3-36, the two circuits are isolated with a transformer connected as a
common-mode choke that will transmit dc and differential-mode signals while
rejecting common-mode ac signals. This is basically a transformer rotated 90°
and connected in series with the signal conductors. The common-mode noise
voltage now appears across the windings of the transformer (choke) and not at
the input to the circuit. Because the common-mode choke has no effect on the
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FIGURE 3-35. Dual channel (stereo) audio isolation transformer unit used to eliminate
hum caused by a ground loop in an audio system.
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FIGURE 3-36. A common-mode choke used to break the ground loop between two
circuits.

differential-mode signal being transmitted, multiple signal leads can be wound
on the same core without crosstalk. The operation of the common-mode choke
is analyzed in Sections 3.5 and 3.6.

Optical coupling (optical isolators or fiber optics) as shown in Fig. 3-37 is
another very effective method of eliminating common-mode noise because it
breaks the metallic path between the two grounds. It is most useful when a large
difference in voltage exists between the two grounds, even in some cases
hundreds of volts. The undesired common-mode noise voltage appears across
the optical coupler and not across the input to the circuit.

Optical couplers, as shown in Fig. 3-37, are especially useful in digital
circuits. They are not as useful in analog circuits because linearity through the
coupler is not always satisfactory. Analog circuits have been designed, how-
ever, using optical feedback techniques to compensate for the inherent non-
linearity of the coupler (Waaben, 1975). Isolation amplifiers (with internal
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FIGURE 3-37. An optical coupler used to break the ground loop between two circuits.
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FIGURE 3-38. A balanced circuit can be used to cancel out the effect of a ground loop.

=

transformer or optical coupling), however, are also available for use in sensitive
analog circuits.

Balanced circuits, as shown in Fig. 3-38, provide a way to increase the noise
immunity of the circuit because they can discriminate between the common-
mode noise voltage and the differential-mode signal voltage. In this case, the
common-mode voltage induces equal currents in both halves of the balanced
circuit, and the balanced receiver responds only to the difference between the
two inputs. The better the balance, the larger the amount of common-mode
rejection. As frequency increases, it becomes more and more difficult to achieve
a high degree of balance. Balancing is discussed in Chapter 4.

When the common-mode noise voltages are at a frequency different from the
desired signal, frequency-selective hybrid grounding can often be used to avoid
the ground loop at the troublesome frequency.

3.5 LOW-FREQUENCY ANALYSIS OF COMMON-MODE CHOKE

A transformer can be used as a common-mode choke (also called a longitudinal
choke, neutralizing transformer, or balun) when connected, as shown in Fig. 3-39.
A transformer connected in this manner presents a low impedance to the signal
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FIGURE 3-39. When dc or low-frequency continuity is required, a common-mode
choke can be used to break a ground loop.

current and allows dc coupling. To any common-mode noise current, however,
the transformer is a high impedance.

The signal current shown in Fig. 3-39 flows equally in the two conductors
but in opposite directions. This is the desired current, and it is also known as
the differential circuit current or metallic circuit current. The noise currents
flow in the same direction along both conductors and are called common-mode
currents.

Circuit performance for the common-mode choke of Fig. 3-39. may be
analyzed by referring to the equivalent circuit in Fig. 3-39. Voltage generator V
represents a signal voltage that is connected to the load R; by conductors with
resistance Rc; and Rc>. The common-mode choke is represented by the two
inductors L; and L, and the mutual inductance M. If both windings are
identical and closely coupled on the same core, then L, L,, and M are equal.
Voltage generator Vg represents a common-mode voltage either from magnetic



3.5 LOW-FREQUENCY ANALYSIS OF COMMON-MODE CHOKE 149

Ly

l
%

__.__i__.__
o

)
&/

&~ NN\

Z,

_

FIGURE 3-40. Equivalent circuit for Fig. 3-39 for analysis of response to the signal
voltage V.

coupling in the ground loop or from a ground differential voltage. Because the
conductor resistance R is in series with R; and of much smaller magnitude, it
can be neglected.

The first step is to determine the response of the circuit to the signal voltage
Vs, neglecting the effect of V. The circuit of Fig. 3-39 can be redrawn, as
shown in Fig. 3-40. This figure is similar to the circuit of Fig. 2-22. There, it was
shown that at frequencies greater than ® = 5Rc»/L,, virtually all the current Ig
returned to the source through the second conductor and not through the
ground plane. If L, is chosen such that the lowest signal frequency is greater
than SRc»/L» rad/s, then I; = 0. Under these conditions the voltages around
the top loop of Fig. 3-40 can be summed as follows:

Vs :]w(Ll + LZ)[\' - 2](,0M13 + (RL + RCZ)Is- (3'10)
Remembering that L; =L, = M and solving for I gives

Vi Vi

L= s 3-11
R, +Rex Ry G-1D)

provided R; is much greater than Rc,. Equation 3-11 is the same that would
have been obtained if the choke had not been present. It, therefore, has no
effect on the signal transmission so long as the choke inductance is large
enough that the signal frequency o is greater than SRe»/L,.

The response of the circuit of Fig. 3-39 to the common-mode voltage Vi can
be determined by considering the equivalent circuit shown in Fig. 3-41. If the
choke were not present, the complete noise voltage V' would appear across R;.
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FIGURE 3-41. Equivalent circuit for Fig. 3-39 for analysis of response to the common-
mode voltage V..

Ve

When the choke is present, the noise voltage developed across R; can be
determined by writing equations around the two loops shown in the illustra-
tion. Summing voltages around the outside loop gives

Ve = joL 1) + joMIL + I| R, (3-12)

The sum of the voltages around the lower loop is

VG :j(,!)Lzlz —|—]COM11 + RL,212 (3—13)

Equation 3-13 can be solved for I,, giving the following result:

Ve —joMI
) = w (3-14)
JoLs + R
Remembering that L, =L,= M= L, and substituting Eq. 3-14 into Eq. 3-12
and solving for [, gives
VR

I —
" JwL(Res + RL) + ReaR;,

(3-15)

The noise voltage Vy is equal to I; R, and because R is normally much less
than R;, we can write
_ VGRe/L
N

= -1
jw+Rcz/L (3 6)
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FIGURE 3-42. Noise voltage may be significant if R is large.
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FIGURE 3-43. An easy way to place a common-mode choke in the circuit is to wind
both conductors around a torodial magnetic core. A coaxial cable may also be used in
place of the conductors shown.

An asymptotic plot of V/V is shown in Fig. 3-42. To minimize this noise
voltage, Rc> should be kept as small as possible, and the choke inductance L
should be such that

R
L> =<2 (3-17)
(6)]

where o is the frequency of the noise. The choke also must be large enough that
any unbalanced dc current flowing in the circuit does not cause saturation.

The common-mode choke shown in Fig. 3-39 can be easily made; simply
wind the conductors connecting the two circuits around a magnetic core, as
shown in Fig. 3-43. At frequencies above 30MHz, a single term choke is often
effective. The signal conductors from more than one circuit may be wound
around the same core without the signal circuits interfering (crosstalking). In
this way, one core can be used to provide a common-mode choke for many
circuits.
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3.6 HIGH-FREQUENCY ANALYSIS OF COMMON-MODE CHOKE

The preceding analysis of the common-mode choke was a low-frequency
analysis and neglected the effect of parasitic capacitance. If the choke is to
be used at high frequencies (> 10MHz), then the stray capacitance across the
windings must be considered. Figure 3-44 shows the equivalent circuit of a two-
conductor transmission line that contains a common-mode choke (L; and L,).
Ry and R represent the resistance of the windings of the choke plus the cable
conductors, and Cy is the stray capacitance across the windings of the choke.
Z is the common-mode impedance of the cable and V¢, is the common-mode
voltage driving the cable. In this analysis, Z; is not the differential-mode
impedance, but the impedance of the cable acting as an antenna and may vary
from about 35 to 350 Q.

The insertion loss (IL) of the choke can be defined as the ratio of the
common-mode current without the choke to the common-mode current with
the choke. For Rc; = Rc> =R and L, = L, = L, the IL of the choke can be
written as

L=z 2R(1 — ?LC,))” + R (wC,)
(R +2R(Z; — 02 LCZ1))* + 2RoL + wC,R*Z; )

(3-18)

Figures 3-45 and 3-46 are plots of Eq. 3-18 for the case where Rc; =R =15
Q, and Z; =200 Q. Figure 3-45 shows the insertion loss for a 10-uH choke for
various values of shunt capacitance, and Fig. 3-46 shows the insertion loss for a
choke with 5 pF of shunt capacitance and various values of inductance. As can
be observed from these two figures, the insertion loss above 70 MHz does not

-
N
P
N

cm

FIGURE 3-44. Equivalent circuit of a common-mode choke with parasitic shunt
capacitance Cs..
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FIGURE 3-45. Insertion loss of a 10-uH common-mode choke, with various values of
shunt capacitance.

vary much with the inductance of the choke; however, it varies considerably as
a function of the shunt capacitance. Therefore, the most important parameter in
determining the performance of the choke is the shunt capacitance and not the
value of inductance. Actually, most chokes used in these applications are
beyond self-resonance. The presence of the parasitic capacitance severely limits
the maximum insertion loss possible at high frequencies. It is difficult to obtain
more than 6 to 12 dB insertion loss at frequencies above 30 MHz by this
technique.

At these frequencies, the choke can be thought of as an open circuit to the
common-mode noise currents. The total common-mode noise current on the
cable is therefore determined by the parasitic capacitance, not the inductance of
the choke.
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FIGURE 3-46. Insertion loss of various value inductance common-mode chokes with 5
pF of shunt capacitance.

3.7 SINGLE GROUND REFERENCE FOR A CIRCUIT

The way to make an antenna, dipole or monopole, is to have an rf potential
between two pieces of metal; see Appendix D. The capacitance between the two
pieces of metal will then provide the path for the rf current. Antennas radiate
energy as well as pick up energy very efficiently. As a matter of fact, at some
frequencies, the efficiency of a dipole antenna can be in excess of 98%. By the
way, it does not matter what potential the halves of the antenna are at; all that
matters is that a potential difference exists between them. The way to prevent
the radiation is to connect the two pieces of metal together so that they are at
the same potential and, therefore, cannot radiate—because without a voltage,
there will be no current flow.

Many systems contain multiple ground planes, for example, separate analog
and digital ground planes, which are only connected together at one point,
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possibly only at the power supply, as shown in Fig. 17-2. Having separate
ground or reference planes for a system is a good way to make sure that
efficient antennas are designed into the system. In almost all cases, a system will
perform better, both functionally and EMC wise, with a single reference plane.

Terrell and Keenan best stated this in their book, Digital Design for
Interference Specifications, where they said (Terrell and Keenan, 1983, p. 3-18):
“Thou shalt have but one ground before thee.”

SUMMARY

e All conductors, including ground conductors, have finite impedance,
which consists of both resistance and inductance.

o A ground conductor longer than 1/20 wavelength is not a low impedance.
» Grounds fall into two categories, safety grounds and signal grounds.
e The ac power ground is of little practical value as a signal ground.

e The carth is not a very low impedance and is polluted with noisy power
currents; it is far from an equipotential.

e Make connections to earth ground only when required for safety.
» Do not look to an earth ground as a solution to your EMC problems.

 Single-point grounds should only be used at low frequencies, typically at
frequencies below 100 kHz.

e Multipoint grounds should be used at high frequencies, typically above
100 kHz, and with digital circuits.

e One purpose of a good ground system is to minimize the noise voltage
produced when two or more ground currents flow through a common
ground impedance.

e The best way to make a low-impedance ground connection over the widest
range of frequencies, between separate pieces of equipment, is by con-
necting them with a plane or grid.

e To minimize ground noise voltage,
o At low-frequency, control the ground topology (direct the current).
o At high-frequency, control the ground impedance.
e Ground loops can be controlled by:
o Avoiding them
e Tolerating them
o Breaking them
e Three common ways to break a ground loop are:
e Isolation transformers
» Common-mode chokes
» Optical couplers
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PROBLEMS

3.1 What type of ground does not carry current during normal operation?

3.2 Proper ac power grounding can be very effective in controlling differ-
ential- and common-mode noise on the power distribution system. True
or false?

3.3 What is the optimum way to obtain a low-impedance ground that is
effective over the widest frequency range?

3.4 To minimize ground noise voltage, what term of Eq.3-2 do we usually
control:

a. In the case of a low-frequency circuit?
b. In the case of a high-frequency circuit?

3.5 a. What is the typical impedance of an earth ground?

b. What is the maximum earth ground impedance allowed by the NEC,
before a second ground electrode must be used?

3.6 What is the potential of point B in Fig. 3-15?

3.7 At high frequency, why should multiple ground-bonding straps be used
on an electronic equipment enclosure?

3.8 What is the inductance of an equipment grounding strap that is 20 cm
long, 5 cm wide, and 0.1 cm thick?

3.9 A large equipment rack is standing on a ground plane, but it is insulated
from it because of the paint on the rack. The rack has 1000 pF of
capacitance to the plane. It is grounded to the plane with four grounding
straps, one located in each corner of the rack. Each strap has an
inductance of 120 nH. At what frequency will the rack-to-ground-plane
impedance be the largest?

3.10 In a distributed system, what is the primary problem that must be dealt
with?

3.11 What is the major difference between a distributed system and a central
system with extensions?

3.12 What are the three basic ways of dealing with a problematic ground loop?

3.13 Name three different components that can be used to break a ground
loop.

3.14 A person has a problem with hum in a home stereo system and discovers
that by disconnecting the ac power, green wire, ground to the amplifier the
hum goes away. Why is this not an acceptable solution to the problem?

3.15 A common-mode choke is placed in series with a transmission line

connecting a low-level source to a 900-Q load. The transmission line
conductors each have a resistance of 1 Q. Each winding of the common-
mode choke has an inductance of 0.044 H and a resistance of 4 Q.

a. Above what frequency will the choke have a negligible effect on the
signal transmission?
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b. How much attenuation (in decibels) does the choke provide to a ground
differential noise voltage at 60, 180, and 300 Hz?
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4 Balancing and Filtering

4.1 BALANCING

A balanced circuit is a two-conductor circuit in which both signal conductors,
and all circuits connected to them, have the same nonzero impedance with
respect to a reference (usually ground) and all other conductors; The purpose of
balancing is to make the noise pickup equal in both conductors; in which case,
it will be a common-mode signal, which can be made to cancel in the load. If
the impedances of the two signal conductors to ground are unequal, then the
system is unbalanced. A circuit with a grounded return conductor therefore is
unbalanced, and sometimes it is referred to as a single-ended circuit.

Balancing is an often overlooked—although in many cases cost-effective—
noise reduction technique, which may be used in conjunction with shielding,
when noise must be reduced below the level obtainable with shielding alone. In
addition, it can be used, in some applications, in place of shielding as the
primary noise-reduction technique.

For a balanced circuit to be most effective in reducing common-mode noise,
not only must the terminations be balanced, but also the interconnection
(cable) must be balanced. Using transformers or differential amplifiers are two
possible approaches to providing a balanced termination.

An excellent example of the effectiveness of a balanced system in reducing
noise is the telephone system, where signal levels are typically a few hundred
millivolts. Telephone cables, which consist of unshielded twisted pairs, often
run parallel to high-voltage (4 to 14 kV) ac power lines for many miles, and it is
seldom that any 50/60-Hz hum is heard in the telephone system. This is the
result of the telephone system being a balanced system; both the source and
the load are balanced. On the rare occasion that hum is heard, it is because
something has caused an unbalance (e.g., water getting into the cable) to occur
to the lines, and the problem will go away once the balance is restored.

Consider the circuit shown in Fig. 4-1. If Ry equals Ry, then the source is
balanced, and if R;; equals R;, then the load is balanced. Under these
conditions, the circuit will be balanced because both signal conductors have
the same impedance to ground. Notice, that it is not necessary for V; to

Electromagnetic Compatibility Engineering, by Henry W. Ott
Copyright © 2009 John Wiley & Sons, Inc.
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FIGURE 4-1. For balanced condition: R;; = Ry, R;1 = Rys, Vi = Vs, and Iy = Iys.

be equal to V, for the circuit to be balanced. One or both of these generators
may even be equal to zero, and the circuit is still balanced.

In Fig. 4-1, the two common-mode noise voltages V' and Vy, are shown in
series with the conductors. These noise voltages produce noise currents /y; and
In». The sources V' and V, together produce the signal current /. The total
voltage V'L produced across the load is then equal to the following:

Vi =IviRpr — INaRo + L(Rpy + Rp). 4-1)

The first two terms represent noise voltages, and the third term represents
the desired signal voltage. If I is equal to /5> and R, ; is equal to R;,, then the
noise voltage across the load is equal to zero. Equation 4-1 then reduces to

Vi = I(Rp1 + Ria), 4-2)

which represents a voltage resulting only from the signal current ;.

Figure 4-1 just shows resistive terminations to simplify the discussion. In
reality, both resistive and reactive balance are important. Figure 4-2 is more
general in that it shows both resistive and capacitive terminations.

In the balanced circuit shown in Fig. 4-2, V; and V>, represent inductive
pickup voltages, and current generators /; and I, represent noise that is
capacitively coupled into the circuit. The difference in ground potential between
source and load is represented by V. If the two signal conductors 1 and 2 are
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FIGURE 4-2. A balanced circuit that shows inductive and capacitive noise voltages and
a difference in ground potential between source and load.

located adjacent to each other, or better yet twisted together, the two inductively
coupled noise voltages V| and 7, should be equal and cancel at the load.

The noise voltage produced between load terminals 1 and 2, resulting from
to capacitive coupling, can be determined by referring to Fig. 4-3. Capacitors
C31 and C3, represent capacitive coupling from the noise source, in this case
conductor 3. Impedances R.; and R, represent the total resistance to ground
from conductors 1 and 2, respectively.*

The capacitive coupled noise voltage ¥y induced into conductor 1 because
of the voltage V3 on conductor 3 is (Eq. 2-2)

Vni =joRaC3 V3. (4-3)
The noise voltage induced into conductor 2 because of V5 is

Vil = joR2Cy V. (4-4)
If the circuit is balanced, then resistances R., and R, are equal. If

conductors 1 and 2 are located adjacent to each other, or better yet are twisted
together, capacitance C3; should be nearly equal C3,. Under these conditions,

* R.1 and R, are both equal to the parallel combination of R; and R, (see Fig 4-2)
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FIGURE 4-3. Capacitive pickup in balanced conductors.
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V1 approximately equals Vy», and the capacitively coupled noise voltages
cancel in the load. If the terminations are balanced, then a twisted pair cable
can provide protection against capacitive coupling. Because a twisted pair also
protects against magnetic fields, whether the terminations are balanced or not
(see Section 2.12), a balanced circuit using a twisted pair will protect against
both magnetic and electric fields, even without a shield over the conductors.
Shields may still be desirable, however, because it is difficult to obtain perfect
balance, and additional protection may be required.

It should be noted in Fig. 4-2 that the difference in ground potential V,,
between source and load produces equal voltages at terminals 1 and 2 at the
load. These voltages cancel and produce no new noise voltage across the load.

4.1.1 Common-Mode Rejection Ratio

The common-mode rejection ratio (CMRR) is a metric that can be used to
quantify the degree of balance or the effectiveness of a balanced circuit in
rejecting common-mode noise voltages.

Figure 4-4 shows a balanced circuit with a common-mode voltage V.,
applied to it. If the balance were perfect, then no differential-mode voltage V',
would appear across the input of the amplifier. Because of slight unbalances
present in the system, however, a small differential-mode noise voltage V', will
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FIGURE 4-4. Circuit used to define CMRR.
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appear across the input terminals of the amplifier as a result of the common-
mode voltage V,,. The CMRR, or balance, in dB, is defined as

CMRR = 20log <V> dB. (4-5)

dm

The better the balance, the higher the CMRR and the greater the common-
mode noise reduction obtainable. Typically, 40 to 80 dB of CMRR is reason-
able to expect from a well-designed circuit. CMRRs better than this range are
possible, but individual circuit trimming and special cables may be necessary.

If the source resistance R, is small compared with the load resistance Ry,
which is usually the case, then the voltage V. from either conductor to ground at
the input to the amplifier will be almost equal to V/,,,, and it can be used in place
of V., in Eq. 4-5, which gives the following alternative definition of CMRR:

CMRR = 20 log( Ve ) (4-6)
Vdm

If the source and load are physically separated by an appreciable distance
(e.g., a telephone system), then the definition in Eq. 4-6 is normally preferred
because the measurement of both V. and V', can be made at the same end of
the circuit.

In an ideal balanced system, no common-mode noise will couple into the
circuit. In the real world, however, small unbalances limit the noise suppression
possible; these include source unbalance, load unbalance, and cable unbalance,
as well as the balance of any stray or parasitic impedance present. Both resistive
and reactive balances must be considered. Reactive balance becomes more
important as the frequency increases.
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In many practical applications, the load is balanced but the source is not.
The CMRR caused by an unbalanced source resistance AR, can be determined
by referring to Fig. 4-5. In this case, the CMRR will be equal to

CMRR = 20log {(RL TR+ AR (R RS)] .

4-7
RIAR; @7
If Ry is much greater than Ry + AR, which is usually the case, then Eq. 4-7 can
be rewritten as

CMRR = 20log [ARH . (4-8)

If an unbalanced source (one end of the source grounded) is used with a
balanced load, then AR, will be equal to the total source resistance R.

For example, if R; equals 10 kQ and AR, equals 10 Q, then the CMRR will
be 60 dB.

The detrimental effect of source unbalance on the noise performance of the
circuit shown in Fig. 4-5 can be reduced by the following:

» Reducing the common-mode voltage
» Reducing the source unbalance AR,
o Increasing the common-mode load impedance R;

The CMRR caused by an unbalanced load resistance can be determined by
referring to Fig. 4-6, where AR, represents the unbalance in the load resistors.

SOURCE LOAD
r————--- - |Im— ===
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FIGURE 4-5. Circuit used to demonstrate the effect of an unbalanced source resistance
on the CMRR of a balanced circuit.
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FIGURE 4-6. Circuit used to demonstrate the effect of an unbalanced load resistance on
the CMRR on a balanced circuit.

The CMRR will be equal to

B Rr 4+ Ry +ARp)(RL + Ry)
CMRR =20 log[ RAR, . (4-9)
For Ry much greater than R, Eq. 4-9 reduces to
_ R\ (Rr +ARg
CMRR = 20log KR;) (ARL>:| . (4-10)

For example, if Ry equals 100 Q, Ry equals 10 kQ, and ARy equals 100 Q,
then the CMRR will be 80 dB. From Eq. 4-10, we observe that the CMRR is a
function of the Ry /R, ratio; the larger this is the greater the noise rejection,
regardless of the value of AR;. Therefore, a low source impedance with a high
load impedance will provide the largest CMRR. Ideally, we would like a zero
source impedance and an infinite load impedance.

From Egs. 4-8 and 4-10, we can conclude that a large load resistance will
maximize the CMRR for the case of both source unbalance and load unbalance.
This is true because if the load resistance was infinite then no current would flow
and no noise voltage drop would occur across the unbalanced source or load
resistance to couple into the circuit.

If the load resistors in Fig. 4-6 are actually discrete resistors with a tolerance
of x%, then in the worst case, one load resistor could be x% high and the other
load resistor could be x% low. If p is the resistor tolerance (expressed as a
numeric, not a percent), AR; =2 p Ry or AR; /Ry =2 p. Therefore, for the case
of Rp >> AR;, the AR /(R;,+AR;) term in Eq. 4-10 represents twice the
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resistor tolerance. Equation 4-10 can then be rewritten as

CMRR = 20log (2;> <1;L>, @-11)

where p is the tolerance of the load resistors expressed as a numeric. For
example, if R equals 500 Q and the load resistors Ry are each 10 kQ, 1%
resistors, then the CMRR could be as low as 60 dB, in the worst case.

4.1.2 Cable Balance

With respect to the interconnecting cable, both resistive and reactive balances
must be maintained between the two conductors. Therefore, the resistance and
reactance of each conductor must be equal. In many cases, the circuit unbalances
are greater than the cable unbalances. However, when large amounts of
common-mode rejection are required, greater than 100 dB, or very long cables
are used, the cable imperfections must be considered.

The resistive unbalance of most cables is negligible and can usually be ignored.
Capacitive unbalance is typically in the 3% to 5% range. At low frequency, this
unbalance can usually be ignored because the capacitive reactances will be so
much greater than the other impedances in the circuit. At high frequency,
however, the capacitive unbalance may have to be considered.

Inductive unbalances are virtually nonexistent for braid shield cables if
properly terminated. Improper termination of cable shields, that is non-360°
contact to the shield, can be a problem, however.

Foil shield cables that contain a drain wire have significantly more inductive
unbalance than braid shield cables because of the presence of current in the
drain wire. The drain wire is usually physically closer; to and hence more tightly
coupled; to, one of the signal conductors than to the other. Because the
resistance of the drain wire is more than an order of magnitude less than that
of the aluminum foil shield, at low frequency, nearly all the shield current flows
on the drain wire instead of on the shield. This can cause a significant
unbalance in the inductive coupling to the signal conductors.

Aboveabout 10 MHz, the skin effect causes the shield current to flow on the foil,
and the inductive unbalance is significantly reduced. However, if a foil-shielded
cable is terminated via the drain wire, which is usually the case, the inductive
unbalance will reappear in the vicinity of the ends of the cable—because the shield
current will no longer be uniformly distributed around the cross section of the foil
shield. Because of the two above-mentioned problems, inductive unbalance that
results from current in the drain wire and/or improper shield termination, foil
shielded cables with drain wires should not be used in sensitive circuits that require
large amounts of common-mode noise suppression.

The effects of balancing and shielding are additive. The shielding can be used
to reduce the amount of common-mode pickup in the signal conductors, and
the balancing reduces the portion of the common-mode voltage that is
converted to differential-mode voltage and coupled into the load.
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Let us assume that a circuit is built with 60 dB of balance and that the cable
is not shielded. Let us also assume that each conductor picks up a common-
mode noise voltage of 300 mV from electric field coupling. Because of the
balancing, the noise coupled into the load will be 60 dB below this, or 300 uV. If
a grounded shield with 40 dB of shielding effectiveness is now placed around
the conductors, then the common-mode pickup voltage in each conductor will
be reduced to 3 mV. The noise coupled into the load will be 60 dB below that
because of the balance, or 3 pV. This represents a total noise reduction of 100
dB—40 dB from the shielding, and 60 dB from the balancing.

Circuit balance depends on frequency. Normally, the higher the frequency,
the harder it is to maintain good balance, because stray capacitance has more
effect on circuit balance at high frequency.

4.1.3 System Balance

Knowing the CMRR provided by the individual components that make up a
system does not necessarily allow predictions of the overall system CMRR
when the components are combined. For example, unbalance in two of the
components may complement each other such that the combined CMRR is
greater than the CMRR of either of the individual components. However, the
component balances may be such that the combined CMRR is less than that of
either of the individual components.

One way to guarantee good system balance is to specify the CMRR for each
component higher than the desired system CMRR. This method, however, may
not produce the most economical system. When multiple individual compo-
nents are used to construct a system, one way to estimate the overall CMRR of
the system is to assume it is equal to the CMRR of the worst component. This
method is especially useful if the CMRR of the worst component is 6 dB or
more lower than that of the other components.

Because a twisted pair cable is inherently a balanced configuration, twisted
pair or shiclded twisted pair cables are often used as the interconnecting cables
in a balanced system. A coaxial cable (coax); however, is inherently an
unbalanced configuration. If a coaxial cable is to be used in a balanced system,
then two cables can be used, as shown in Fig. 4-7. An example of this method is
the balanced differential voltage probe described in Chapter 18, and shown in
Fig. 18-8.

4.1.4 Balanced Loads

4.1.4.1 Differential Amplifiers. Differential amplifiers are often used as the
loads in balanced systems. Figure 4-8 shows the circuit of a basic differential
amplifier. It consists of an operational amplifier (or op-amp), shown in the
triangular block, surrounded by feedback and several resistors that determine
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FIGURE 4-7. Use of coaxial cable in a balanced circuit.
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FIGURE 4-8. Basic differential amplifier circuit.

the performance of the circuit. The op-amp has a differential input with a
single-ended output. The characteristics of an ideal op-amp are as follows:

o A very large voltage gain A4 that ideally approaches infinity

e An infinite input resistance R;, between the + and — input terminals
e A zero output resistance R,

e An infinite CMRR

These ideal op-amp characteristics are never realized in practice, but they are
approached. A typical op-amp may have a direct current (dc) gain of 100,000,
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an input resistance of a few megohms, and an output resistance of a few ohms.
The CMRR of the op-amp alone, without any additional feedback resistors,
will typically be in the 70-to-80-dB range. When resistors are added to form a
practical amplifier, the assumption of an ideal gain unit (op-amp) greatly
simplifies the analysis. By adding feedback and additional resistors, the op-amp
can be configured as a single-ended amplifier, a differential amplifier, an
inverting amplifier, or a noninverting amplifier.

The amplifier shown in Fig. 4-8 is a differential input, inverting amplifier.
The differential-mode voltage gain of the amplifier is equal to

Agm = ——. (4'12)

The feedback connected to the negative input terminal drives the voltage
between the + and — input terminals to a low value, theoretically zero. Because
the voltage between the positive and negative terminals of the amplifier is small
(ideally zero), the differential-mode input impedance, between the V| and 1,
input terminals, is just equal to

Rin(dm) =2R;. (4'13)

Note that no current actually flows through the input of the op-amp,
because ideally its impedance is infinite; the input current actually flows
through the feedback resistor to the output, and back through the resistors
R, and R; connected to the positive terminal of the amplifier.

The common-mode input impedance, between the two input terminals (7
and V), tied together) and ground, is equal to

Ry +R
Rin(em) = (l% . (4'14)

Figure 4-6 can be made to represent a differential amplifier driven from a
balanced source if we let Ry in Fig. 4-6 be equal to R; + R, in Fig. 4-8. The
equivalent differential input voltage V;, (in Fig. 4-6) is then equivalent to the
voltage between V' and V/; (in Fig. 4-8). The input voltage V/;,, which is produced
by the common-mode voltage V,,, (as shown in Fig. 4-6), will be equal to the
common-mode input current /., times the unbalance in the load resistance AR,
or Vi, = I.,,A(R; + R,). The current /., isequal to V., / [R, + ARy + Ry) +
(R, + Ry)]. For the case of R, >> R;, R, >> A (R + R»), and R, >> R,, the
equivalent differential-mode input voltage to the amplifier is equal to

_ ARy

V[n RZ

(Vem)- (4-15)
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The amplifier output voltage V,,, produced by the common-mode voltage
Ve will be V;, from Eq. 4-15 times the differential gain A, of the amplifier
(Eq. 4-12) or

AR
Vout = Riz (Aa'm ch)~ (4'16)
2

Therefore, the common-mode voltage gain will be

Aoy = Yo AR ARy (4-17a)

The term AR,/R, in Eq. 4-17a represents, in the worst case, twice the
tolerance of resistor R,. If the resistor tolerance is p (expressed as a numeric,
not a percentage), then Eq. 4-17a can be rewritten as

2pR
Acm = 2]7Adm = [;1 2 . (4-17b)

The CMRR of the differential amplifier can be determined by substituting
V. (Eq. 4-15) for V,,, in Eq. 4-5 (reference Fig. 4-4), which gives

Vem\ R\ 1
Vm) =20log (ARz) =20log <2p)' (4-18)

If the differential amplifier shown in Fig. 4-8 is built using 0.1% resistors for
R; and R, the CMRR, from Eq. 4-18a, will be equal to 54 dB

Many books (e.g., Frederiksen, 1988; and Graeme et. al., 1971) define the
CMRR of a differential amplifier as

CMRR = 2010g(

CMRR = 20log (j‘””). (4-19)

cm

Substituting Eq. 4-17b into Eq. 4-19 for 4., gives CMRR = 20 log (1/2p),
which agrees with Eq. 4-18a.

When using matched resistors, and driven from a balanced source, the
differential amplifier can provide high CMRR. However, when driven from an
unbalanced source as shown in Fig. 4-9, which is often the case, the CMRR is
degraded considerably as the result of the source unbalance.

The CMRR of a balanced circuit driven from an unbalanced source was
given in Eq. 4-8. This equation can be rewritten for the differential amplifier
circuit shown in Fig. 4-9 as
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FIGURE 4-9. Differential amplifier driven from an unbalanced source.

CMRR = 20 log%, (4-20)

for the case of R, >> R;.

In Fig4-9,if R, = 500 Q, and R, = 100 kQ, then from Eq 4-20, the CMMR =
46 dB. From Eq. 4-20, it is obvious that increasing the input impedance of
the differential amplifier increases the CMRR proportionately. Decreasing the
source resistance R, also will increase the CMRR of the amplifier.

Therefore, the best way to improve the CMRR of a differential amplifier
driven from an unbalanced source is to increase the amplifier’s common-mode
input impedance to a value of several megohms or more. If in the previous
example, R, were equal to 2 MQ instead of 100 kQ, then the CMRR would
have been 72 dB, which is a 26-dB improvement. Such large value resistors,
however, are usually not practical, and will be a source of thermal noise on
the input. The magnitude of the thermal noise in a resistor is a function of the
square root of the magnitude of the resistance (see Section 8.1).

4.1.4.2. Instrumentation Amplifiers. An alternative approach is to add two
high-impedance buffer amplifiers to the inputs of a standard differential
amplifier. A high-impedance, noninverting buffer can be made from a standard
op-amp by feeding the input to the positive terminal and the feedback to the
negative terminal. This method produces the classic instrumentation amplifier
as shown in Fig. 4-10.

The instrumentation amplifier configuration also has the advantage of a
single-resistor (kR) gain control, instead of having to change the ratio of two
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FIGURE 4-10. Instrumentation amplifier.

pairs of resistors. In this case, the input impedance of the instrumentation
amplifier is equal to the input impedance of the op-amp because no feedback is
applied to the positive input terminal of the op-amps. Input impedances in
excess of a megohm are possible with this configuration.

If the inputs to the instrumentation amplifier are altenating current (ac)
coupled, additional shunt resistors must be added to the circuit of Fig. 4-10,
between the buffer inputs and ground, to provide a path for the input transistor
bias currents to flow. Therefore, extremely low bias current transistors or FET
op-amps should be used. The common-mode input impedance in this case will
be the parallel combination of these input resistors and the op-amp input
impedance.

In an instrumentation amplifier, the gain is in the buffer amplifiers (U; and
U»), and the differential amplifier (U5) is set to have a gain of unity. The buffers
have a common-mode gain of 1 and a differential-mode gain of 4,,, = 1 + (2/k),
where k is a constant less than one.

Because the buffers have a common-mode gain of unity, all the common-
mode rejection occurs in the differential amplifier Us. Table 4-1 summarizes the
gains of the two stages of the instrumentation amplifier.

From Eq. 4-19, the CMRR of the instrumentation amplifier is

142
CMRR = 20log (jf’”’) =201log (é;) =20log (;};k> (4-21)

Comparing Eq. 4-21 with Eq. 4-18a we observe that for the same tolerance
resistors, an instrumentation amplifier has a CMRR, 20 log (4,) greater than
an equivalent differential amplifier. For an instrumentation amplifier with a
gain of 100, using 0.1% resistors, the CMRR will be 94 dB. A differential
amplifier with a gain of 100, using 0.1% resistors, will have (from Eq. 4-18a) a
CMRR of only 54 dB.



172 BALANCING AND FILTERING

TABLE 4-1. Differential-Mode and Common-Mode Gains of the Instrumentation
Amplifier Stages Shown in Fig. 4-10.

Gain Buffer Amplifiers Differential Total for Instrumentation
(U; and U,) Amplifier (Us;) Amplifier

Aum 1 + (2/k) 1 1 + (2/k)

Aem 1 2p 2p

Note: p is the tolerance of resistors R, expressed as a numeric.

TABLE 4-2. CMRR, in dB, for an Instrumentation Amplifier.

Resistor Tolerance Agn = 1 Ay = 10 Ay = 100 Ay =1000
1% 34 54 74 94
0.1% 54 74 94 114
0.01% 74 94 114 134

In a differential amplifier, a common-mode to differential-mode conversion
occurs on the input of the amplifier as the result of the resistor tolerances. This
converted common-mode signal (now a differential-mode signal) is amplified
by the differential-mode gain of the amplifier. In an instrumentation amplifier,
a similar conversion occurs at the input of the differential amplifier (U; in Fig
4-10) but that amplifier has a differential-mode gain of unity, so no amplifica-
tion of the converted common-mode signal occurs.

Therefore the improved CMRR of an instrumentation amplifier results from
the fact that the gain is in the buffers, U; and U, prior to the common-mode to
differential-mode conversion that occurs at the input of the unity gain differen-
tial amplifier U;.

Table 4-2 lists the CMRR for an instrumentation amplifier as a function of
resistor tolerance and differential-mode gain.

4.1.4.3 Transformer Coupled Inputs. Another approach to obtaining high
common-mode input impedance is to use a transformer. The transformer can
be used with a differential amplifier or even with a single-ended amplifier as
shown in Fig. 4-11. With a transformer, the low-frequency common-mode
input impedance will be determined by the insulation resistance (which is
extremely large) between primary and secondary of the transformer. At high
frequency, the transformer interwinding capacitance may also affect the
common-mode input impedance. Transformers also provide galvanic isolation
between the source and the load. Transformers, however, tend to be large and
costly but perform well.

4.1.4.4 Input Cable Shield Termination. As discussed, cable shields should
normally be grounded at both ends. However, when using high common-mode
input impedance amplifier circuits, such as instrumentation amplifiers, the input
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FIGURE 4-11. A transformer can be used to increase the common-mode load
impedance and to provide galvanic isolation.

cable shield is often connected only to the source ground, not to the load ground.
If the shield is connected to the load, or amplifier ground, then the high input
impedance of the amplifier will be shunted by the cable capacitance, which will
lower the input impedance of the amplifier and decrease the CMRR of the
system. If however, the cable shield is grounded at the source, the cable
capacitance shunts the source resistance, which is already low and does not
reduce the CMRR. This approach however, will often increase the emissions
from the product if high-frequency or digital circuits are also present. Therefore,
a trade-off must be made between maximum CMRR and radiated emissions. To
minimize the emissions, the shield should be grounded at both ends.

Example 4-1. The input to a high-impedance differential amplifier is fed from a
600-Q unbalanced source through a shielded cable that has a capacitance of 30
pF/ft. If the cable is 100 ft. long, the total cable capacitance will be 3 nF. If the
cable’s shield is grounded at the amplifier end, then the cable capacitance will
shunt the amplifier’s input impedance, and the input impedance cannot exceed
the capacitive reactance of the cable. At a frequency of 1000 Hz, the CMRR
will be equal to or less than (from Eq. 4-8) the following:

1

Therefore,

1
272(1000) (3% 10-2)(600)

CMRR < 20 log{ } = 40dB.

The CMRR of the system will be limited, by the cable capacitance, to no
more than 40 dB, regardless of the actual input impedance of the amplifier. If
the actual amplifier input impedance was 2 MQ, and the cable shield had been



174 BALANCING AND FILTERING

grounded at the source end, then the cable capacitance would shunt the source
impedance, and the CMRR would have been 70 dB.

4.2 FILTERING

Filters are used to change the characteristics of, or in some cases eliminate,
signals. Filters can be differential mode or common mode. Signal line, or
differential-mode, filters are well understood. A multitude of books and articles
exist on their design. common-mode filters, however, are often thought of as
mysterious and are not well understood.

4.2.1 Common-Mode Filters

Common-mode filters are usually used to suppress noise on cables while
allowing the intended differential-mode signal to pass undisturbed. Why are
common-mode filters more difficult to design than differential-mode filters?
Basically there are three reasons:

« We usually do not know the source impedance.
e We usually do not know the load impedance.

o The filter must not distort the intentional signal (the differential-mode
signal) on the cable.

The effectiveness of a filter depends on the source and load impedances
between which the filter is working. For a differential-mode filter, it is usually
easy to find information on the output impedance of the driver and on the input
impedance of the load. However, for common-mode signals, the source is the
noise generated by the circuit (not documented anywhere), and the load is
usually some cable that acts as an antenna, the impedance of which is not
generally known and varies with frequency, cable length, conductor diameter,
and cable routing.

In the case of a common-mode filter the source impedance is usually the
printed circuit board (PCB) ground impedance (which is small and increases
with frequency, because it is inductive), and the load is the impedance of a cable
acting as an antenna (which except in the vicinity of cable resonance is large).
So, although we may not know the source and load impedances exactly, we do
have a handle on their magnitude and frequency characteristics.

For a common-mode filter not to distort the intentional differential-mode
signal, the differential-mode pass band of the filter must be such that it satisfies
the following:

o For narrow-band signals, the highest frequency present

 In the case of wide band digital signals, the 1/m #r frequency of the signal
(where tr is the rise time).
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FIGURE 4-12. A two-clement common-mode filter in both the signal and return
conductors.

Differential-mode or signal line filters (e.g., clock line filters, etc.) should be
placed as close to the source or driver as possible. Common-mode filters,
however, should be located as close to where the cable enters or leaves the
enclosure as possible.

Figure 4-12 shows a simple two-element, low-pass, common-mode filter that
consists of a series element and a shunt element. The filter is inserted both in the
signal conductor and in its return conductor. The figure also shows a common-
mode (noise) and a differential-mode (signal) voltage source connected to the
filter.

To the common-mode voltage source the two shunt capacitors are in parallel
for a total capacitance of 2 C,,,,. To the differential-mode voltage source,
the two capacitors are in series for a total capacitance of Cyy,,,,/2. Therefore, the
common-mode source observes four times the capacitance that the differential-
mode source observes. This result is good, because we want the shunt
capacitance of the filter to have more effect on the common-mode signal
than on the differential-mode signal.

However, to the common-mode source the two series impedances are in
parallel for a total impedance of Z,.,/2. To the differential-mode source,
the two series impedances are in series for a total capacitance of 2 Z e
Therefore, the differential-mode source observes four times the series impe-
dance that the common-mode source observes. This result is bad, because
we want the series impedance of the filter to have more effect on the common-
mode voltage than on the differential mode voltage. As a result, the series
element in a common-mode filter is usually configured as a common-mode
choke (see Section 3.5), in which case the differential-mode impedance is zero,
and the series impedance only affects the common-mode signal and not the
differential-mode signal.
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Common-mode filters are usually low-pass filters that consist of from one to
three elements arranged in one of the following topologies:

« Single-element filters
o A single series element
e A single shunt element
e Multielement filters
e An L-filter (one series and one shunt element)
o A T-filter (two series elements and one shunt element)
o A rn-filter (two shunt elements and one series element)

The advantage of single-element filters is that they only require one
component. The advantage of multielement filters is that they will often
be effective where single element filters are not and that they often can provide
more attenuation than a single-element filter.

The shunt element in the filter is almost always a capacitor, the value of
which is determined by the frequency range over which the filter is to be
effective. The series element can be a resistor, an inductor, or a ferrite. If the dc
voltage drop can be tolerated, a resistor can be used. If the dc voltage drop
cannot be tolerated, then an inductor or ferrite should be used, both of which
will have zero or very small dc voltage drop. At low frequency (< 10 to 30
MHz), an inductor should be used; at high frequency a ferrite should be used.
Inductors, being high-Q components, may have resonance problems as
discussed in Section 4.3.1. Sometimes, a small value resistor can be added in
series with the inductor to lower its Q. A ferrite configured as a common-mode
choke has the added advantage of not affecting the differential-mode signal.

Filter attenuation occurs as a result of impedance mismatches. From the
above discussion we know that the source impedance is usually low, and except
at resonance the load impedance is usually high. Therefore, an L-filter with its
high-impedance element (series element) facing the low source impedance, and
its low-impedance element (a shunt capacitor) facing the high load impedance
should be the most effective.

For a series impedance filter element to be effective, it must have an
impedance larger than the sum of the source and load impedances. For a
shunt filter element to be effective, it must have an impedance less than the
parallel combination of the source and load impedances.

Therefore, three cases are possible, as follows (1) Both source and load
impedance are low, in which case a series element will be effective; (2) both
source and load impedance are high, in which case a shunt capacitor will be
effective; and (3) one of the impedances, source or load, is low and the other is
high (and it does not matter which is which), in which case no single element
filter will be effective, and a multielement filter must be used.

Series elements will be most effective in the vicinity of cable resonance (where
both source and load impedances are low), whereas shunt capacitors will be most
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effective above the resonant frequency of the cable (where the source impedance is
moderate to high and the load impedance is high). A cable will have
multiple resonance points where the impedance dips low and a series element will
be effective. For the case of a cable acting as a dipole, at the first resonance the cable
will have an impedance around 70 Q, and for a monopole, this will be around 35 Q.

With respect to multistage filters, the more stages a filter has, the less its
attenuation is dependent on the terminating impedances. Most of the mismatch
can be made to occur between the elements of the filter itself, independent of the
actual source and load impedances.

Shunt capacitors need a low-impedance connection to ground, but what
ground? When controlling common-mode noise produced in the PCB ground,
the filter capacitors need to be connected to the enclosure or chassis ground. If the
circuit ground and the chassis ground are tied together in the input/output (I/O)
area of the PCB, which is recommended, then the chassis ground and the circuit
ground will be the same at this point.

Note that common-mode filters need to be applied to all conductors leaving
or entering the equipment enclosure, which include the circuit ground con-
ductors. When shunt capacitors are used, one capacitor must be connected
between each conductor, which include the ground conductor. In the case of a
series resistor or inductor, one component must be placed in series with each of
the conductors, which includes the ground conductor. In the case of a ferrite
core, however, one component can be used to treat all the conductors in a cable,
by running all the conductors through the single ferrite core. This is a major
advantage of ferrites; one component can treat many conductors.

When a series element and a shunt capacitor are used together in an L-filter,
the series element should be placed on the circuit side of the filter, (because this
is the low-impedance side), and the capacitor on the cable side (because this is
the high-impedance side). This configuration is necessary because the capacitor
cannot work against the low-source impedance of the circuit ground. If the
high-impedance series element is placed on the circuit side of the shunt
capacitor, the series element effectively raises the source impedance to a point
where the capacitor can be effective. If the ferrite is placed on the cable side of
the capacitor, then it increases the already large cable impedance and has very
little effect on the filter.

4.2.2 Parasitic Effects in Filters

Consider the low-pass n-filter shown in Fig. 4-13. The filter consists of a series
impedance and two shunt capacitors. Parasitic capacitance Cj, is shown across
the series impedance Z;, and parasitic inductances L,; and L,, are shown in
series with the two capacitors C| and C, respectively. As frequency increases, a
point is reached where the series element becomes capacitive and the two shunt
elements become inductive. At this point, the low-pass filter becomes a high-
pass filter. The designer must make sure that this transformation from a
low-pass to a high-pass filter does not occur in the frequency range of interest.
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FIGURE 4-13. A low-pass n-filter with parasitics.

The frequency at which this transformation occurs is a function of the layout
of the filter. In the case of a poor filter layout, this frequency can occur in the
tens of megahertz range or less. For a good filter layout, this frequency can
be hundreds of megahertz or more. The layout makes all the difference! Above
some frequency, all low-pass filters will become high-pass filters. Conversely,
above some frequency, all high-pass filters will become low-pass filters because
of parasitics.

In many cases, at high frequency, the control of the parasitics is more
important to the filter’s performance than the value of the intended elements.

4.3 POWER SUPPLY DECOUPLING

In most electronic systems, the dc power-supply distribution system is common
to many circuits. It is important, therefore, to design the dc power distribution
system so that it is not a channel for noise coupling between the circuits
connected to the system. The object of a power distribution system is to supply
a nearly constant dc voltage to all loads under conditions of varying load
currents. In addition, any ac noise signals generated by the load should not
generate an ac voltage across the dc power bus.

Ideally, a power supply is a zero-impedance source of voltage. Unfortu-
nately, practical supplies do not have zero impedance, so they represent a
source of noise coupling between the circuits connected to them. Not only do
the supplies have finite impedance, but also the conductors used to connect
them to the circuits add to this impedance. Figure 4-14 shows a typical power
distribution system as it might appear on a schematic. The dc source—a
battery, power supply, or converter—is fused and connected to a variable load
R; by a pair of conductors. A local decoupling capacitor C may also be
connected across the load.
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FIGURE 4-14. A dc power distribution system as it might appear on schematic.
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FIGURE 4-15. The actual circuit for a dc power distribution system, including
parasitics.

For a detailed analysis, the simplified circuit of Fig 4-14 can be expanded into
the circuit of Fig. 4-15. Here, R, represents the source resistance of the power
supply and is a function of the power-supply regulation. Resistor Ry represents
the resistance of the fuse. Components Ry, L7, and C7 represent the distributed
resistance, inductance, and capacitance, respectively, of the transmission line
used to connect the power source to the load. Voltage Vy represents noise coupled
into the wiring from other circuits. The decoupling capacitor C has resistance R,
and inductance L. associated with it. Resistor R; represents the load.

The noise pickup V' can be minimized by the techniques previously covered
in Chapters 2 and 3. The effect of the decoupling capacitor is discussed in
Section 4.3.1. When the filter capacitor and Vy are eliminated from Fig. 4-15,
the circuit of Fig. 4-16 remains. This circuit can be used to determine the
performance of the power distribution system. The problem can be simplified
by dividing the analysis of Fig. 4-16 into two parts. First, determine the static or
dc performance of the system, and second, determine the transient or noise
performance of the system.

The static voltage drop is determined by the maximum load current and the
resistances, R,, Ry, and Ry. The source resistance R, can be decreased by
improving the regulation of the power supply. The resistance R; of the power
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FIGURE 4-16. Circuit of Fig. 4-15, less the decoupling capacitor and noise pickup
voltage.

distribution line is a function of the cross sectional area 4 and length / of the
conductors and the resistivity (p) of the conductor material,

!
Rr=p. (4-22)

The resistivity p equals 1.724 x 10~* Q-meters for copper. The minimum dc
load voltage is

VL(min) = Vdc(min) - IL(max)(RS + Rp + RT)max‘ (4'23)

Transient noise voltages on the power distribution circuit are produced by
sudden changes in the current demand of the load. If the current change is
assumed to be instantaneous, then the magnitude of the resulting voltage change
is a function of the characteristic impedance (Z) of the transmission line:

Ly
Zo= |-, 4-24
0 c, (4-24)

The instantaneous voltage change AV across the load will then be
AV, =AlL 7. (4-25)

The assumption of an instantaneous change in current is realistic for
digital circuits, but not necessarily so for analog circuits. Even in the case of
analog circuits, however, the characteristic impedance of the dc power distribution



4.3 POWER SUPPLY DECOUPLING 181

transmission line can be used as a figure of merit for comparing the noise
performance of various power distribution systems. For best noise performance,
a power distribution system transmission line with as low a characteristic
impedance as possible is desired—typically 1 Q or less. Equation 4-24 shows
that the line should therefore have high capacitance and low inductance.

The inductance can be reduced by using a rectangular cross-sectional
conductor instead of a round conductor and by having the supply and return
conductors as close together as possible. Both of these efforts also increase the
capacitance of the line, as does insulating the conductors with a material that
has a high dielectric constant. Figure 4-17 gives the characteristic impedance
for various conductor configurations. These equations can be used even if the
inequalities listed in the figure are not satisfied. Under these conditions,
however, these equations give higher values of Z, than the actual value because
they neglect fringing. The typical values for the relative dielectric constant (g,
for various materials are listed in Table 4-3. The optimum power distribution
line would be one with parallel flat conductors, as wide as possible, placed one
on top of the other, and as close together as possible.

PARALLEL WIRES

i K
1
e o FOR D/d = 3. 2, 2= in (2]
S .
WIRE OVER PLANE
ZF 0 cosh-t (%)
. _L. Ve
Es h FOR 2h/d 2= 3, Zy = 2% in (-“dl)
7 Z. Ve
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FIGURE 4-17. Characteristic impedance for various conductor configurations.
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TABLE 4-3. Relative Dielectric Constants of Various Materials.

Material &,
Air 1.0
Styrofoam 1.03
Polyethylene foam 1.6
Cellular polyethylene 1.8
Teflon®™ 2.1
Polyethylene 2.3
Polystyrene 2.5
Nylon 3.0
Silicon rubber 3.1
Polyester 3.2
Polyvinylchloride 3.5
Epoxy resin 3.6
Delrin™ 3.7
Getek™” 3.9
Epoxy glass 4.5
Mylar™ 5.0
Polyurethane 7.0
Glass 7.5
Ceramic 9.0

“Registered trademark of DuPont, Wilmington, DE.
b Registered trademark of General Electric, Fairfield, CT.

To demonstrate the difficulty involved in providing power distribution systems
with very low characteristic impedance, it is helpful to work some numerical
examples. First consider two round parallel wires spaced 1.5 times their diameter
apart with Teflon™ dielectric. The characteristic impedance is as follows:

120
Z =
T2

If the dielectric had been air, the impedance would be 115 Q. The actual
impedance is between the two values because part of the field is in Teflon®™ and
part in air. A value of 100 Q is reasonable in this case.

As a second example, take two flat conductors 0.0027-in. thick by 0.02-in.
wide placed side by side on the surface of an epoxy glass printed circuit board.
If they are spaced 0.04-in apart, the characteristic impedance is

cosh™ (1.5) =80 Q.

120 (n(0.06)
Zo=——_1 — 120 Q.
= Vis n(0.0227>

For an air dielectric, the impedance would be 254 Q. The actual impedance is
somewhere between these two values, because for a surface trace on a printed
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circuit board, part of the field is in air and part is in the epoxy glass. A value of
187 Q is reasonable in this case.

Both of the preceding examples are common configurations, and neither one
produced a low characteristic impedance transmission line. If, however, two flat
conductors 0.25-in. wide are placed on top of one another and separated by a
thin (0.005-in.) sheet of Mylar®™, the characteristic impedance becomes

377 (/0.005
Zy=—7|—-]=34Q.
RN <0.25 ) .

For an air dielectric, the impedance would be 7.6 Q. The actual impedance is
between the two values because part of the field is in Mylar™ and part in air. A
value of 5.5 Q is reasonable in this case. Such a configuration makes a much
lower impedance transmission line than the previous examples, but still it is not
a very low impedance.

The above examples point out the difficulty of obtaining a power distribu-
tion system with a characteristic impedance of 1 Q or less. This result makes it
necessary to place decoupling capacitors across the power bus at the load end
to achieve the desired low impedance. Although this is a good approach, a
discrete capacitor will not maintain its low impedance at high frequencies,
because of series inductance. A properly designed transmission line, however,
maintains its low impedance even at high frequencies. Low-frequency analog
decoupling is discussed in the next section. For information on high-frequency
digital logic decoupling see Chapter 11.

4.3.1 Low-Frequency Analog Circuit Decoupling

Because the power supply and its distribution system are not an ideal voltage
source, it is good practice to provide some decoupling at each circuit or group
of circuits to minimize noise coupling through the supply system. This is
especially important when the power supply and its distribution system are not
under the control of the designer of the power-consuming circuit.

Resistor-capacitor and inductor-capacitor decoupling networks can be used
to isolate circuits from the power supply, to eliminate coupling between
circuits, and to keep power-supply noise from entering the circuit. Neglecting
the dashed capacitor, Fig. 4-18 shows two such arrangements. When the R-C
filter of Fig. 4-18A is used, the voltage drop in the resistor causes a decrease in
power-supply voltage. This drop usually limits the amount of filtering possible
with this configuration.

The L-C filter of Fig. 4-18B provides more filtering—especially at high
frequencies—for the same loss in power-supply voltage. The L-C filter,
however, has a resonant frequency,

(4-26)
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FIGURE 4-18. Circuit decoupling with (A4) resistance-capacitance and (B) inductance-
capacitance networks.

at which the signal transmitted through the filter may be greater than if no filter
was used. Care must be exercised to ensure that this resonant frequency is well
below the passband of the circuit connected to the filter. The amount of gain in
an L—C filter at resonance is inversely proportional to the damping factor

R [C
(=)= 4-27
(=51 (4-27)

where R is the resistance of the inductor. The response of an L—C filter near
resonance is shown in Fig. 4-19. To limit the gain at resonance to less than 2 dB,
the damping factor must be greater than 0.5. Additional resistance can be
added in series with the inductor, if required, to increase the damping. The
inductor used must also be able to pass the direct current required by the circuit
without saturating. A second capacitor, such as those shown dashed in
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FIGURE 4-19. Effect of damping factor on filter response.

Fig. 4-18, can be added to each section to increase filtering to noise being fed
back to the power supply from the circuit. This turns the filter into a pi-network.

When considering noise, a dissipative filter such as the R—C circuit shown in
Fig. 4-18A is preferred to a reactive filter, such as the L—C circuit of Fig. 4-18B.
In a dissipative filter, the undesirable noise voltage is converted to heat and
eliminated as a noise source. In a reactive filter, however, the noise voltage is
just moved around. Instead of appearing across the load, the noise voltage now
appears across the inductor, where it may be radiated and become a problem in
some other part of the circuit. It might then be necessary to shield the inductor
to eliminate the radiation.

4.3.2 Amplifier Decoupling

Even if only a single amplifier is connected to a power supply, consideration of
the impedance of the power supply is usually required. Figure 4.20 shows a
schematic of a typical two-stage transistor amplifier. When this circuit is
analyzed, it is assumed that the ac impedance between the power supply lead
and ground is zero. This is hard to guarantee (because the power supply and its
wiring has inductance and resistance) unless a decoupling capacitor is placed
between the power supply and ground at the amplifier. This capacitor should
serve as a short circuit across the frequency range over which the amplifier is
capable of producing gain. This frequency range may be much wider than that of
the signal being amplified. If this short circuit is not provided across the power-
supply terminals of the amplifier, the circuit can produce an ac voltage gain to the
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FIGURE 4-20. Power supply decoupling for a two-stage amplifier.

power-supply lead. This signal voltage on the power-supply lead can then be fed
back to the amplifier input through resistor R;; and possibly cause oscillation.

4.4 DRIVING CAPACITIVE LOADS

An emitter follower, which feeds a capacitive load such as a transmission line, is
especially susceptible to high-frequency oscillation caused by inadequate
power-supply decoupling.* Figure 4-21 shows such a circuit. The collector
impedance Z, consisting of the parasitic inductance of the power supply leads
increases with frequency, and the emitter impedance Z. decreases with
frequency because of the cable capacitance. At high frequency, the transistor
therefore has a large voltage gain to its collector (point 4 in Fig. 4-21),

V4
Voltage gain ~ 76 (4-28)

e

This provides an ac feedback path around the transistor and through the
bias resistor Ry, thus creating the possibility of oscillation. If previous stages of
the same amplifier are connected to the same power supply, the feedback can
propagate back through the preceding stages and the possibility of oscillation is
greater. The oscillation is often a function of the presence or absence of the

* Even with zero-impedance power supply, an emitter follower with a capacitive load can oscillate
if improperly designed. See Joyce and Clarke (1961, pp. 264-269) and article by Chessman and
Sokol (1976).
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FIGURE 4-21. Emitter follower driving a capacitive load.
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FIGURE 4-22. Emitter follower decoupled from power supply.

output cable, because the cable affects the emitter capacitance and hence the
high-frequency gain and phase shift through the transistor.

To eliminate the effect of the parasitic lead inductance, a good high-frequency
ground must be placed at the power terminal of the amplifier (point A).

This can be accomplished by connecting a capacitor between point A4 and the
amplifier’s ground, as shown in Fig. 4-22. The value of this capacitor should be
greater than the maximum value of the emitter capacitance Cy. This guarantees
that the high-frequency gain to the collector of the transistor is always less than one.



188 BALANCING AND FILTERING

Placing a capacitor across the amplifier’s power-supply terminals will not
guarantee zero ac impedance between power and ground. Therefore, some signal
will still be fed back to the input circuit. In amplifiers with gains less than 60 dB,
this feedback is usually not enough to cause oscillation. In higher gain amplifies,
however, this feedback will often cause oscillation. The feedback can be
decreased even more by adding an R—C filter in the power supply to the first
stage, as shown in Fig. 4-23. The dc voltage drop across the filter resistor is
usually not detrimental because the first stage operates at a low signal level and
therefore does not require as much dc supply voltage.

A similar oscillation problem may occur when an operational amplifier
(differential or single ended) is driving a heavy capacitive load as shown in Fig.
4-24A. This problem often occurs when the op-amp drives a long shielded cable,
in which case the load capacitance is the capacitance of the shielded cable. This
capacitance can range from a few nanofarads to a few microfarads. If the
amplifier had zero output impedance, the problem would not exist. The amplifier
output resistance R, and the load capacitance C form a low-pass filter that adds
phase shift to the output signal. As frequency increases, the phase shift of this
filter increases. The pole, or break frequency, of this filter will be at a frequency of
f=1/27n Ry Cp). At this frequency, the phase shift will be equal to 45°. If the
phase shift that results from the internal compensation capacitor plus the output
filter reaches 180°, the negative feedback through resistor R, becomes positive
feedback. If this occurs at a frequency where the amplifier still has a gain greater
than unity, then the circuit will oscillate. The higher the break frequency of this
output filter, the more stable the amplifier will be. For more discussion see
Graeme (1971, pp. 2191-222).

This problem has many different solutions. One is to use an amplifier with a
very low output impedance. Another possibility is to add an additional
capacitor C, and resistor Rs to the circuit as shown in Fig. 4-24B (Franco,
1989). The resistor R; (usually set equal to Ry) isolates the load capacitor from
the amplifier, and the small feedback capacitor C, (10 to 100 pF) introduces a
phase lead (a zero) to compensate for the phase lag (a pole) of capacitor Cy,
which reduces the net phase shift and restores stability to the circuit.

4.5 SYSTEM BANDWIDTH

One simple but often overlooked method of minimizing noise in a system is to
limit the system bandwidth to only that required by the intended signal. Use of a
circuit bandwidth greater than that required by the signal just allows additional
noise to enter the system. System bandwidth can be thought of as an open
window, the wider the window is open, the more leaves and other debris (noise)
can blow in.

The same principal also applies in the case of digital logic circuits. High-
speed logic (fast rise time) is much more likely to generate and be susceptible to
high-frequency noise than its lower speed counterpart (see Chapter 12).
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FIGURE 4-24. (A4) Operational amplifier driving a capacitive load. (B). C,R3 compen-
sation network used to stabilize the amplifier of 4.

4.6 MODULATION AND CODING

The susceptibility of a system to interference is a function not only of the
shielding, grounding, cabling, and so on, but also of the coding or modulating
scheme used for the signal. Modulation systems such as amplitude, frequency,
and phase each have their own inherent immunity or lack thereof. For example,
amplitude modulation is very sensitive to amplitude disturbances, whereas
frequency modulation is very insensitive to amplitude disturbances. Digital
modulation techniques such as pulse amplitude, pulse width, and pulse
repetition rate coding may also be used to increase noise immunity. The noise
advantages of various coding and modulation schemes are adequately covered
in the literature (Panter, 1965; Schwartz, 1970; and Schwartz et al. 1966) and
are not repeated here.

SUMMARY

o In a balanced system, both resistive and reactive balance must be
maintained.

 In a balanced system, the greater the degree of balance, or CMRR, the less
noise that will couple into the system.

» Balancing can be used with shielding, to provide additional noise
reduction.

o When the source impedance is low and the load impedance is high (or vice
versa), no single element filter will be effective, and a multielement filter
must be used.

e As the result of parasitics, all low pass filters become high pass filters
above some frequency.
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The lower the characteristic impedance of a dc power distribution circuit,
the less the noise coupling over it.

Because most dc power distribution systems do not provide a low
impedance, decoupling capacitors should be used at each load.

From a noise point of view, a dissipative filter is preferred to a reactive filter.
Some amplifier circuits will oscillate when driving a capacitive load, unless
properly compensated and/or decoupled.

To minimize noise, the bandwidth of a system should be no more than that
necessary to transmit the desired signal.

PROBLEMS

4.1

4.2

4.3

4.4

4.5

4.6

4.7

Derive Eq. 4-7.

If the balanced circuit of Fig. 4-4 has a CMRR of 60 dB, and a 300 mV
common-mode ground voltage, what will be the noise voltage across the
balanced load?

The circuit shown in Fig 4-5 has a source unbalance of 5 Q. Assume R; >>
R, + AR..

a. What will be the CMRR if the load resistance is 5 kQ?
b. What will be the CMRR if the load resistance is 150 kQ?
c. What will be the CMRR if the load resistance is 1 MQ?

In a balanced circuit, if the tolerance of the load resistors is halved, by how
much will the worst-case CMRR increase?

To maximize the CMRR of a balanced circuit, what should be the ratio of
load resistance to the source resistance?

For the differential amplifier shown in Fig. 4-8, R; and R, are 1% resistors
with values of 4.7 kQ and 270 kQ, respectively.

What is the differential-mode input impedance?
What is the differential-mode gain?

What is the common-mode input impedance?
What is the common-mode gain?

What is the CMRR?

o0 o

For the instrumentation amplifier shown in Fig. 4-10, Ry = 1 kQ, kRf =
100 Q, and R; = 10 kQ, all 1 % resistors.
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a. What is the differential mode gain?
b. What is the CMRR?

4.8 A differential amplifier, similar to that shown in Fig. 4-§, and an
instrumentation amplifier, similar to that shown in Fig. 4-10, are both
designed to have a differential-mode gain of 50; both amplifiers using
resistors having the same tolerance. Which amplifier will have the larger
CMRR, and by how many dB?

4.9 Under what conditions will a single element filter not be effective?

4.10 a. To be effective, the impedance of a series filter element must be what?
b. To be effective, the impedance of a shunt filter element must be what?

4.11 Name three reasons that common-mode filters are harder to design than
differential-mode filters?

4.12 The shunt capacitor of a common-mode filter must be connected to where?
4.13 How can you minimize the parasitics in your common-mode filters?

4.14 What parameter can be used as a figure of merit for a dc power distribution
system?

4.15 The power bus arrangement shown in Fig. P4.15 is used to transmit 5 V dc
to a 10-A load. The bus bar is 5 m long.

a. What is the dc voltage drop in the distribution system?

b. What is the characteristic impedance of the power bus?

c. If the load current suddenly increases by 0.5-A, what is the magnitude
of the transient voltage on the power bus?
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5 Passive Components

Actual components are not ““ideal”’; their characteristics deviate from those of
the theoretical components (Whalen and Paludi, 1977). Understanding these
deviations is important in determining the proper application of these compo-
nents. This chapter is devoted to those characteristics of passive electronic
components that affect their performance, and/or their use in noise reduction
circuitry.

5.1 CAPACITORS

Capacitors are most frequently categorized by the dielectric material from
which they are made. Different types of capacitors have characteristics that
makes them suitable for certain applications but not for others. An actual
capacitor is not a pure capacitance; it also has both resistance and inductance,
as shown in the equivalent circuit in Fig. 5-1. L is the equivalent series
inductance (ESL) and is from the leads as well as from the capacitor structure.
Resistance R, is the parallel leakage and a function of the volume resistivity of
the dielectric material. R; is the equivalent series resistance (ESR) of the
capacitor and a function of the dissipation factor of the capacitor.

Operating frequency is one of the most important considerations in choosing a
capacitor. The maximum useful frequency for a capacitor is usually limited by
the inductance of the capacitor structure as well as by its leads. At some
frequency, the capacitor becomes self-resonant with its own inductance. Below
self-resonance, the capacitor looks capacitive and has an impedance that
decreases with frequency. Above self-resonance, the capacitor looks inductive
and has an impedance that increases with frequency. Figure 5-2 shows how the

C
L A
YY"
Ry

FIGURE 5-1. Equivalent circuit for a capacitor.

Electromagnetic Compatibility Engineering, by Henry W. Ott
Copyright © 2009 John Wiley & Sons, Inc.
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FIGURE 5-2. Effect of frequency on the impedance of a 0.1-uF paper capacitor.

impedance of a 0.1-puF paper capacitor varies with frequency. As can be
observed, this capacitor is self-resonant at about 2.5 MHz. Any external leads
or PCB traces will lower this resonant frequency.

Surface-mount capacitors, because of their small size and absence of leads,
have significantly less inductance than leaded capacitors; therefore, they are
more effective high-frequency capacitors. In general, the smaller the capacitor’s
package or case, the lower the inductance. Typical surface-mount, multilayer
ceramic capacitors have inductances in the 1- to 2- nH range. A 0.01-pF surface
mount capacitor with 1 nH of series inductance will have a self-resonant
frequency of 50.3 MHz. Special package designs, which include multiple
interdigitated leads, can decrease the capacitor’s equivalent inductance to a
few hundred pico-henries.

Figure 5-3 shows the approximate usable frequency range for various
capacitor types. The high-frequency limit is caused by self-resonance or by
an increase in the dielectric absorption. The low-frequency limit is determined
by the largest practical capacitance value available for that type of capacitor.

5.1.1 Electrolytic Capacitors

The primary advantage of an electrolytic capacitor is the large capacitance
value that can be put in a small package. The capacitance-to-volume ratio is
larger for an electrolytic capacitor than for any other type.

An important consideration when using electrolytic capacitors is the fact
that that they are polarized and that a direct current (dc) voltage of the proper
polarity must be maintained across the capacitor. A nonpolarized capacitor can
be made by connecting two equal value and equal voltage rated electrolytics in
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series, but poled in opposite directions. The resulting capacitance is one half
that of each capacitor, and the voltage rating is equal to that of one of the
individual capacitors. If unequal voltage-rated capacitors are connected in
series, then the voltage rating of the combination will be that of the lowest rated
capacitor.

Electrolytic capacitors can be divided into two categories, aluminum and
tantalum.

An aluminum electrolytic capacitor may have 1 Q or more of series
resistance. Typical values are a few tenths of an ohm. The series resistance
increases with frequency—because of dielectric losses—and with decreasing
temperature. At —40°C, the series resistance may be 10 to 100 times the value at
25°C. Because of their large size, aluminum electrolytics also have large
inductances. They are therefore low-frequency capacitors and should not
normally be used at frequencies above 25 kHz. They are most often used for
low-frequency filtering, bypassing, and coupling. For maximum life, aluminum
electrolytic capacitors should be operated at between 80% and 90% of their
rated voltage. Operating at less than 80% of their rated voltage does not
provide any additional reliability.

When aluminum electrolytics are used in alternating current (ac) or pulsat-
ing (dc) circuits, the ripple voltage should not exceed the maximum-rated ripple
voltage; otherwise, excessive internal heating may occur. Normally, the max-
imum ripple voltage is specified at 120 Hz, which is typical of operation as a
filter capacitor in a full-wave bridge rectifier circuit. Temperature is the primary
cause of aging, and electrolytic capacitors should never be operated outside
their maximum temperature rating.

Solid tantalum electrolytic capacitors have less series resistance and a higher
capacitance-to-volume ratio than aluminum electrolytics, but they are more
expensive. Tantalum capacitors may have series resistance values that are an
order of magnitude less that that of an equal value aluminum capacitor. Solid
tantalum capacitors have lower inductance and can be used at higher
frequencies than aluminum electrolytics. They often can be used up to a few
megahertz. In general, they are more stable with respect to time, temperature,
and shock than aluminum electrolytics. Unlike aluminum electrolytics, the
reliability of solid tantalum capacitors is improved by voltage derating;
typically they should be operated at 70% or less of their rated voltage. When
used in ac or pulsating dc applications, the ripple voltage should not exceed the
maximum rated ripple voltage; otherwise, the reliability of the capacitor may be
affected as a result of internal heating. Tantalum capacitors are available in
both leaded and surface-mount versions.

5.1.2 Film Capacitors

Film and paper capacitors have series resistances considerably less than
electrolytics but still have moderately large inductances. Their capacitance-
to-volume ratio is less than electrolytics, and they are usually available in values
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up to a few microfarads. They are medium-frequency capacitors useful up to a
few megahertz. In most modern-day applications, film capacitors [Mylar*
(polyester), polypropylene, polycarbonate, or polystyrene] are used in place of
paper capacitors. These capacitors are typically used for filtering, bypassing,
coupling, timing, and noise suppression in circuits operating under 1 MHz.

Polystyrene film capacitors have extremely low series resistance; very stable
capacitance versus frequency characteristics, and excellent temperature stabi-
lity. Although medium-frequency capacitors, they are in all other respects the
closest to an ideal capacitor of all the types discussed. They are usually used in
precision applications, such as filters, where stability with respect to time, and
temperature, as well as a precise capacitance value, are required.

Paper and film capacitors are usually rolled into a tubular shape. These
capacitors often have a band around one end, as shown in Fig. 5-4. Sometimes
the band is replaced by just a dot. The lead connected to the banded or dotted
end is connected to the outside foil of the capacitor. Even though the capacitors
are not polarized, the banded end should be connected to ground, or to a
common reference potential whenever possible. In this way, the outside foil
of the capacitor can act as a shield to minimize electric field coupling to or
from the capacitor.

5.1.3 Mica and Ceramic Capacitors

Mica and ceramic capacitors have low series resistance and inductance. They
are therefore high-frequency capacitors and are useful up to about 500 MHz—
provided the leads are kept short. Some surface-mount versions of these
capacitors are useful up into the gigahertz range. These capacitors are normally
used in radio frequency (rf) circuits for filtering, bypassing, coupling, timing
and frequency discrimination, as well as decoupling in high-speed digital
circuits. With the exception of high-K ceramic capacitors, they are normally
very stable with respect to time, temperature, and voltage.

FIGURE 5-4. Band on tubular capacitor indicated the lead connected to the outside
foil. This lead should be connected to ground.

*Mylar is a registered trademark of DuPont; Wilmungton, DE.
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Ceramic capacitors have been used in high-frequency circuits for almost 100
years. The original ceramic capacitors were ‘“‘disc capacitors.” However,
because of the large advancement in ceramic technology in the last few decades,
ceramic capacitors now are available in many different styles, shapes, and
formats. They are the “work horses’ of high-frequency capacitors.

Mica has a low dielectric constant; therefore, mica capacitors tend to be
large relative to their capacitance value. Combining the large advances in
ceramic capacitor technology and the low capacitance-to-volume ratio of mica
capacitors, ceramic has replaced mica in most low-voltage, high-frequency
applications. Because of mica’s high diclectric breakdown voltage, often in the
kilovolt range, mica capacitors are still used in many high-voltage rf applica-
tions, such as radio transmitters.

Multilayer ceramic capacitors (MLCCs) are composed of multiple layers of
ceramic material, often barium titanite, separated by interdigitated metal
electrodes as shown in Fig. 5-5. Contact to the electrodes is made at the ends
of the structure. This construction effectively places many capacitors in
parallel. Some MLCCs contain hundreds of ceramic layers, each layer only a
few micrometers thick.

This type of construction has the advantage of multiplying up the capaci-
tance of each layer such that the total capacitance is equal to the capacitance of
one layer multiplied by the number of layers, while at the same time dividing
down the inductance of each layer such that the total inductance is equal to the
inductance of one layer divided by the number of layers. Multilayer capacitor
construction when combined with surface mount technology can produce
almost ideal high-frequency capacitors. Some small-value (e.g., tens of pico-
farads) surface mount MLCCs can have self-resonant frequencies in the
multiple gigahertz range.

Most MLCCs have capacitance values of 1 uF or less with voltage ratings of
50 V or less. The voltage rating is limited by the small spacing of the layers.
However, the small spacing combined with the large number of layers has
allowed manufacturers to produce larger value MLCC with capacitance values
in the 10 to 100 pF range. MLCCs are excellent high-frequency capacitors and

CERAMIC

DIELECTRIC\
——\ - TERMINATION

INTERNAL /

ELECTRODES

FIGURE 5-5. Multilayer ceramic capacitor construction.
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are commonly used for high-frequency filtering as well as digital logic
decoupling applications.

High-K ceramic capacitors are only medium-frequency capacitors. They are
relatively unstable with respect to time, temperature, and frequency. Their
primary advantage is a higher capacitance-to-volume ratio, compared with that
of standard ceramic capacitors. They are usually used in noncritical applica-
tions for bypassing, coupling, and blocking. Another disadvantage is that they
can be damaged by voltage transients. It is therefore not recommended that
they be used as bypass capacitors directly across a low-impedance power
supply.

Table 5-1 shows the typical failure modes for various capacitor types under
normal use and when subjected to overvoltage.

5.1.4 Feed-Through Capacitors

Table 5-2 shows the effect of lead length on the resonant frequency of small
ceramic capacitors. To keep the resonant frequency high, it is preferable to use
the smallest value capacitor that will do the job.

If the resonant frequency cannot be kept above the frequency of interest,
which is many times the case, then the impedance of the capacitor above

TABLE 5-1. Typical Capacitor Failure Modes

Capacitor Type Normal Use Overvoltage
Aluminum electrolytic Open Short
Ceramic Open Short
Mica Short Short
Mylar Short Short
Metalized mylar Leakage Noisy
Solid tantalum Short Short

TABLE 5-2. Self-Resonant Frequencies of Caramic Capacitors

Self-Resonant Frequency

Capacitance Value (pf) 1/2-in Leads 1/2-in Leads
10,000 12 —
1000 35 32
500 70 65
100 150 120
50 220 200

10 500 350
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resonance will be determined solely by the inductance. Under this condition,
any value of capacitance will have the same high-frequency impedance, and
larger capacitance values can be used to improve low-frequency performance.
In this case, the only way to lower the capacitor’s high-frequency impedance is
by decreasing the inductance of the capacitor structure and its leads.

It should be noted that at the series resonant frequency, the impedance of a
capacitor is actually lower (Fig. 5-2) than that of an ideal capacitor (one
without inductance). Above resonance, however, the inductance will cause the
impedance to increase with frequency.

The resonant frequency of a capacitor can be increased by using a feed-
through capacitor designed to mount through, or on, a metal chassis. Figure 5-6
shows such a capacitor mounted in a chassis or shield, along with its schematic
representation. Feed-through capacitors are three terminal devices. The capaci-
tance is between the leads and the case of the capacitor, not between the two
leads. Feed-through capacitors have very low inductance ground connections,
because there is no lead present. Any lead inductance that does exist is in series
with the signal lead and actually improves the capacitor’s effectiveness, because
it transforms the feed-through capacitor into a low-pass T-filter. Figure 5-7
shows the equivalent circuits, including lead inductance, both for a standard and
a feed-through capacitor. As a result, feed-through capacitors have very good
high-frequency performance. Figure 5-8 shows the impedance versus frequency
characteristics of both a 0.05 pF feed-through capacitor and a standard 0.05 uF
capacitor. The figure clearly shows the improved (lower) high-frequency
impedance of the feed-through capacitor.

Feed-through capacitors are often used to feed power (ac or dc), as well as
other low-frequency signals, to a circuit while at the same time shunting any
high-frequency noise on the power or signal lead to ground. They are extremely
effective, but are more expensive than standard capacitors.
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MOUNTED IN CHASSIS SCHEMATIC REPRESENTATION
FIGURE 5-6. Typical feed-through capacitor.
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FIGURE 5-7. Lead inductance in standard and feed-through capacitors.
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FIGURE 5-8. Impedance of 0.05-puF capacitors, showing improved performance of
feed-through capacitor.

5.1.5 Paralleling Capacitors

No single capacitor will provide satisfactory performance over the entire
frequency range from low to high frequencies. To provide filtering over this
range of frequencies, two different capacitor types are often used in parallel.
For example, an electrolytic could be used to provide the large capacitance
necessary for low-frequency filtering, paralleled with a small low-inductance
mica or ceramic capacitor to provide a low impedance at high frequencies.
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When capacitors are paralleled, however, resonance problems can occur as a
result of the parallel and series resonances produced by the capacitors and the
inductance of the leads that interconnect them (Danker, 1985). This can result
in large impedance peaks at certain frequencies; these are most severe when the
paralleled capacitors have widely different values, or when there are long
interconnections between them. See Sections 11.4.3 and 11.4.4.

5.2 INDUCTORS

Inductors may be categorized by the type of core on which they are wound. The
two most general categories are air core (any nonmagnetic material fits into this
group) and magnetic core. Magnetic core inductors can be subdivided depend-
ing on whether the core is open or closed. An ideal inductor would have only
inductance, but an actual inductor also has series resistance, in the wire used to
wind it, and distributed capacitance between the windings. This is shown in the
equivalent circuit in Fig. 5-9. The capacitance is represented as a lumped shunt
capacitor, so parallel resonance will occur at some frequency.

Another important characteristic of inductors is their susceptibility to, and
generation of, stray magnetic fields. Air core or open magnetic core inductors are
most likely to cause interference, because their flux extends a considerable
distance from the inductor, as shown in Fig. 5-10A. Inductors wound on a
closed magnetic core have much reduced external magnetic fields, because
nearly all the magnetic flux remains inside the core, as shown in Fig. 5-10B.

As far as susceptibility to magnetic fields is concerned the magnetic core is
more susceptible than the air core inductor. An open magnetic core inductor
is the most susceptible, because the core—a low reluctance path—concentrates
the external magnetic field and causes more of the flux to flow through the coil.
As a matter of fact, open magnetic core inductors (rod cores) are often used as
receive antennas for small AM radios. A closed magnetic core is less susceptible
than an open core but more susceptible than an air core.

It is often necessary to shield inductors to confine their magnetic and electric
fields within a limited space. Shields made of low-resistance material such as
copper or aluminum confine the electric fields. At high frequencies, these shields
also prevent magnetic flux passage, because of the eddy currents set up within

C
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FIGURE 5-9. Equivalent circuit for an inductor.
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FIGURE 5-10. Magnetic fields from (A4) air core and (B) closed magnetic core
inductors.

the shield. At low frequencies, however, high-permeability magnetic material
must be used to confine the magnetic field.*

For example, high-quality audio frequency transformers are often shielded
with mumetal.

5.3 TRANSFORMERS

Two or more inductors intentionally coupled together, usually on a magnetic
core, form a transformer. Transformers are often used to provide galvanic
isolation between circuits. An example is the isolation transformer used to
break a ground loop, as shown in Fig. 3-34. In these cases, the only desirable
coupling is that which results from the magnetic field. Actual transformers,
not being ideal, have capacitance between the primary and secondary wind-
ings, as shown in Fig. 5-11, this allows noise coupling from primary to
secondary.

This coupling can be eliminated by providing an electrostatic, or Faraday,
shield (a grounded conductor placed between the two windings), as shown in
Fig. 5-12. If properly designed, this shield does not affect the magnetic
coupling, but it eliminates the capacitive coupling provided the shield is
grounded. The shield must be grounded at point B in Fig. 5-12. If it
is grounded to point A4, the shield is at a potential of Vg and still couples
noise through the capacitor C, to the load. Therefore, the transformer should
be located near the load in order to simplify the connection between the

*See Chapter 6 for a detailed analysis of magnetic-field shielding
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FIGURE 5-11. An actual transformer has capacitive as well as magnetic coupling
between primary and secondary windings.
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FIGURE 5-12. Grounded electrostatic shield between transformer windings breaks
capacitive coupling.
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FIGURE 5-13. Two unshielded transformers can provide electrostatic shielding.
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shield and point B. As a general rule, the shield should be connected to a point
that is the other end of the noise source.

Electrostatic shielding may also be obtained with two unshiclded transfor-
mers, as shown in Fig. 5-13. The primary circuit of 7, must be grounded,
preferably with a center tap. The secondary of 77, if it has a center tap, may
also be grounded to hold one end of C, near ground potential. As indicated in
Fig. 5-13, if the transformers do not have center taps, one of the conductors
between the transformers can be grounded. This configuration is less effective
than a transformer with a properly designed electrostatic shield. The config-
uration of Fig. 5-13 is, however, useful in the laboratory to determine whether
an electrostatically shielded transformer will effectively decrease the noise
coupling in a circuit.

5.4 RESISTORS

Fixed resistors can be grouped into the following three basic classes: (1)
wirewound, (2) film type, and (3) composition. The exact equivalent circuit for
a resistor depends on the type of resistor and the manufacturing processes. The
circuit of Fig. 5-14, however, is satisfactory in most cases. In a typical
composition resistor, the shunt capacitance is in the order of 0.1-0.5 pF. The
inductance is primarily lead inductance, except in the case of wirewound
resistors, where the resistor body is the largest contributor. Except for wir-
ewound resistors, or very low value resistors of other, types, the inductance can
normally be neglected during circuit analysis. The inductance of a resistor does,
however, make it susceptible to pickup from external magnetic fields. Inductance
of the external lead can be approximated by using the data in Table 5-4.

The shunt capacitance can be important when high-value resistors are used.
For example, consider a 22-MQ resistor with 0.5 pF of shunt capacitance. At 145
kHz, the capacitive reactance will be 10% of the resistance. If this resistor is used
above this frequency, then the capacitance may affect the circuit performance.

Table 5-3 shows measured impedance, magnitude, and phase angle, for a 1/2-W
carbon resistor at various frequencies. The nominal resistance value is | MQ. Note
that at 500 kHz the magnitude of the impedance has dropped to 560 kQ, and the
phase angle has become —34°. Capacitive reactance has thus become significant.
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FIGURE 5-14. Equivalent circuit for a resistor.
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TABLE 5-3. Impedance of a 1-MQ, 1-W Carbon Resistor Measured
at Various Frequencies

Impedance
Frequency (kHz) Magnitude (kQ) Phase Angle (degrees)

1 1000 0

9 1000 -3

10 990 -3
50 920 —11
100 860 —16
200 750 -23
300 670 -28
400 610 -32
500 560 —34

5.4.1 Noise in Resistors

All resistors, regardless of their construction, generate a noise voltage. This
voltage results from thermal noise and other noise sources, such as shot and
contact noise. Thermal noise can never be eliminated, but the other sources can
be minimized or eliminated. The total noise voltage therefore is equal to or
greater than the thermal noise voltage. This is explained in Chapter 8.

Of the three basic resistor types, wirewound resistors are the quietest. The
noise in a good quality wirewound resistor should be no greater than that
resulting from thermal noise. At the other extreme is the composition resistor,
which has the most noise. In addition to thermal noise, composition resistors
also have contact noise, because they are made of many individual particles
molded together. When no current flows in composition resistors, the noise
approaches that of thermal noise. When current flows, additional noise is
generated proportional to the current. Figure 5-15 shows the noise generated by
a 10-kQ carbon composition resistor at two current levels. At low frequencies,
the noise is predominantly contact noise, which has an inverse frequency
characteristic. The frequency at which the noise levels off, at a value equal to
the thermal noise, varies widely between different type resistors and is also
dependent on current level.

The noise produced by film-type resistors, is much less than that produced
by composition resistors, but it is more than that produced by wirewound
resistors. The additional noise is again contact noise, but because the material is
more homogeneous, the amount of noise is considerably less than for
composition resistors.

Another important factor that affects the noise in a resistor is its power
rating. If two resistors of the same value and type both dissipate equal power,
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FIGURE 5-15. Effect of frequency and current on noise voltage for a 10-kQ. carbon
composition resistor.

the resistor with the higher power rating normally has the lower noise.
Campbell and Chipman (1949) present data showing approximately a factor
of 3 between the root mean square (rms) noise voltage of a 1/2-W composition
resistor versus a 2-W composition resistor operating under the same conditions.
This difference is caused by the factor K in Eq. 8-19 (Chapter 8), which is a
variable that depends on the geometry of the resistors.

Variable resistors generate all the inherent noises of fixed resistors, but in
addition they generate noise from wiper contact. This additional noise is directly
proportional to current through the resistor and the value of its resistance. To
reduce the noise, the current through the resistor and the resistance itself should
both be minimized.

5.5 CONDUCTORS

Conductors are not normally considered components; however, they do have
characteristics that are very important to the noise and high-frequency
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performance of electronic circuits. In many cases, they are actually the most
important component in the circuit. For conductors whose length is a small
fraction of a wavelength, the two most important characteristics are resistance
and inductance. Resistance should be obvious, but inductance is often over-
looked, and in many cases, it is more important than resistance. Even at relatively
low frequencies, a conductor usually has more inductive reactance than resistance.

5.5.1 Inductance of Round Conductors

The external loop inductance of a round, straight conductor of diameter d,
whose center is located a distance /& above a ground plane, is

U 4h
L=—In|l— ) H/m. -1
” n( d) /m (5-1)
This assumes that 7 > 1.5 d. The permeability of free space u is equal to
4n x 1077 H/m. Equation 5-1 therefore can be rewritten as

L =200In (tfl) nH/m. (5-2a)

Changing units to nanohenries per inch gives

L=15.08In (t,h) nH/in. (5-2b)

In Egs. 5-2a and 5-2b, 1 and d can be in any units as long as they are both the
same, because it is only the ratio of the two numbers that matters.

The preceding equations represent the external inductance of a conductor,
because they do not include the effects of the magnetic field within the
conductor itself. The total inductance is actually the sum of the internal plus
the external inductances. The internal inductance of a straight wire of circular
cross section carrying a current distributed uniformly over its cross section (a
low-frequency current) is 1.27 nH/in., independent of wire size. The internal
inductance is usually negligible compared with the external inductance except
for closely spaced conductors. The internal inductance is reduced even more
when high-frequency currents are considered because, as the result of the skin
effect, the current is concentrated near the surface of the conductor. The
external inductance therefore is normally the only inductance of significance.

Table 5-4 lists values of external loop inductance and resistance for various
gauge solid conductors. The table shows that moving the conductor closer to
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TABLE 5-4. Inductance and Resistance of Round Conductors

Inductance (nH per in)

Wire 0.25in 0.5 in I in

size Diameter DC Resistance Above Ground Above Ground Above Ground
(AWG) (in) (mQ/in) Plane Plane Plane

26 0.016 3.38 21 25 28

24 0.020 2.16 20 23 27

22 0.025 1.38 19 22 26

20 0.032 0.84 17 21 25

18 0.040 0.54 16 20 23

14 0.064 0.21 14 17 21

10 0.102 0.08 12 15 19

the ground plane decreases the inductance, assuming the ground plane is the
return current path. Raising the conductor higher above the ground plane
increases the inductance.

Table 5-4 also shows that the larger the conductor diameter, the lower is the
inductance. The inductance and the conductor diameter are logarithmically
related as shown in Eq. 5-1. For this reason, low values of inductance are not
easily obtained by increasing the conductor diameter.

For two parallel round conductors that carry uniform current in opposite
directions, the loop inductance, neglecting effect of the magnetic flux in the wires
themselves, is

L=101In (2dD> nH/in. (5-3)

In Eq. 5-3, D is the center-to-center spacing, and d is the conductor diameter.

5.5.2 Inductance of Rectangular Conductors

The loop inductance of a rectangular conductor, such as a printed circuit board
(PCB) trace, can be determined by starting with the well-known relationship
that the characteristic impedance Z, of a transmission line is equal to \/L/C
(Eq. 5-16). Therefore, the inductance will be

L=CZ2. (5-4)

IPC-D-317A (1995) gives equations for the characteristic impedance and the
capacitance of a narrow rectangular trace located a distance s above a ground
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plane (microstrip line). Substituting the IPC equations into Eq. 5-4 gives for the
loop inductance of a rectangular PCB trace

5.98h .
L=5071n [08w+t} nH/in, (5-5)

where w is the trace width, ¢ is the trace thickness, and / is the height of the
trace above the ground plane. Equation 5-5 is only valid for the case where
h >w. In Eq. 5-5, h, w, and ¢ can be in any units, because it is only their ratio
that matters.

Example 5-1. A rectangular conductor with a width of 0.080 in. and a thickness
of 0.0025 in. has the same cross-sectional area as a 26 Ga. round conductor.
For the case where both conductors are located 0.5 in. above a ground plane,
the inductance of the 26 Ga. round conductor (from Eq. 5-2b) is 25 nH/in,
whereas the inductance of the rectangular conductor (from Eq. 5-5) is only
19 nH/in. This result demonstrates that a flat rectangular conductor has less
inductance than a round conductor with the same cross-sectional area.

5.5.3 Resistance of Round Conductors

Resistance is the second important characteristic of a conductor. Selection of
conductor size is generally determined by the maximum allowable dc voltage
drop in the conductor. The dc voltage drop is a function of conductor
resistance and the maximum current. The resistance per unit length of any
conductor can be written as

R= (5-6)

P
A b
where p is the resistivity (the reciprocal of the conductivity o) of the conductor
material and A is the cross-sectional area over which the current flows. For
copper p equals 1.724 x 107* Q-m (67.87 x 107® Q-in). At dc, the current will
be distributed uniformly across the cross section of the conductor and the dc
resistance of a conductor, of circular cross section will be

4p

Ry =—2
dac ﬂ:dz’

(5-7)

where d is the diameter of the conductor. If the constant substituted for p is in
ohm-meters, then d must be in meters and R, will be in Q/m. If the constant
substituted for p is in ohm-inches, then d must be in inches and R,. will be in
Q/in. Table 5-4 lists the value of dc resistance for different size solid conductors.
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At high frequency, the skin effect causes the resistance of a conductor to
increase. The skin effect describes a condition where, because of the magnetic
fields produced by current in a conductor, the current crowds toward the outer
surface of the conductor. The skin effect is discussed in Section 6.4. As the
frequency increases, the current is concentrated in a thinner and thinner
annular ring at the surface of the conductor (see Fig. P5.7). This decreases
the cross sectional area through which the current flows and increases the
resistance. Therefore, at high frequency all currents are surface currents, and a
hollow cylinder will have the same ac resistance as a solid conductor.

For solid round copper conductors, the ac and dc resistances are related by
the following expression (Jordan, 1985).

Rae = (96d+/Fuunz +0.26) Rae, (5-8)

where d is the conductor diameter in inches and f,4. is the frequency in MHz.
Equation 5-8 is accurate within 1% for d+/fy/g. greater than 0.01 (d in inches),
and it should not be used when d+/fy/4- is less than 0.08. For a 22-gauge wire,
d+/fun- greater than 0.01 will occur at frequencies above 0.15 MHz. For
d+/fum- less than 0.004, the ac resistance will be within 1% of the dc resistance.
If the conductor material is other than copper, the first term of Eq. 5-8 must be
multiplied by the factor

&

pr

where u, is the relative permeability of the conductor material and p, is the
relativity resistivity of the material compared with copper. Relative perme-
ability and conductivity (the reciprocal of resistivity) of various materials are
listed in Table 6-1.

Substituting Eq. 5-7 into Eq. 5-8 and assuming that the frequency is high
enough that the 0.26 term can be neglected, we get the following equation for
the ac resistance of a round copper conductor

28 x 102/ Fore
R, = 3B 21 Stz 0 fin, (5-92)

where d is in inches. For d+\/fy. greater than 0.03 (din inches), Eq. 5-9a will be
accurate within 10%. For a 22-gauge wire this will be true above 1.5 MHz. For
d+/fyvu- greater than 0.08, Eq. 5-9 will be accurate within a few percent.
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Changing units to milliohms/m produces
82.8\/fan:-
Rye = 2RI 1, (5-9)

where d is in millimeters.
Equation 5-9 shows that the ac resistance of a conductor is directly
proportional to the square root of the frequency.

5.5.4 Resistance of Rectangular Conductors

The ac resistance of a conductor can be decreased by changing its shape.
A rectangular conductor will have less ac resistance than a round conductor of
the same cross-sectional area, because of its greater surface area (perimeter).
Remember, high-frequency currents only flow on the surface of conductors.
Because a rectangular conductor has less ac resistance and also less inductance
than a round conductor with the same cross-sectional area, it is a better high-
frequency conductor. Flat straps or braids are therefore commonly used as
ground conductors.

For a rectangular conductor of width w and thickness #, the dc current will
be distributed uniformly over the cross section of the conductor, and the dc
resistance, from Eq. 5-6, will be

Ry =+ (5-10)
wt

The ac resistance of an isolated rectangular conductor can easily be
calculated by realizing that most of the high-frequency current is concentrated
in a thickness of approximately one skin depth at the surface of the conductor,
as shown in Fig. 5-16. The cross-sectional area through which the current flows

AREA THROUGH w
WHICH CURRENT

FLOWS ~~_ 7

S—f | <~— t

FIGURE 5-16. High-frequency current in a rectangular conductor is contained within a
thickness of one skin depth of the surface.
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will then be equal to 2 (w+1¢) J§, where w and ¢ are the width and thickness of
the rectangular conductor, respectively, and ¢ is the skin depth of the conductor
material. This assumes that r > 2 §. Substituting 2 (w+1¢) J for the area in
Eq. 5-6 gives

p
Ry =———. 5-11
2(w+1)0 (>-1D)
The skin depth for copper (Eq. 6-11a) is
66 x 107°
06 x 1V (5-12)

5(‘0[)[)01’ =
V f MHz

Substituting Eq. 5-12 into Eq. 5-11 gives for the ac resistance of a
rectangular copper conductor

Ry = IELAVAATIE mQ/m, (5-13a)
(w+1)

where w and 7 are in millimeters.
Changing units to milliohms/inch produces

131/ Fon-
RM:M mQ/in, (5-13b)
(w+1)

where w and ¢ are now in inches.

The ac resistance of a rectangular conductor is proportional to the square
root of the frequency and is inversely proportional to the width plus the
thickness of the conductor. If 1 « w, which is often the case, then the ac
resistance is inversely proportional to the width of the conductor.

All of the above ac resistance equations assume an isolated straight
conductor. If the conductor is close to another current-carrying conductor,
the ac resistance will be greater than predicted by these equations. This
additional resistance results from the current crowding to one side of the
conductor, as a result of the influence of the current in the other conductor.
This current crowding decreases the area of copper through which the current
flows, hence increasing the resistance. For a circular cross-section conductor,
this effect will be negligible if the conductor is spaced at least 10 times its
diameter from any adjacent current-carrying conductors.
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5.6 TRANSMISSION LINES

When conductors become long, that is, they become a significant fraction of the
wavelength of the signals on them, they can no longer be represented as a
simple [umped-parameter series R—L network as was done in Section 5.5.
Because of the phase shift that occurs as the signal travels down the
conductor, the voltage and current will be different at different points along
the conductor. At some points, the current (or voltage) will be a maximum, at
other points the current (or voltage) will be a minimum, or possibly even zero.
Therefore, the behavior of an impedance (resistance, inductance, or capaci-
tance) will vary as a result of its location along the conductor. For example, a
resistance located where the current is zero will have no voltage drop across it,
whereas a resistance located where the current is a maximum will have a large
voltage drop across it. Under these circumstances, the signal conductor and
its return path must be considered together as a transmission line, and a
distributed-parameter model of the line must be used.

A common rule, when working in the frequency domain, is that the
conductor should be treated as a transmission line if its length is greater than
1/10 of a wavelength, or in the case of a digital signal, in the time domain, when
the signals rise time is less than twice the propagation delay (the reciprocal of
the velocity of propagation) of the line.

What then is a transmission line? A transmission line is a series of
conductors, often but not necessarily two, used to guide electromagnetic energy
from one place to another. The important concept to understand is that we are
moving an electromagnetic field, or energy, from one point to another, not a
voltage or current. The voltage and current exist, but only as a consequence of
the presence of the field. We can classify transmission lines by their geometry
and the number of conductors that they have. Some of the more common types
of transmission lines are as follows:

Coaxial cable (2)
e Microstrip line (2)
Stripline (3)
Balanced line (2)
o Waveguide (1)

The numbers in parentheses represent the number of conductors in the
transmission line. The geometry of all five cases listed above are depicted in
Fig. 5-17.

Probably the most common transmission line is a coaxial cable (coax). In a
coax, the electromagnetic energy is propagated through the dielectric between
the center conductor and the inside surface of the outer conductor (shield).

On a printed circuit board, transmission lines usually consist of a flat,
rectangular conductor adjacent to one or more planes (e.g., microstrip or stripline).
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FIGURE 5-17. Some common transmission line geometries.

In the case of a stripline, the electromagnetic energy is propagated through the
dielectric between the conductors. For the case of a microstrip, where the signal
conductor is on a surface layer of the PCB, the field is propagated partially in
air and partially in the dielectric of the PCB.

A balanced line consists of two conductors of the same size and shape, with
equal impedances to ground and all other conductors (e.g., two parallel round
conductors). In this case, the electromagnetic energy is propagated through the
dielectric, often air, surrounding the conductors.

A waveguide consists of a single hollow conductor used to guide the
electromagnetic energy. In a waveguide, energy is propagated through the hollow
center of the conductor. In almost all cases, the propagation medium is air.
Waveguides are mostly used in the gigahertz frequency range. A waveguide has an
important characteristic different from all the other transmission lines described
above, in that it cannot pass dc signals.

Note that the conductors of a transmission line are just the guides for the
electromagnetic energy. The electromagnetic energy is propagated in the dielectric
material. In a transmission line, the velocity of propagation v of the electro-
magnetic energy is equal to

.
N4

where ¢ is the speed of light in a vacuum (free space) and ¢, is the relative
dielectric constant of the medium through which the wave is being propagated.
The larger the dielectric constant, the slower the velocity of propagation will be.
Table 4-3 listed the relative dielectric constants for various materials. The speed
of light ¢ is approximately equal to 300 x 10° m/s (12 in/ns).* For most
transmission lines, the velocity of propagation varies from approximately 1/3 of
the speed of light to the speed of light, depending on the dielectric material. For
many dielectrics used in transmission lines, the velocity of propagation is about
one half the speed of light in a vacuum therefore the speed at which a signal
propagates down a transmission line will be about 6 inches per nanosecond.
This rate of propagation is a useful number to remember.

It is important to note that what travels at, or close to, the speed of light on a
transmission line is the electromagnetic energy, which is in the dielectric

(5-14)

V=

*The speed of light in a vacuum is actually 299,792,485 m/s (186,282.397 mi/s).
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material not the electrons in the conductors. The speed of the electrons in the
conductors is approximately 0.01 m/s (0.4 in./s) (Bogatin, 2004, p. 211) which is
30 billion times slower than the speed of light in free space. In a transmission
line, the most important material is therefore the dielectric through which the
electromagnetic energy (field) is propagated, not the conductors that are just the
guides for the energy.

Instead of the simple series R—L network used to model a short conductor, a
transmission line must be represented by a large number, ideally an infinite
number, of R—L-C-G elements, as shown in Fig. 5-18. Remember, the elements
cannot all be lumped together, because their actual location on the transmission
line matters. The more sections used, the more accurate the model will be. In
Fig. 5-18, R represents the resistance of the conductors in ohms per unit length.
L represents the inductance of the conductors in henries per unit length. C
represents the capacitance between the conductors in farads per unit length,
and G represents the conductance (the reciprocal of resistance) of the dielectric
material separating the two conductors in siemens per unit length.

Most transmission line analysis assumes that the propagation is solely by the
transverse electromagnetic (TEM) mode. In the TEM mode, the electric and
magnetic fields are perpendicular to each other, and the direction of propaga-
tion is transverse (perpendicular) to the plane that contains the electric and
magnetic fields. To support the TEM mode of propagation, a transmission line
must consist of two or more conductors. Therefore, a waveguide cannot
support the TEM mode of propagation. Waveguides transmit energy in either
the transverse electric (TE,,,) or the transverse magnetic (TM,,,) modes.
Subscripts m and n represent the number of half wavelengths in the x and y
directions, respectively, of the cross section of a rectangular waveguide.

The three most important properties of a transmission line are its character-
istic impedance, its propagation constant, and its high-frequency /oss.

5.6.1 Characteristic Impedance

When a signal is injected into a transmission line, the electromagnetic wave
propagates down the line at the velocity of propagation v of the dielectric
material, using the conductors as guides. The electromagnetic wave will induce

R2 Li2 R2 L2 RI2 L2
c G rrens c G
R/2 L2 R/2 Li2 RI2 L2
) SECTION 1 i SECTION 2 - | | X SECTION N i

FIGURE 5-18. Distributed parameter model of a two-conductor transmission line.
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current into the transmission line’s conductors. This current flows down the
signal conductor, through the capacitance between the conductors, and back to
the source through the return conductor as shown in Fig. 5-19. The current
flow through the capacitance between the transmission line conductors exists
only at the rising edge of the propagating wave, because that is the only place
on the line where the voltage is changing, and the current through a capacitor is
equal to I = C (dv/dt).

Because of the finite velocity of propagation, the injected signal does not
initially know what termination is at the end of the line, or indeed where the end
of the line is. Therefore, the voltage and current are related by the characteristic
impedance of the line. Figure 5-19 clearly demonstrates the important principle,
that it is possible to propagate both a voltage and a current down an open
circuited transmission line.

In terms of the transmission line parameters shown in Fig. 5-18, the
characteristic impedance Z, of a transmission line is equal to,

R+ joL
Zo = (| 29> 5-15
0 G+ joC (3-15)

The analysis of a transmission line can be greatly simplified if the line is
assumed to be lossless. Many practical transmission lines are low loss, and the
equations for a lossless line are adequate to describe their performance. For
the case of a lossless line, both R and G will be equal to zero. The model of a

CURRENT / PROPAGATING WAVEFRONT

VOLTAGE ccnnau VR R R
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FIGURE 5-19. Signal and return currents both flow on the conductors of a transmission
line as the rising edge of the signal propagates down the line. Note, 13 > 1, > 1.
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L2 L2 L2

FIGURE 5-20. Distributed parameter model of a loseless transmission line.

lossless transmission line is shown in Fig. 5-20. Substituting R = 0 and G= 0
into Eq. 5-15 produces the well-known, and often quoted, equation for the
characteristic impedance of a lossless transmission line,

Zo = \E, (5-16)

It is important to note if any two parameters in Eq. 5-16 are known, then the
third parameter can be calculated. Often, the properties quoted for a transmis-
sion line are just the characteristic impedance and the capacitance per unit
length. This however, provides sufficient information to then calculate the
inductance per unit length.

Except for three cases, all closed form expressions for the characteristic
impedance of a transmission line, expressed in terms of the geometry of the line,
are only approximate. The three exceptions are a coax, two identical parallel round
conductors, and a round conductor over a plane. Variations of 10% or more are
not uncommon between published formulas for characteristic impedance of
transmission lines. Many published equations are only accurate over a limited
range of characteristic impedance. The three exact equations are as follows:

The characteristic impedance of a coaxial line is given by

60 ra
Z() —\/—a In |:Z:|, (5-17)

where r; is the radius of the inner conductor, r, is the radius of the outer
conductor, and ¢, is the relative dielectric constant of the material between the
conductors.

The characteristic impedance for two identical parallel round conductors is

given by
120 D D\’
Zo=-—In|(% —) -1 5-18
= <2r> + <2r> ' (5-18a)
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where r is the radius of each conductor, D is the distance or spacing between the

conductors and, ¢, is the relative dielectric constant of the material surrounding
the conductors. This equation, however, is often approximated as

120 [D
Zo = OlnH7 (5-18b)

for the case of D> 2r.

As a result of the symmetry of the problem, the characteristic impedance of a
round conductor located a distance 4 above a plane will be exactly one half that
of two round conductors located a distance 2 /& apart. Therefore, the
characteristic impedance of a round conductor over a plane is given by

60 h n\?
ZO:\/é:ln <r)+ (r> —11, (5-19a)

where r is the radius of the conductor and / is the height of the conductor above
the plane. For the case where /1> r, Eq. 5-19a can be approximated as

2
Zo=C [ﬂ (5-19b)

The characteristic impedance of most practical transmission lines range from
about 25 to 500Q, with the 50 to 150 Q range being the most common.

5.6.2 Propagation Constant

The propagation constant describes the attenuation and phase shift of the signal
as it propagates down the transmission line. In terms of the parameters shown in
Fig. 5-18, the propagation constant y of a transmission line is equal to,

7 = v/ (R+joL)(G + joC). (5-20)

In the general case, the propagation constant will be a complex number with
a real and imaginary part. If we define the real part as o and the imaginary part
as f, then we can write the propagation constant as

Y=o+ jp. (5-21)
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The real part o is the attenuation constant and the imaginary part f is the
phase constant. For the case of a lossless line, the real and the imaginary parts
of Eq. 5-20 are equal to

% =0, (5-22a)
p=wVLC. (5-22b)

From Eq. 5-22a, we observe that the attenuation of a lossless line is zero, as
must be the case. Equation 5-22b represents the phase shift of the signal as it
propagated down the line, in radians per unit length.

Example 5-2. A transmission line has a capacitance of 12 pF/ft and an inductance
of 67.5 nH/ft. From Eq. 5-22b, a 100-MHz signal propagating down the line
will have a phase shift of 0.565 radians/ft or 32.4°/ft. From Eq. 5-16, the
characteristic impedance of the line will be 75 Q.

5.6.3 High-Frequency Loss

Although the lossless line model discussed above is a good representation of
many actual transmission lines over a wide frequency range, in many cases
from one to hundreds of megahertz, it does not account for the attenuation of
the signal as it propagates down the line. To account for signal attenuation, we
must factor in the loss of the line.

The two primary types of transmission line loss are (1) ohmic loss resulting
from the resistance of the conductors and (2) dielectric loss resulting from the
dielectric material absorbing energy from the propagating electric field, and
heating the material. The first type affects the R term in Eq. 5-20, and the
second affects the G term in Eq. 5-20.

The general equations for the loss of a transmission line are complex. To
simplify the mathematics, a low-loss approximation is usually used. This
approximation assumes that although R and G are not zero they are small,
such that R « oL and G « wC. This assumption is reasonable for most actual
transmission lines at high frequency.

The derivation of the attenuation constant for a lossy line is beyond the scope of
this book. However, if the loss is assumed to be small, the attenuation constant
(the real part of Eq. 5-20) can be approximated by (Bogatin, 2004, p. 374)

o=4.34 {; + GZO} dB/unit length, (5-23)
0

where both the R and G are frequency dependent and increase with frequency.
Equation 5-23 represents the loss per unit length of the line. The first term of
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Eq. 5-23 is the attenuation caused by the ohmic loss of the conductors, and the
second term is the attenuation caused by the loss in the dielectric material of
the line.

5.6.3.1 Ohmic Loss. Ohmic loss is the only transmission line parameter that
is a function of the characteristics of the conductors used in the line. All
the other parameters are only a function of the dielectric material and/or the line
geometry. The attenuation that results from just the ohmic loss of the
conductors is

R
Cohmic = 4.34 |:ZO:| 3 (5'24)

where R is the ac resistance of the conductors, which was previously derived in
Sections 5.5.3 and 5.5.4. If the two conductors that make up a transmission line
are of significantly different dimensions, such as the case of a coax or a
microstrip or stripline, then most of the resistance, and therefore loss, will be
from the smaller conductor, and the resistance of the large conductor is often
neglected. In these cases, the smaller conductor is usually the signal conductor,
and the larger conductor is the return conductor.

In some cases, the ac resistance of the signal conductor is multiplied by a
correction factor, possibly 1.35, to account for the additional resistance of the
return conductor. For a microstrip signal line, the resistance will be larger than
predicted by Eq. 5-13, because most of the current is just along the bottom of
the conductor. In this case, a correction factor of 1.7 might be appropriate.

Converting Eq. 5-9a into ohms per inch and substituting this for R in
Eq. 5-24, gives for the attenuation constant of a circular cross section
conductor

36000/ farn: dB/in, (5-25)

Qohmic = a7
0

where d is the conductor diameter in inches.
Converting Eq. 5-13b to ohms per inch and substituting it for R in Eq. 5-24
gives for the attenuation constant of a rectangular cross-section conductor

_3 5
0.569 x 10 \/fMH: dB/ln, (5—26)
(w+1)Zy

Gohmic =

where w is the conductor width and ¢ is the conductor thickness, both of which
are in inches.
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5.6.3.2 Dielectric Loss. The attenuation that results just from the dielectric
absorption is

Adielectric = 434[GZ()] (5-27)

The loss in a dielectric material is determined by the dissipation factor of the
material. The dissipation factor is defined as the ratio of the energy stored to
the energy dissipated in the material per hertz, and it is usually listed as the
tangent of the loss angle, tan(d). The larger tan(d) is for a material, the
higher the loss. Table 5-5 lists the dissipation factor (loss tangent) for some
common dielectric materials.

Using several transmission line identities that relate G, C, and Z, as well as
substituting for the speed of light, Eq. 5-27 can be rewritten in the form
(Bogatin, 2004, p. 378)

Adielectric = 2.3 fGHz tan(é)\/g‘r dB/lIl, (5'28)

where tan(d) and ¢, are the dissipation factor and the relative dielectric constant
of the dielectric material respectively. Note that the dielectric loss is not a
function of the geometry of the transmission line, it is only a function of the
dielectric material.

As can be observed from Eqgs. 5-25 and 5-26, the ohmic loss is proportional
to the square root of the frequency, whereas from Eq. 5-28 the dielectric loss is
directly proportional to frequency. Therefore, the dielectric loss will predomi-
nate at high frequency.

For short transmission lines (e.g., signal traces on a typical PCB), the
transmission line losses can normally be neglected, until the frequency
approaches 1 GHz or higher.

For the case of a sine wave signal, the loss or attenuation will decrease the
amplitude of the transmitted wave. In the case of a square wave signal,

TABLE 5-5. Dissipation Factor [tan(d)] of Some
Common Dielectric Materials.

Material Tan ()
Vacuum/Free Space 0
Polyethylene 0.0002
Teflon™ 0.0002
Ceramic 0.0004
Polypropylene 0.0005
Getek™” 0.01
FR4 Epoxy Glass 0.02

“Registered trademark of DuPont, Wilmington, DE.
b Registered trademark of General Electric, Fairfield, CT.
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FIGURE 5-21. Time domain response of a square wave on a lossy transmission line,
showing both amplitude and rise time degradation.

however, the high-frequency components will be attenuated more that the low-
frequency components. Therefore, as the square wave propagates down the line
its amplitude will decrease and its rise time will increase, as shown in Fig. 5-21.
In most cases, the increase in the rise time is more detrimental to the signal
integrity of the transmitted signal than is the loss in amplitude. As a rule of
thumb, the rise time of a square wave propagating down a PCB transmission
line, with FR4 epoxy-glass dielectric, will increase about 10 ps/in of travel
(Bogatin, 2004, p. 389).

5.6.4 Relationship Among C, L and &,.

Because the velocity of propagation is a function of the dielectric material, and
the capacitance and inductance of the line are also related to the dielectric
material, as well as the geometry of the line, the capacitance, inductance, and
velocity are all interrelated. The velocity of propagation can be written as

c 1
T V& VIC

y (5-29)

From the relationship between the characteristic impedance (Eq. 5-16)
and the velocity of propagation (Eq. 5-29), the following equations for L and
C of the transmission line, in terms of the characteristic impedance, can be
derived:

L= szo, (5-30)
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and

co Vel (5-31)

where ¢ is the speed of light in free space (300 x 10° m/s).

Equations 5-30 and 5-31 relate the characteristic impedance, capacitance,
inductance, and dielectric constant of the transmission line, and they can be
very useful. If you know any two of the four parameters, then you can find the
other two using Eqgs. 5-30 and 5-31.

From Eq. 5-30, we determine that the inductance L is only a function of the
dielectric constant and the characteristic impedance of the line. Equation 5-31
shows a similar relationship for the capacitance C. Therefore, all transmission
lines that have the same characteristic impedance and dielectric material, will
have the same inductance and capacitance per unit length regardless of the size,
geometry, or construction of the line. For example, all 70 Q transmission lines
with a dielectric constant of four will have a capacitance of 95 pF/m (2.4 pF/in),
and an inductance of 467 nH/m (11.8 nH/in).

5.6.5 Final Thoughts

The question is often asked, when is a signal interconnection a transmission line
and when is it not? The answer is simple: A signal path is always a transmission
line. However, if the interconnection is short enough, that fact can be ignored
and the answer obtained will be close enough to reality to predict the
performance. Applying the criteria listed in the second paragraph of Section
5.6 to the case of a 1-ns rise time square wave, a signal interconnection of 3 in or
more is a long line and should be analyzed as a transmission line.

On a transmission line, reflections will occur whenever the signal encounters
a change in impedance, whether at the end of the line, or caused by a change in
the geometry of the line. Vias and right angle bends all act as impedance
discontinuities. The topic of transmission line reflections is not the subject of
this book. The subject is covered adequately in any good transmission line text.
An excellent, although dated, reference on classical transmission line theory is
Electric Transmission Lines by Skilling (1951). Two excellent references on the
subject of signal integrity and the applicability of transmission line theory to
digital circuits are High-Speed Digital Design by Johnson and Graham (1993)
and High-Speed Digital System Design by Hall et al. (2000).

5.7 FERRITES

Ferrite is a generic term for a class of nonconductive ceramics that consists
of oxides of iron, cobalt, nickel, zinc, magnesium, and some rare earth metals.
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The variety of ferrites available is large because each manufacturer has
developed their own oxide composition. No two manufacturers use precisely
the same combination; therefore, multiple sourcing of ferrites is difficult.
Ferrites have one major advantage over ferromagnetic materials, which is
high electrical resistivity that results in low eddy-current losses up into the
gigahertz frequency range. In ferromagnetic materials, eddy-current losses
increase with the square of the frequency. Because of this, in many high-
frequency applications, ferrites are the materials of choice.

The material used in a ferrite determines the frequency range of applic-
ability. Ferrites are available in many different configurations (see Fig. 5-22),
such as beads, beads on leads, surface-mount beads (not shown in figure),
round cable cores, flat cable cores, snap on cores, multiaperture cores, toroids,
and so on.

Ferrites provide an inexpensive way of coupling high-frequency resistance into
a circuit without introducing power loss at dc or affecting any low-frequency
signals present. Basically, ferrites can be thought of as a high-frequency ac
resistors with little or no resistance at low frequency or dc. Ferrite beads are
small and can be installed simply by slipping them over a component lead or
conductor. Surface-mount versions are also readily available. Ferrites are most
effective in providing attenuation of unwanted signals above 10 MHz, although
in some applications they can be effective as low 1 MHz. When properly used,

o
=

FIGURE 5-22. Some of the various ferrite configurations available.
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TYPICAL DIMENSIONS
DIAMETER-.05in TO 0.3in
LENGTH-0.1in TO 0.5in

—~ CONDUCTOR
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FIGURE 5-23. (A) Ferrite bead on conductor, (B) high-frequency equivalent circuit,
and (C) typical schematic symbol.

ferrites can provide the suppression of high-frequency oscillations, common-and
differential-mode filtering, and the reduction of conducted and radiated emis-
sions from cables.

Figure 5-23A shows a small cylindrical ferrite bead installed on a conductor,
and Fig. 5-23B shows the high-frequency equivalent circuit—an inductor in
series with a resistor. The values of both the resistor and the inductor are
dependent on frequency. The resistance is from the high-frequency hysteresis
loss in the ferrite material. Figure 5-23C shows one schematic symbol often
used for ferrite beads.

Most ferrite manufacturers characterize their components by specifying the
magnitude of the impedance versus frequency. The magnitude of the impe-
dance is given by

|Z| = \/R2+ (2n/L)?, (5-32)

where R is the equivalent resistance of the bead and L is the equivalent
inductance—both values vary with frequency. Some manufacturers, however,
only specify the impedance at one frequency, usually 100 MHz, or at a few
frequencies.

Figure 5-24 shows the impedance data for a typical ferrite core (Fair-Rite,
2005, p. 147). When used in noise suppression, ferrites are usually used in the
frequency range where their impedance is primarily resistive. The recom-
mended frequency range for various ferrite materials when used in noise
suppression applications is shown in Fig. 5-25 (Fair-Rite, 2005, p. 155). As
can be observed, ferrites are available for use over the frequency range of
1 MHz to 2 GHz.

By using multiple turns, the ferrite impedance can be increased proportional
to the number of turns squared. However, this also increases the interwinding
capacitance and degrades the high-frequency impedance of the ferrite. If an
improvement in the impedance of the ferrite is needed near its lower frequency
range of applicability, the possibility of using multiple turns, however, should
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FIGURE 5-24. Impedance, resistance, and inductance of a Type 43 ferrite core. (© 2005
Fair-Rite Corp., reproduced with permission.)
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FIGURE 5-25. Recommended frequency range of various ferrite materials when used in
noise suppression applications. (© 2005 Fair-Rite Corp., reproduced with permission.)

not be overlooked. From a practical point of view, seldom are more than two
or three turns used. Most ferrites, however, when used in noise-reduction
applications only have a single turn.

The most common ferrite geometry used in noise-suppression applications
is the cylindrical core or bead. The greater the length of the cylinder, the higher
the impedance. Increasing the length of the core is equivalent to using multiple
ferrites.

The attenuation provided by a ferrite depends on the source and the load
impedances of the circuit that contains the ferrite. To be effective, the ferrite
must add an impedance greater than the sum of the source and load impedance,
at the frequency of interest. Because most ferrites have impedances of a few
hundred ohms or less, they are used most effectively in low-impedance circuits.
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FIGURE 5-26. Ferrite bead used to form a L-filter to keep high-frequency oscillator
noise from the load.
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FIGURE 5-27. Resistive ferrite bead used to damp out ringing on long interconnection
between fast logic gates.

If a single ferrite does not provide sufficient impedance, then multiple turns or
multiple ferrites may be used.

Small ferrite beads are especially effective when used to damp out high-
frequency oscillations generated by switching transients or parasitic resonances
within a circuit. In addition, ferrite cores placed around multiconductor cables
act as common-mode chokes and are useful in preventing high-frequency noise
from being conducted out of, or into, a circuit.

Figures 5-26 through 5-29 show some applications of ferrite beads. In Fig. 5-26
two ferrite beads are used to form a low-pass R—C filter to keep the high-
frequency oscillator signal out of the load, without reducing the dc voltage to the
load. The ferrites used are resistive at the oscillator frequency. In Fig. 5-27, a
resistive bead is used to damp out the ringing generated by a long interconnection
between two fast logic gates.
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FERRITE
BEAD
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FIGURE 5-28. Ferrite beads installed in a color TV to suppress parasitic oscillations in
horizontal output circuit.
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FIGURE 5-29. (A) High-frequency commutation noise of motor is interfering with low-
level circuits, (B) ferrite bead used in conjunction with feed-through capacitors to
eliminate interference.



5.7 FERRITES 231

FIGURE 5-30. Ferrite beads and feed-through capacitors used to filter commutation
noise on dc motor’s power leads.

Figure 5-28 shows two ferrite beads mounted on a printed circuit board. The
circuit is part of the horizontal output circuit for a color television set, and the
beads are used to suppress parasitic oscillations.

Yet another application for ferrite beads is shown in Fig. 5-29. Figure 5-29A
shows a dc servo motor connected to a motor control circuit. High-frequency
commutation noise from the motor is being conducted out of the motor’s
shielded enclosure on the leads, and then it is radiated from the leads to
interfere with other low-level circuits within the equipment. Because of
acceleration requirements on the motor, resistors cannot be inserted in the
leads. The solution in this case was to add two ferrite beads and two feed-
through capacitors, as shown in Fig. 5-29B. A photograph of the motor with
ferrite beads and feed-through capacitors is shown in Fig. 5-30. As can be
observed in the figure, two ferrite beads were used on each of the motor leads to
increase the series impedance.

When using ferrites as differential-mode filters in circuits with dc current,
the effect of the dc current on the ferrite impedance must be addressed. The
ferrite impedance will decrease with increasing current. Figure 5-31 shows
the impedance of a small ferrite bead [0.545 in long, 0.138 in outside diameter
(OD)] as a function of dc bias current (Fair-Rite, 2005). As can be observed, the
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FIGURE 5-31. Impedance versus frequency plot of a ferrite bead as a function of the dc
bias current. (© 2005, Fair-Rite Products Corp., reproduced with permission.)

FIGURE 5-32. Ferrite core used on a USB cable to suppress radiated emissions.

100 MHz impedance at zero current is 200 Q and falls to 140 Q with 0.5 A of
current, and to 115 Q with 1 A of current.

Ferrite cores are commonly used as common-mode chokes (see Section 3.5)
on multiconductor cables. For example, most video cables used to connect
personal computers to their video monitor have ferrite cores on them. The ferrite
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core acts as a one-turn transformer or common-mode choke, and can be
effective in reducing the conducted and/or radiated emission from the cable, as
well as suppressing high-frequency pickup in the cable. Figure 5-32 shows a ferrite
core on a universel serial bus (USB) cable used to reduce the radiated emission
from the cable. Snap-on cores (shown in Fig 5-22) can also be applied easily as
an after-the-fact fix to cables, even if they have large connectors at the ends.

SUMMARY

« Electrolytics are low-frequency capacitors.

» All capacitors become self-resonant at some frequency, which limits their
high-frequency use.

e Mica and ceramic are good high-frequency capacitors.

» Air core inductors create more external magnetic fields than do closed core
inductors, such as toroids.

e Magnetic core inductors are more likely to pick up interfering magnetic
fields then are air core inductors.

e An electrostatic, or Faraday, shielded transformer can be used to reduce
capacitive coupling between the windings.

 All resistors, regardless of type, generate the same amount of thermal noise.

e Variable resistors in low-level circuits should be placed so that no dc
current flows through them.

e Above audio frequencies, a conductor normally has more inductive
reactance than resistance.

« A flat rectangular conductor will have less ac resistance and inductance
than a round conductor.

o The ac resistance of a conductor is proportional to the square root of the
frequency.

e A transmission line is a series of conductors used to transmit electro-
magnetic energy from one place to another.

o« When a conductor becomes longer than one tenth of a wavelength, it
should be treated as a transmission line.

» A conductor should be treated as a transmission line when the rise time of
a square wave signal is less than twice the propagation delay on the line.

e The characteristic impedance of a lossless transmission line is equal to
v L/C.
 The velocity of propagation on a transmission line is ¢/\/e;.
e The most important properties of a transmission line are as follows:
o Characteristic impedance
» Propagation constant
» High-frequency loss
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It takes 1 ns to propagate a signal a distance of 6 in on a typical PCB.

The rise time of a square wave propagating on a PCB will increase
approximately 10 ps/in of travel.

All transmission lines that have the same characteristic impedance and
dielectric constant will have the same inductance and capacitance per unit
length.

The two primary types of loss on a transmission line are as follows:
e Ohmic loss
« Dielectric loss

Ohmic loss is proportional to the square root of frequency, and dielectric
loss is proportional to frequency.

The dielectric loss will predominate at high frequency.

The most important material in a transmission line is the dielectric, not the
conductors.

AC current can and will flow on an open-circuit transmission line.

Only three transmission line topologies have exact closed form equations
for the characteristic impedance. They are as follows:

e Coax

e Two round parallel conductors

e A round conductor over a plane
When used for noise suppression, ferrites are used in the frequency range
where their impedance is resistive.
Ferrite cores and beads act as ac resistors, coupling high-frequency
resistance (loss) into a circuit with little or no low-frequency impedance.
Ferrites are normally characterized by specifying their impedance versus
frequency.
A ferrite core placed on a cable acts as a common-mode choke, and it can
be effective in reducing both conducted and radiated emission.

PROBLEMS

5.1

5.2

5.3

a. Capacitors are usually characterized by what parameter?

b. What is the most important consideration in choosing a type of
capacitor?

a. Name two types of low-frequency capacitors?

b. Name two types of medium-frequency capacitors?

¢. Name two types of high-frequency capacitors?

What would be an appropriate type of capacitor to use

a. In a high-frequency, low voltage application?
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b. In a high frequency, high voltage application?

¢. For decoupling digital logic?

How is the inductance of a conductor related to its diameter?

Make a table of the ratio of the ac resistance to the dc resistance of a

22-gauge copper conductor at the following frequencies: 0.2, 0.5, 1, 2, 5,

10, and 50 MHz.

A copper conductor has a rectangular cross section of 0.5 x 2 cm.

a. What is the dc resistance per meter of the conductor?

b. What is the resistance per meter at 10 MHz?

a. Derive Eq. 5-9b, realizing that at high frequency most of the current will
be confined to an annular ring located at the surface of a copper
conductor that has a width equal to the skin depth ¢ of the conductor as
shown in Fig. P5-7. Assume that d > 0.

b. Assume that the criteria that d > o, in part a, is satisfied when d > 10
5. Under these conditions, what must dv/f be in order for the answer to
part ‘a’ be applicable?

5 CURRENT

NO CURRENT

FIGURE P5-7.

How do the inductive reactance and ac resistance of a conductor vary with
frequency?

Figure P5-9 shows a log-log plot of the ac and dc resistance of a
rectangular conductor, of width w and thickness ¢, versus frequency.

a. For a rectangular conductor the break frequency occurs when the skin
depth of the conductor is equal to what?

b. Repeat part a assuming 1 < w.

c. Rationalize your answer to part b.

d. What is the slope of the ac resistance portion of the plot shown in
Fig. P5-9?

Consider the following two conductors, a 0.25 in diameter round

conductor and a 0.5 in wide by 0.lin thick rectangular conductor each
located 1in above a ground plane.
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5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

PASSIVE COMPONENTS

LOG RESISTANCE
2
o

i<— BREAK FREQUENCY

LOG FREQUENCY

FIGURE P5-9.

a. What is the cross-sectional area of each conductor?

b. Calculate the dc resistance, the ac resistance at 10 MHz, and the
inductance of the round conductor.

c. Calculate the dc resistance, the ac resistance at 10 MHz, and the
inductance of the rectangular conductor.

d. Compare the results and draw your conclusions with respect to the
characteristics of the two conductors.

A PCB trace is 0.008 in wide and 0.0014 in thick. The trace is located 0.020
in above a ground plane. What is the resistance and inductive reactance of
the trace at 100 MHz?

Name two characteristics unique to waveguide?

In a typical transmission line, approximately how long does it take to
propagate a signal a distance of 3ft?

A 75-Q transmission line has a capacitance of 17 pF/ft. What is the
inductance of the line?

What is the characteristic impedance of a coaxial cable that has an inner
conductor diameter 0.108 in, an outer conductor diameter of 0.350 in, and
a relative dielectric constant of 2?

The velocity of propagation and dielectric loss are both functions of what

property of a transmission line?

What is the inductance/inch and capacitance/inch of a 50-Q transmission

line that has a relative dielectric constant of 2?

a. A transmission line has an inductance of 8.25 nH/in and a capacitance
of 3.3 pF/in

b. What is the characteristic impedance of the line?

c. What will be the phase shift of a 10-MHz sine wave after it travels a
distance of ten feet on the line?
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5.19 What will be the approximate attenuation, at 3 GHz, of a 0.006-in wide by
0.0014-in thick, 50-Q stripline on an FR4 epoxy-glass PCB?

5.20 Name two ways to increase the impedance of a ferrite core.
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6 Shielding

A shield is a metallic partition placed between two regions of space. It is used to
control the propagation of electromagnetic fields from one region to the other.
Shields may be used to contain electromagnetic fields, if the shield surrounds
the noise source as shown in Fig. 6-1. This configuration provides protection
for all susceptible equipment located outside the shield. A shield may also be
used to keep electromagnetic radiation out of a region, as shown in Fig. 6-2.
This technique provides protection only for the specific equipment contained
within the shield. From an overall systems point of view, shielding the noise
source is more efficient than shielding the receptor. However, in some cases, the
source must be allowed to radiate (i.e., broadcast stations), and the shielding of
individual receptors may be necessary.

It is of little value to make a shield, no matter how well designed, and then
to allow electromagnetic energy to enter (or exit) the enclosure by an alter-
native path such as cable penetrations. Cables will pick up noise on one side of
the shield and conduct it to the other side, where it will be reradiated. To
maintain the integrity of the shielded enclosure, noise voltages should be
filtered from all cables that penetrate the shield. This approach applies to power
cables as well as signal cables. Cable shields that penetrate a shielded enclosure
must be bonded to that enclosure to prevent noise coupling across the
boundary.

This chapter is divided into two parts. The first covers the behavior of solid
shields that contain no apertures. The second, which starts with Section 6.10,
covers the effect of apertures on the shielding effectiveness.

6.1 NEAR FIELDS AND FAR FIELDS

The characteristics of a field are determined by the source (the antenna),
the media surrounding the source, and the distance between the source and the
point of observation. At a point close to the source, the field properties
are determined primarily by the source characteristics. Far from the source,
the properties of the field depend mainly on the medium through which the field

Electromagnetic Compatibility Engineering, by Henry W. Ott
Copyright © 2009 John Wiley & Sons, Inc.
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SHIELD

NO EXTERNAL
FIELD

FIGURE 6-1. Shield application where the noise source is shielded, which prevents
noise coupling to equipment outside the shield.

-

NOISE

/ SOURCE

1

SHIELD

NO
INTERNAL
FIELD

FIGURE 6-2. Shield application where the receptor is shielded, which prevents noise
infiltration.

is propagating. Therefore, the space surrounding a source of radiation can be
broken into two regions, as shown in Fig. 6-3. Close to the source is the near or
induction field. At a distance greater than the wavelength (1) divided by 2%
(approximately one sixth of a wavelength) is the far or radiation field. The
region around A/2m is the transition region between the near and far fields.
The ratio of the electric field (E) to the magnetic field (H) is the wave
impedance. In the far field, this ratio equals the characteristic impedance of
the medium (e.g., E/H = Z, = 377 Q for air or free space). In the near field, the
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NEAR FIELD 1
(INDUCTION FIELD)

FAR FIELD
(RADIATION FIELD)

W » TO cO

-«———-TRANSITION
REGION

SOURCE A
2T
DISTANCE FROM SOURCE
FIGURE 6-3. The space surrounding a source of radiation can be divided into two
regions, the near field and the far field. The transition from near to far field occurs at a
distance of A/27.

ratio is determined by the characteristics of the source and the distance from the
source to where the field is observed. If the source has high current and low
voltage (E/H < 377), the near field is predominantly magnetic. Conversely, if
the source has low current and high voltage (E/H > 377), the near field is
predominantly electric.

For a rod or straight wire antenna, the source impedance is high. The wave
impedance near the antenna—predominantly an electric field—is also high. As
distance is increased, the electric field loses some of its intensity as it generates a
complementary magnetic field. In the near field, the electric field attenuates at
a rate of (1/r)°, whereas the magnetic field attenuates at a rate of (1/r)*. Thus,
the wave impedance from a straight wire antenna decreases with distance and
asymptotically approaches the impedance of free space in the far field, as shown
in Fig. 6-4.

For a predominantly magnetic field—such as produced by a loop antenna—
the wave impedance near the antenna is low. As the distance from the source
increases, the magnetic field attenuates at a rate of (1/r)* and the electric field
attenuates at a rate of (1/r)°>. The wave impedance therefore increases with
distance and approaches that of free space at a distance of /2. In the far field,
both the electric and magnetic fields attenuate at a rate of 1/r.

In the near field the electric and magnetic fields must be considered
separately, because the ratio of the two is not constant. In the far field,
however, they combine to form a plane wave having an impedance of 377 Q.
Therefore, when plane waves are discussed, they are assumed to be in the far
field. When individual electric and magnetic fields are discussed, they are
assumed to be in the near field.
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FIGURE 6-4. Wave impedance depends on the distance from the source.

6.2 CHARACTERISTIC AND WAVE IMPEDANCES

The following characteristic constants of a medium are used in this chapter:

For

Permeability, u@én x 107 H/m for free space).
Dielectric constant, &(8.85 x 10"% F/m for free space).
Conductivity, 6(5.82 x 107 siemens/m for copper).
any electromagnetic wave, the wave impedance is defined as
E
Zw == ﬁ .

(6-1)

The characteristic impedance of a medium is defined (Hayt, 1974) by the
following expression:

Jou

Z() B T —
o+ jwe

(6-2)
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In the case of a plane wave in the far field, Z, is also equal to the wave
impedance Z,. For insulators (o « jwe) the characteristic impedance is
independent of frequency and becomes

Zo = \/g (6-3)

For free space, Z, equals 377 Q. In the case of conductors (¢ > jwe), the
characteristic impedance is called the shield impedance Z; and it becomes

_ fion_ o _
zo= 2= 20 1)), (64

12 = /2E. (6-4b)
20

For copper at 1 MHz, |Z,| equals 3.68 x 10 * Q. Substituting numerical
values for the constants of Eq. 6-4b gives the following results:
For copper,

| Z,| = 3.68 x 1077 \/1. (6-5a)
For aluminum,

| Z,| = 4.71 x 1077\/F. (6-5b)
For steel,

1 Z,| = 3.68 x 107°\/F. (6-5¢)

For any conductor, in general,

|Z,| = 3.68 x 107\/5\/;7. (6-5d)

Representative values of the relative permeability (i) and the relative
conductivity (o,) are listed in Table 6-1.
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TABLE 6-1. Relative Conductivity and Permeability of Various Materials

Material Relative conductivity o, Relative permeability p,
Silver 1.05 1
Copper—annealed 1.00 1
Gold 0.7 1
Chromium 0.664 1
Aluminum (soft) 0.61 1
Aluminum (tempered) 0.4 1
Zinc 0.32 1
Beryllium 0.28 1
Brass 0.26 1
Cadmium 0.23 1
Nickel 0.20 100
Bronze 0.18 1
Platinum 0.18 1
Magnesium alloy 0.17 1
Tin 0.15 1
Steel (SAE 1045) 0.10 1000
Lead 0.08 1
Monel 0.04 1
Conetic (1 kHz) 0.03 25,000
Mumetal (1 (kHz) 0.03 25,000
Stainless steel (Type 304) 0.02 500

6.3 SHIELDING EFFECTIVENESS

The following sections discuss shielding effectiveness in both the near and far
fields. Shielding effectiveness can be analyzed in many different ways. One
approach is to use circuit theory as shown in Fig. 6-5. In the circuit theory
approach, the incident fields induce currents in the shield, and these currents in
turn generate additional fields that cancel the original field in certain regions of
space. We will take this approach when dealing with apertures (Section 6.10).

For most of this chapter, however, we will use the approach originally
developed by S.A. Schelkunoff (1943, pp. 303-312). Schelkunoff’s approach is
to treat shielding as a transmission line problem with both loss and reflection
components. The loss is the result of heat generated inside the shield, and the
reflection is the result of the difference in impedance between the incident wave
and the shield impedance.

Shielding can be specified in terms of the reduction in magnetic and/or
electric field strength caused by the shield. It is convenient to express this
shielding effectiveness in units of decibels (dB).* Use of decibels then permits
the shielding produced by various effects to be added to obtain the total
shielding. Shielding effectiveness (S) is defined for electric fields as

*See Appendix A for a discussion of the decibel.
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~~~INDUCED CURRENT
IN CONDUCTOR

INCIDENT
MAGNETIC
FIELD

FIGURE 6-5. Nonmagnetic material can provide magnetic shiclding. The incident
magnetic field induces currents in the conductor, which produces an opposing field to
cancel the incident field in the region of space enclosed by the shield.

S =20 log@ dB, (6-6)
Ey
and for magnetic fields as

Hy
S =20log 7 dB. (6-7)

In the preceding equations, Ey(H)) is the incident field strength, and E,(H)
is the field strength of the transmitted wave as it emerges from the shield.

In the design of a shielded enclosure, there are two prime considerations: (1)
the shielding effectiveness of the shield material itself and (2) the shielding
effectiveness resulting from discontinuities and apertures in the shield. These
two items are considered separately in this chapter.

First, the shielding effectiveness of a solid shield with no seams or holes is
determined, and then the effect of discontinuities and holes is considered. At
high-frequencies, it is the shielding effectiveness of the apertures that deter-
mines the overall shielding effectiveness of a shield, not the intrinsic shielding
effectiveness of the shield material.

Shielding effectiveness varies with frequency, geometry of shield, position
within the shield where the field is measured, type of field being attenuated,
angle of incidence, and polarization. This section will consider the shielding
provided by a plane sheet of conducting material. This simple geometry serves



6.4 ABSORPTION LOSS 245

to introduce general shielding concepts and shows which material properties
determine shielding effectiveness, but it does not include those effects caused by
the geometry of the shield. The results of the plane sheet calculations are useful
for estimating the relative shielding effectiveness of various materials.

Two types of loss are encountered by an electromagnetic wave striking a
metallic surface. The wave is partially reflected from the surface, and the
transmitted (nonreflected) portion of the wave is attenuated as it passes through
the shield. This latter effect, called absorption or penetration loss, is the same in
either the near or the far field and for electric or magnetic fields. Reflection loss,
however, is dependent on the type of field, and the wave impedance.

The total shielding effectiveness of a solid material with no apertures is equal
to the sum of the absorption loss (4) plus the reflection loss (R) plus a
correction factor (B) to account for multiple reflections in thin shields.* Total
shielding effectiveness therefore can be written as

S=A+R+B dB. (6-8)

All the terms in Eq. 6-8 must be expressed in decibels. The multiple reflection
factor B can be neglected if the absorption loss A4 is greater than 9 dB. From a
practical point of view, B can also be neglected for electric fields and plane waves.

6.4 ABSORPTION LOSS

When an electromagnetic wave passes through a medium, its amplitude
decreases exponentially (Hayt, 1974) as shown in Fig. 6-6. This decay occurs
because currents induced in the shield produce ohmic losses and heating of the
material. Therefore, we can write

E| = Ege /° (6-9)
and

Hy, = Hye '°, (6-10)

where E;(H;) is the wave intensity at a distance 7 within the shield as shown in
Fig. 6-6. The distance required for the wave to be attenuated to 1/e or 37% of
its original value is defined as the skin depth, which is equal to

6= 4]/— m.t (6-11a)

* R+ Bis actually the total reflection loss. For convenience, it is broken into two parts, the reflection
loss neglecting multiple reflections R, and the connection factor for the neglected multiple reflections B.
"Skin depth calculated by Eq. 6-11a is in meters when the constants listed in Section 6.2 (MKS
system) are used.
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FIGURE 6-6. Electromagnetic wave passing through an absorbing material is attenu-
ated exponentially.

Substituting numerical values for ¢ and ¢ into Eq. 6.11a, and changing units
so the skin depth is in inches gives

5=—28 i (6-11b)

V f:uro-f‘

where p,. and o, are the relative permeability and relative conductivity of the
shield material. Values for relative permeability and relative conductivity of
various materials are listed in Table 6-1.

Some representative skin depths for copper, aluminum, steel, and mumetal
are listed in Table 6-2.

The absorption loss through a shield can now be written as

A=20 log% =20loge? (6-12a)
1

A =20 (é) log(e) dB, (6-12b)

A =8.69 (é) dB. (6-12¢)
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TABLE 6-2. Skin Depths of Various Materials

Frequency Copper (in) Aluminum (in) Steel (in) Mumetal (in)
60 Hz 0.335 0.429 0.034 0.014
100 Hz 0.260 0.333 0.026 0.011
1 kHz 0.082 0.105 0.008 0.003
10 kHz 0.026 0.033 0.003 —
100 kHz 0.008 0.011 0.0008 —
1 MHz 0.003 0.003 0.0003 —
10 MHz 0.0008 0.001 0.0001 —
100 MHz 0.00026 0.0003 0.00008 —
1000 MHz 0.00008 0.0001 0.00004 —
100 10
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RATIO OF THICKNESS, ¢ TO SKIN DEPTH, §

FIGURE 6-7. Absorption loss is proportional to the thickness and inversely propor-
tional to the skin depth of the shield material. This plot can be used for electric fields,
magnetic fields, or plane waves.

As can be observed from the preceding equation, the absorption loss in a
shield one skin-depth thick is approximately 9 dB. Doubling the thickness of
the shield doubles the loss in decibels.

Figure 6-7 is a plot of absorption loss in decibels versus the ratio #/6. This
curve is applicable to plane waves, electric fields, or magnetic fields.
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Substituting Eq. 6-11b into Eq. 6-12c gives the following general expression
for absorption loss:

A =334t/ 0, dB. (6-13)

In this equation, ¢ is equal to the thickness of the shield in inches. Equation
6-13 shows that the absorption loss (in dB) is proportional to the square root
of the product of the permeability times the conductivity of the shield
material.

Equation 6-13 is plotted in Fig. 6-8, which is a universal absorption loss
curve. It is a plot of the absorption loss 4 in decibels versus the parameter,
t\/f 1,0, where t is the shield thickness in inches, f'is the frequency in Hertz,
and u, and o, are the relative permeability and conductivity of the shield
material, respectively.

1000
4
7
/
"4 ’,
U/
v
//
100
g /
2 7
S 7
=z Vd
o /
5 /
T 7
2 /
o
< 10
.4
74
/
7
/
4
]
1 10 100 1000
tNfuo,

FIGURE 6-8. Universal absorption loss curve.
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FIGURE 6-9. Absorption loss increases with frequency and with shield thickness; steel
offers more absorption loss than copper of the same thickness.

Absorption loss versus frequency is plotted in Fig. 6-9 for two thickness
of copper and steel. As can be observed, a thin (0.02 in) sheet of copper
provides significant absorption loss (66 dB) at 1 MHz but virtually no loss
at frequencies below 1000 Hz. Figure 6-9 clearly shows the advantage of steel
over copper in providing absorption loss. Even when steel is used, however,
a thick sheet must be used to provide appreciable absorption loss below
1000 Hz.

6.5 REFLECTION LOSS

The reflection loss at the interface between two media is related to the difference
in characteristic impedances between the media as shown in Fig. 6-10. The
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FIGURE 6-10. An incident wave is partially reflected from, and partially transmitted
through, an interface between two media. The transmitted wave is E; and the reflected
wave is E,.

intensity of the transmitted wave from a medium with impedance Z; to a
medium with impedance Z, (Hayt, 1974) is

27,
E,=——"—F,, 6-14
V=g b (6-14)
and
27,
H =———— _H, 6-15
V=77, o (6-15)

E, (H,) is the intensity of the incident wave, and E; (H;) is the intensity of
the transmitted wave.

When a wave passes through a shield, it encounters two boundaries, as
shown in Fig. 6-11. The secondary boundary is between a medium with
impedance Z, and a medium with impedance Z;. The transmitted wave E,
(H;) through this boundary is given by

27,
E = —"_E, 6-16
1= B (6-16)
and
27
: > H, (6-17)

H = 22
Z + 72>
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FIGURE 6-11. Partial reflection and transmission occur at both boundaries of a shield.

If the shield is thick* compared with the skin depth, then the total
transmitted wave intensity is found by substituting Eqgs. 6-14 and 6-15 into
Egs. 6-16 and 6-17, respectively. This neglects the absorption loss, which has
been accounted for previously (Eq. 6-13). Therefore, for thick shields the total
transmitted wave is

47,7
E = ——22 F, (6-18)
(Z1 + Z»)
and
47,7
H, = ——=— H, (6-19)
(Z1 + Z»)

Note that even though the electric and magnetic fields are reflected
differently at each boundary, the net effect across both boundaries is the
same for both fields. If the shield is metallic and the surrounding area an
insulator, then Z; > Z,. Under these conditions, the largest reflection (smallest
transmitted wave) occurs when the wave enters the shield (first boundary) for
the case of electric fields, and when the wave leaves the shield (second
boundary) for the case of magnetic fields. Because the primary reflection occurs
at the first surface in the case of electric fields, even very thin materials provide
good reflection loss. In the case of magnetic fields, however, the primary
reflection occurs at the second surface, and as will be shown later, multiple

*If the shield is not thick, multiple reflections occur between the two boundaries because the
absorption loss in the shield is small. (See the Section 6.5.6 “Multiple Reflections in Thin Shields™).
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reflections within the shield can significantly reduce the shielding effectiveness.
When Z,> Z,, Egs. 6-18 and 6-19 reduce to

4z,
E, = —=E 6-20
t Zl 05 ( )
and
47,
H, = —H 6-21
t Z] 05 ( )

Substituting the wave impedance Z,, for Z,, and the shield impedance Zg for
Z, the reflection loss, neglecting multiple reflection, for either the £ or H field
can be written as

.|
dB, 6-22
42| (6-22)

Ey Z)
R = 20log — = 20log — = 201
og E og 17 og

where

Z,, = impedance of wave prior to entering the shield (Eq. 6-1),

Z, = impedance of shield (Eq. 6-5d).

These reflection loss equations are for a plane wave approaching the shield
at normal incidence. If the wave approaches at other than normal incidence,
then the reflection loss increases with the angle of incidence. The results also
apply to a curved interface, provided the radius of curvature is much greater
than the skin depth.

6.5.1 Reflection Loss to Plane Waves

In the case of a plane wave (far field), the wave impedance Z,, equals the
characteristic impedance of free space Z, (377 Q). Therefore, Eq. 6-22 becomes

R = 20 1og9|4z'2|5 dB, (6-23a)
s

Therefore, the lower the shield impedance, the greater is the reflection loss.
Substituting Eq. 6-5d for |Z| and rearranging Eq. 6-23a gives

R = 168 + 10log(a,/p,f) dB (6-23b)

Figure 6-12 is a plot of the reflection loss versus frequency for three materials:
copper, aluminum, and steel. Comparing this with Fig. 6-9 shows that although
steel has more absorption loss than copper, it has less reflection loss.
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FIGURE 6-12. Reflection loss for plane waves is greater at low frequencies and for high
conductivity material.

6.5.2 Reflection Loss in the Near Field

In the near field, the ratio of the electric field to the magnetic field is no longer
determined by the characteristic impedance of the medium. Instead, the ratio of
the electric field to the magnetic field depends more on the characteristics of the
source (antenna). If the source has high voltage and low current, the wave
impedanceis greater than 377 Q, and the field will be a high-impedance, or electric-
field. If the source has low voltage and high current, then the wave impedance will
be less than 377 Q, and the field will be a low-impedance, or magnetic, field.

Because the reflection loss (Eq. 6-22) is a function of the ratio between the
wave impedance and the shield impedance, the reflection loss varies with
the wave impedance. A high-impedance (electric) field has higher reflection loss
than a plane wave. Similarly, a low-impedance (magnetic) field has lower
reflection loss than a plane wave. This is shown in Fig. 6-13 for a copper shield
separated from the source by distances of 1 and 30 m. Also shown for
comparison is the plane wave reflection loss.

For any specified distance between source and shield, the three curves
(electric field, magnetic field, and plane wave) of Fig. 6-13 merge at the
frequency that makes the separation between source and shield equal to A/2m,
(where A is the wavelength). When the spacing is 30 m, the electric and magnetic
field curves come together at a frequency of 1.6 MHz.

The curves shown in Fig. 6-13 are for point sources that produce only an
electric field or only a magnetic field. Most practical sources, however, are a
combination of both electric and magnetic fields. The reflection loss for a
practical source therefore lies somewhere between the electric field lines and the
magnetic field lines shown in the figure.

Figure 6-13 shows that the reflection loss of an electric field decreases with
frequency until the separation distance A/27. Beyond that, the reflection loss is
the same as for a plane wave. The reflection loss of a magnetic field increases
with frequency, again until the separation becomes A/2x. Then, the loss begins
to decrease at the same rate as that of a plane wave.
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FIGURE 6-13. Reflection loss in a copper shield varies with frequency, distance from
the source, and type of wave.

6.5.3 Electric Field Reflection Loss

The wave impedance from a point source of electric field can be approximated
by the following equation when r < A/27:

1
ZW — 5 _ 7 6-24
12wl 2nfer ( )

where r is the distance from the source to the shield in meters and ¢ is the dielec-
tric constant. The reflection loss can be determined by substituting Eq. 6-24
into Eq. 6-22, giving

1
R, = 20 log——— dB 6-25
¢ o8 8nfer|Zy| (6-25)
or substituting the free space value of ¢

4.5 x 10°

RL’ = 20 log W
s

dB, (6-26a)

where r is in meters. Substituting Eq. 6-5d for |Z| and rearranging terms,
Eq. 6-26a becomes
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R, = 322 + 10log dB, (6-26b)

g,
w32

In Fig 6-13 the lines labeled “electric field” are plots of Eq. 6-26b for a
copper shield with r equal to 1 and 30 m. The equation and the plot represent
the reflection loss at a specified distance from a point source producing only an
electric field. An actual electric field source, however, has some small magnetic
field component in addition to the electric field. It therefore has a reflection loss
somewhere between the electric field line and the plane wave line of Fig. 6-13.
Because, in general, we do not know where between these two lines the actual
source may fall, the plane wave calculations (Eq. 6-23b) are normally used in
determining the reflection loss for an electric field. The actual reflection loss is
then equal to or greater than that calculated in Eq. 6-23b.

6.5.4 Magnetic Field Reflection Loss

The wave impedance from a point source of magnetic ficld can be approxi-
mated by the following equation, assuming r < A/27:

|ZW|m = 27'5](‘,1/”’, (6-27)

where r is the distance from the source to the shield and u is the permeability. The
reflection loss can be determined by substituting Eq. 6-27 into Eq. 6-22, giving

2nf ur
R, = 20lo dB, 6-28
® 4] (629
or substituting the free space value of u
1.97 x 107°
R, — 20log |XZ|f’ dB, (6-292)
N

where ris in meters. Substituting Eq. 6-5d for | Z,| and rearranging Eq. 6-29a gives

")
R, = 14.6 + 10 log (f ! 0") dB,’ (6-29b)

r

with r in meters.

*If a negative value is obtained in the solution for R, use R = 0 instead and neglect the multiple
reflection factor B. If a solution for R is positive and near zero, Eq. 6-29b is slightly in error. The
error occurs because the assumption Z; > Z,, made during the derivation of the equation, is not
satisfied in this case. The error is 3.8 dB when R equals zero, and it decreases as R gets larger. From
a practical point of view, however, this error can be neglected.
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In Fig. 6-13 the curves labeled “‘magnetic field” are plots of Eq. 6-29b for a
copper shield with r equal to 1 and 30 m. Equation 6-29b and the plot in Fig. 6-12
represent the reflection loss at the specified distance from a point source
producing only a magnetic field. Most real magnetic field sources have a small
electric field component in addition to the magnetic field, and the reflection loss
lies somewhere between the magnetic field line and the plane wave line of Fig. 6-
13. Because we do not generally know where between these two lines the actual
source may fall, Eq. 6-29b should be used to determine the reflection loss for a
magnetic field. The actual reflection loss will then be equal to or greater than
that calculated in Eq. 6-29b.

Where the distance to the source is not known, the near field magnetic
reflection loss can usually be assumed to be zero at low frequencies.

6.5.5 General Equations for Reflection Loss

Neglecting multiple reflections a generalized equation for reflection loss can be

written as
o, 1
R = C + 10 log (—> (n—), (6-30)
w, ) \f"rm

r

where the constants C, n and m are listed in Table 6-3 for plane waves, electric
fields, and magnetic fields, respectively.

Equation 6-30 is equivalent to Eq. 6-23b for plane waves, Eq. 6-26b for
electric fields, and Eq. 6-29b for magnetic fields. Equation 6-30 shows that the
reflection loss is a function of the shield material’s conductivity divided by its
permeability.

6.5.6 Multiple Reflections in Thin Shields

If the shield is thin, the reflected wave from the second boundary is rereflected
off the first boundary, and then it returns to the second boundary to be reflected
again, as shown in Fig. 6-14. This can be neglected in the case of a thick shield,
because the absorption loss is high. By the time the wave reaches the second
boundary for the second time, it is of negligible amplitude, because by then it
has passed through the thickness of the shield three times.

TABLE 6-3. Constants to be Used in Eq. 6-30

Type of Field C n m
Electric field 322 3 2
Plane wave 168 1 0

Magnetic field 14.6 -1 -2
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FIGURE 6-14. Multiple reflections occur in a thin shield; part of the wave is transmitted
through the second boundary at each reflection.

For electric fields, most of the incident wave is reflected at the first boundary,
and only a small percentage enters the shield. This can be observed from
Eq. 6-14 and the fact that Z, < Z;. Therefore, multiple reflections within the
shield can be neglected for electric fields.

For magnetic fields most of the incident wave passes into the shield at the
first boundary, as shown in Eq. 6-15 when Z,<Z,. The magnitude of
the transmitted wave is actually double that of the incident wave. With a
magnetic field of such large magnitude within the shield, the effect of multiple
reflections inside the shield must be considered.

The correction factor for the multiple reflection of magnetic fields in a shield
of thickness # and skin depth ¢ is

B =20 log(l - e—W) dB,’ (6-31)

Figure 6-15 is plot of the correction factor B as a function of #/6. Note that
the correction factor is a negative number, indicating that less shielding (than
predicated by Eq. 6-30) is obtained from a thin shield as the result of multiple
reflections.

6.6 COMPOSITE ABSORPTION AND REFLECTION LOSS

6.6.1 Plane Waves

The total loss for plane waves in the far field is a combination of the absorption
and reflection losses, as indicated in Eq. 6-8. The multiple reflection correction

*See Appendix C for this calculation.
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term B is normally neglected for plane waves, because the reflection loss is so
high and the correction term is small. If the absorption loss is greater than 1 dB,
the correction term is less than 11 dB; if the absorption loss is greater than 4 dB,
then the correction is less than 2 dB.

Figure 6-16 shows the overall attenuation or shielding effectiveness of a
0.020-in thick solid copper shield. As can be observed, the reflection loss
decreases with increasing frequency, because the shield impedance Z increases
with frequency. The absorption loss, however, increases with frequency, because
of the decreasing skin depth. The minimum shielding effectiveness occurs at
some intermediate frequency, in this case at 10 kHz. From Fig. 6-16 it is
apparent that for low-frequency plane waves, reflection loss accounts for most
of the attenuation, whereas most of the attenuation at high frequencies comes
from absorption loss.

6.6.2 Electric Fields

The total loss for an electric field is obtained by combining the absorption (Eq.
6-13) and reflection losses (Eq. 6-26), as indicated in Eq. 6-8. The multiple
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FIGURE 6-16. Shielding effectiveness of a 0.02-in thick copper shield in the far field.

reflection correction factor B is normally neglected in the case of an electric
field, because the reflection loss is so great and the correction term is small. At
low-frequency, reflection loss in the primary shielding mechanism for electric
fields. At high-frequency, absorption loss is the primary shielding mechanism.

6.6.3 Magnetic Fields

The total loss for a magnetic field is obtained by combining the absorption loss
(Eq. 6-13) and the reflection loss (Eq. 6-29), as indicated in Eq. 6-8. If the shield
is thick (absorption loss > 9 dB), the multiple reflection correction factor B can
be neglected. If the shield is thin, then the correction factor from Eq. 6-31 or
Fig. 6-15 must be included.

In the near field, the reflection loss to a low-frequency magnetic field is small.
Because of multiple reflections, this effect is even more pronounced in a thin
shield. The primary loss for magnetic fields is absorption loss. Because both the
absorption and reflection loss are small at low frequencies, the total shielding
effectiveness is low. It is therefore difficult to shield low-frequency magnetic
fields. Additional protection against low-frequency magnetic fields can be
achieved only by providing a low-reluctance magnetic shunt path to divert the
field around the circuit being protected. This approach is shown in Fig. 6-17.
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FIGURE 6-17. Magnetic material used as a shield by providing a low-reluctance path
for the magnetic field, diverting it around the shielded region.

6.7 SUMMARY OF SHIELDING EQUATIONS

Figure 6-18 shows the composite shielding effectiveness of a 0.02-in thick solid
aluminum shield for an electric field, plane wave, and a magnetic field. As can
be observed in the figure, considerable shielding exists in all cases exept for low-
frequency magnetic fields.

At high frequencies (above 1MHz), absorption loss predominates in all
cases, and any solid shield thick enough to be practical provides more than
adequate shielding for most applications.

Figure 6-19 is a summary that shows which equations are used to determine
shielding effectiveness under various conditions. A qualitative summary of
the shielding provided by solid shields under various conditions is given in the
summary at the end of this chapter (Table 6-9).

6.8 SHIELDING WITH MAGNETIC MATERIALS

If a magnetic material is used as a shield in place of a good conductor there will
be an increase in the permeability x4 and a decrease in the conductivity ¢. This
has the following effects:

1. It increases the absorption loss, because the permeability increases more
than the conductivity decreases for most magnetic materials. (See Eq. 6-13.)

2. It decreases the reflection loss. (See Eq. 6-30)
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FIGURE 6-18. Electric field, plane wave, and magnetic field shielding effectiveness
of a 0.02-in-thick solid aluminum shield.

The total loss through a shield is the sum of that from absorption and that
from reflection. In the case of low-frequency magnetic field, very little reflection
loss occurs, and absorption loss is the primary shielding mechanism. Under these
conditions, it is often advantageous to use a magnetic material to increase the
absorption loss. In the case of low-frequency electric fields or plane waves, the
primary shielding mechanism is reflection. Thus, using a magnetic material
would decrease the shielding.

When magnetic materials are used as a shield, three often overlooked
properties must be taken into account. These properties are as follows:

1. Permeability decreases with frequency.
2. Permeability depends on field strength.

3. Machining or working high permeability magnetic materials, such as
mumetal, may change their magnetic properties.

Most permeability values given for magnetic materials are static, or direct
current (dc), permeabilities. As frequency increases, the permeability decreases.
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Usually, the larger the dc permeability, the greater will be the decrease with
frequency. Figure 6-20 plots permeability against frequency for a variety of
magnetic materials. As can be observed, mumetal (an alloy of nickel, iron,
copper, and molybdenum) is no better than cold rolled steel at 100 kHz, even
though the dc permeability is 13 times that of cold rolled steel. High-
permeability materials are most useful as magnetic field shields at frequencies
below 10 kHz.

Above 100 kHz, steel gradually starts to lose its permeability. Table 6-4 lists
representative values for the permeability of steel versus frequency.

Absorption loss predominates at high frequency, and as Eq. 6-13 shows, the
absorption loss is a function of the square root of the product of
the permeability times the conductivity. For copper, the product of the relative
conductivity times the relative permeability equals one. Because the conductiv-
ity of steel is about 1/10 that of copper (Table 6-1), the product of the relative
conductivity and the relativity permeability will equal 1 when the
relative permeability drops to 10. For steel, this occurs at a frequency of 1.5
GHz (Table 6-4). Therefore, above that frequency, steel will actually provide
less absorption loss than copper, because the permeability is not large enough
to overcome the reduced conductivity of the steel.

The usefulness of magnetic materials as a shield varies with the field strength,
H. A typical magnetization curve is shown in Fig. 6-21. The static permeability
is the ratio of B to H. As can be observed, maximum permeability, and

PERMALLOY
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NICKEL STEEL
(6 MILS THICK)

.1 NG

3% SILICON
2 b COLD ROLLED STEEL
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RELATIVE PERMEABILITY x 107 (ur)
~
i

0 I 1 L1 1 11t 1 Lt
0 02030405 01 02030405 10 2 345 10 20 304050 100
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o
=2

FIGURE 6-20. Relation between permeability and frequency for various magnetic
materials.
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TABLE 6-4. Relative Permeability of Steel
versus Frequency

Frequency Relative permeability, p,
100 Hz 1000
1 kHz 1000
10 kHz 1000
100 kHz 1000
1 MHz 700
10 MHz 500
100 MHz 100
1 GHz 50
1.5 GHz 10
10 GHz 1

)
B SATURATION
H=5

~ — —MAXIMUM

PERMEABILITY

FLUX DENSITY, B

_— INITIAL
%« ——_ PERMEABILITY

MAGNETIZING FORCE, H

FIGURE 6-21. Typical magnetization curve. Permeability is equal to the slope of the
curve.

therefore shielding, occurs at a medium level of field strength. At both higher
and lower field strengths, the permeability, and hence the shielding, is lower.
The effect at high field strengths is caused by saturation, which varies,
depending on the type of material and its thickness. At field strengths well
above saturation, the permeability falls off rapidly. In general, the higher the
permeability, the lower is the field strength that causes saturation. Most
magnetic material specifications give the best permeability, namely that at
optimum frequency and field strength. Such specifications can be misleading.
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FIGURE 6-22. Multilayer magnetic shields can be used to overcome the saturation
phenomenon.

To overcome the saturation phenomenon, multilayer magnetic shields can
be used. An example is shown is Fig. 6-22. There, the first shield (a low-
permeability material such as steel) saturates at a high level, and the second
shield (a high-permeability material such as mumetal) saturates at a low level.
The first shield reduces the magnitude of the magnetic field to a point that does
not saturate the second shield; the second shield then provides most of the
magnetic field shielding. These shields can also be constructed using a
conductor, such as copper, for the first shield, and a magnetic material for
the second. The low-permeability, high-saturation material is always placed
on the side of the shield closest to the source of the magnetic field. In some
difficult cases, additional shield layers may be required to obtain the desired
magnetic field attenuation. Another advantange of multilayer shields is that
increased reflection loss occurs from the additional reflecting surfaces.

Machining or working of some high-permeability materials, such as mume-
tal or permalloy, may degrade their magnetic properties. This can also happen
if the material is dropped or subjected to shock. The material must then be
properly reannealed after machining or forming to restore its original magnetic
properties.

6.9 EXPERIMENTAL DATA

Results of tests performed to measure the low-frequency magnetic field shielding
effectiveness of various types of metallic sheets are shown in Fig. 6-23 and 6-24.
The measurements were made in the near field with the source and receptor 0.1 in
apart. The shields were from 3 to 60 mils (in x 107°) thick, and the test frequency
ranged from 1 to 100 kHz. Figure 6-23 clearly shows the superiority of steel over
copper for shielding magnetic fields at 1 kHz. But at 100 kHz, steel is only slightly
better than copper. Somewhere between 100 kHz and 1 MHz, however, a point is
reached where copper becomes a better shield than steel.
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FIGURE 6-23. Experimental data on magnetic attenuation of metallic sheets in the near
field.

Figure 6-23 also demonstrates the effect of frequency on mumetal as a
magnetic shield. At 1 kHz, mumetal is more effective than steel, but at 10 kHz,
steel is more effective than mumetal. At 100 kHz, steel, copper, and aluminum
are all better than mumetal.

In Fig. 6-24, some data from Fig. 6-23 are replotted to show the magnetic
field attenuation provided by thin copper and aluminum shields at various
frequencies from 1kHz to IMHz.

In summary, a magnetic material such as steel or mumetal makes a better
magnetic field shield at low frequencies than does a good conductor such as
aluminum or copper. At high frequencies, however, the good conductors
provide the better magnetic shielding.

The magnetic shielding effectiveness or solid nonmagnetic shields increases
with frequency. Therefore, measurements of shielding effectiveness should be
made at the lowest frequency of interest. The shielding effectiveness of magnetic
materials may decrease with increasing frequency as a result of the decreasing
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FIGURE 6-24. Experimental results of tests to determine magnetic field attenuation of
conducting sheets in the near field.

permeability. The effectiveness of nonsolid shields will also decrease with
frequency because of the increased leakage through the apertures.

6.10 APERTURES

The previous sections of this chapter have assumed a solid shield with no
apertures. It has been shown that, with the exception of low-frequency
magnetic fields, it is easy to obtain more than 100 dB of shielding effectiveness.
In practice, however, most shields are not solid. There must be access covers,
doors, holes for cables, ventilation, switches, displays, and joints and seams. All
of these apertures considerably reduce the effectiveness of the shield. 4s a
practical matter, at high frequency, the intrinsic shielding effectiveness of the
shield material is of less concern than the leakage through the apertures.

Apertures have more effect on the magnetic field leakage than on the electric
field leakage. Accordingly, greater emphasis is given to methods of minimizing
the magnetic field leakage. In almost all cases, these same methods are more
that adequate for minimizing the electric field leakage.
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The amount of leakage from an aperture depends mainly on the following
three items:

1. The maximum linear dimension, not area, of the aperture.
2. The wave impedance of the electromagnetic field.
3. The frequency of the field.

The fact that maximum linear dimension, not area, determines the amount
of leakage can be visualized best by using the circuit theory approach to
shielding. In this approach, the incident electromagnetic field induces current
into the shield, and this current then generates an additional field. The new field
cancels the original field in some regions of space, specifically the region on the
opposite side of the shield from the incident field. For this cancellation to occur,
the induced shield current must be allowed to flow undisturbed in the manner in
which it is induced. If an aperture forces the induced current to flow in a
different path, then the generated field will not completely cancel the original
field, and the shielding effectiveness will be reduced. The more the current is
forced to detour, the greater will be the decrease in the shielding effectiveness.

Figure 6-25 shows how apertures affect the induced shield current. Figure
6-25A shows a section of shield that contains no apertures. Also shown is the

| }-RECTANGULAR
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CURRENTS
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FIGURE 6-25. Effect of shield discontinuity on magnetically induced shield currents.
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induced shield current. Figure 6-25B shows how a rectangular slot detours the
induced current and hence produces leakage. Figure 6-25C shows a much
narrower slot of the same length. This narrower slot has almost the same effect
on the induced current as the wider slot of Fig. 6-25B and therefore produces
the same amount of leakage even though the area of the opening is considerably
reduced. Figure 6-25D shows that a group of small holes has much less
detouring effect on the current than the slot of Fig. 6-25B, and therefore it
produces less leakage even if the total area of the two apertures are the same.
From this, it should be apparent that a large number of small holes produce less
leakage than a large hole of the same total area.

The rectangular slots shown in Figs. 6-25B and 6-25C form slot antennas
(Kraus and Marhefka, 2002). Such a slot, even if very narrow, can cause
considerable leakage if its length is greater than 1/10 wavelength. Seams and
joints often form efficient slot antennas. Maximum radiation from a slot antenna
occurs when the maximum linear dimension is equal to 1/2 wavelength.

Based on slot antenna theory, we can determine the shielding effectiveness of
a single aperture. Because a slot antenna is a most efficient radiator when its
maximum linear dimension is equal to 1/2 wavelength, we can define the
shielding for this dimension to be 0 dB. As the aperture becomes shorter,
the radiation efficiency will decrease at a rate of 20 dB per decade, hence
the shielding effectiveness will increase at the same rate. Therefore, for an
aperture with a maximum linear dimension equal to or less than 1/2 wavelength,
the shielding effectiveness in dB is equal to

S =20log (;), (6-32a)

where 4 is the wavelength and / is the maximum linear dimension of the
aperture. Equation 6-32a can be rewritten as

15
S = 20log [0} . (6-32b)
fMH:lmeters
Solving Eq. 6-32b for the length / of the aperture gives
150
lmeter.v = T 5. (6'33)
10 20f 111

where S is the shielding effectiveness in decibels.

Slot antenna theory states that the magnitude and pattern of the radiation
from a slot antenna will be identical to that of its complementary antenna, with
the exception that the £ and H fields will be interchanged, that is the
polarization is rotated 90 degrees (Kraus and Marhefka, 2002 p. 307).
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FIGURE 6-26. (A) A slot antenna, and (B) its complementary dipole antenna.

A complementary antenna is one in which the parts are interchanged. There-
fore, the air (slot) is replaced by metal, and the metal into which the slot was cut
is replaced by air as shown in Fig. 6-26. The complement of a slot antenna is a
dipole antenna.

Figure 6-27 shows the shielding effectiveness versus frequency for various
slot lengths. Both Eq. 6-32 and Fig. 6-27 represent the shielding effectiveness of
only one aperture. In controlling slot lengths for commercial products, it is best
to avoid apertures greater than 1/20 of a wavelength (this provides a shielding
effectiveness of 20 dB). Table 6-5 gives the maximum slot lengths equivalent to
1/20 wavelength at various frequencies.

6.10.1 Multiple Apertures

More than one aperture will reduce the shielding effectiveness of an enclosure.
The amount of reduction depends on (1) the number of apertures, (2) the
frequency, and (3) the spacing between the apertures.

For a linear array of closely spaced apertures, the reduction in shielding
effectiveness is proportional to the square root of the number of apertures (7).
Therefore, the shielding effectiveness, in decibels, from multiple apertures is

S = —20log/n, (6-34a)

or

S = —10logn. (6-34b)

Equation. 6-34 applies to a linear array of, equal sized and closely spaced
apertures, where the total length of the array is less than 1/2 wavelength. Note
that S in Eq. 6-34 is a negative number.

The net shielding effectiveness of a linear array of equal size holes will be the
shielding effectiveness of one of the holes (Eq. 6-32b) plus the shielding
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single aperture.

TABLE 6-5. Maximum Slot Length versus Frequency for
20-dB Shielding Effectiveness.

Frequency (MHz) Maximum Slot Length (in)
30 18

50 12

100 6

300 2

500 1.2

1000 0.6

3000 0.2

5000 0.1

effectiveness from multiple apertures (Eq. 6-34a), or

(6-35)

§=20 log[/ 150 }

MHztmeters
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Apertures located on different surfaces do not decrease the overall shielding
effectiveness, because they radiate in different directions. Therefore, it is
advantageous to distribute apertures around the surfaces of a product to
minimize the radiation in any one direction.

Table 6-6 shows the reduction in shielding effectiveness from multiple
apertures based on Eq. 6-33.

Equation 6-34 is applicable to a linear array of closely spaced apertures as
shown in Fig. 6-28A. It cannot be directly applied to a two-dimensional array
of holes as shown in Fig. 6-28B. However, if only the first row of holes is
considered, then Eq. 6-34 would apply because that is a linear array of closely
spaced apertures. The first row of holes cause the field induced shield current to
be diverted around the holes as was shown in Fig. 6-25D, hence reducing the
shielding effectiveness.

If a second row of holes is now added, it will not produce any significant
additional current diversion; hence, the second row of holes will not have any
additional detrimental affect on the shielding effectiveness. The same is true of
the third through sixth row of holes. Therefore, only the holes in the first row
of Fig. 6-28B, in this case six, need be considered. This approach is only an
approximation, but experience has shown that it is a reasonable design

TABLE 6-6. Reduction in Shielding Effectiveness Versus the Number
of Apertures.

Number of Apertures S (dB) Number of Apertures S (dB)

2 -3 20 —13

4 —6 30 —15

6 -8 40 —16

8 -9 50 -17

10 —10 100 -20
| | | A

000000
000000
000000
000000
000000
000000

FIGURE 6-28. (A) Linear array of three closely spaced rectangular apertures; (B) two
dimensional array of 36 round holes.
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approach to an otherwise complex problem, and it allows one to apply
Eq. 6-34 to a two dimensional array of holes. For a more detailed treatment
of multiple apertures, see the article by Quine (1957).

As a general rule, when applying Eq. 6-34 to a two dimensional array of
holes, determine the maximum number of holes lined up in a straight line,
horizontal, vertical, or diagonal, and only use that number for n. For example,
in the case of a 6 x 12 array of 72 holes, n would be equal to 12 and the shielding
would be reduced by 11 dB because of the multiplicity of holes.

6.10.2 Seams

A seam is a long narrow slot that may or may not make electrical contact at
various points along its length.

It is sometimes difficult to visualize a seam as a radiating structure because
one of the dimensions is so small, possibly only a few thousands of an inch. This
can often best be visualized by considering the fact, as previously stated, that
the magnitude of the radiation from a slot will be identical to that of its
complementary antenna.

The complement of a long narrow seam is a long skinny wire that clearly
looks like an efficient antenna—a dipole. This concept clearly illustrates why
the length of the slot is more important than the area in determining the
radiated emission. The length of the slot represents the length of the equivalent
complimentary dipole. If the seam length happens to be in the order of 1/2
wavelength, it will become an efficient antenna. Therefore, it is necessary to
guarantee electrical contact points at frequent intervals along a seam in order
to reduce the length of the resulting antenna. A seam with periodic contact
points can then be considered a linear array of closely spaced apertures.

Along the length of the seam, there should be firm electrical contact at
intervals small enough to provide the desired shielding effectiveness. Contact can
be obtained by using (1) multiple fasteners, (2) contact buttons, (3) contact
fingers, or (4) conductive gaskets. Continuous electrical contact along the seam,
although desirable, is often not required except when very large amounts of
shielding are required or at high frequencies.

A properly designed seam will provide good electrical continuity between
the mating parts. The transfer impedance across the seam should be in the
neighborhood of 5 mQ over the frequency range of interest, and it should
not increase significantly with time or aging. Society of automotive engineers
(SAE) standard ARP 1481 suggests 2.5 mQ for the seam impedance. For a
discussion of the meaning of transfer impedance, see Section 6.10.3.

Low contact resistance between mating surfaces is primarily a function of
the following two items:

1. Having a conductive surface or finish
2. Providing adequate pressure
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The material on both sides of a seam should be conductive. Although most
bare metals initially will provide a good low-impedance surface, when left
uncoated they will oxidize, anodize, or corrode, which increases the surface
impedance dramatically. In addition, if two dissimilar metals are in contact,
they will form a galvanic cell, or battery, in the presence of any atmospheric
moisture, and galvanic corrosion will take place (see Section 1.12.1). One way
to avoid this result is to use the same metal on both contact surfaces of the
seam.

Most metals require a conductive finish to provide a low joint impedance
throughout the life of the product. Some acceptable conductive finishes are
listed in Table 6-7. The better performing finishes are at the top of the list, with
shielding performance decreasing as you go down the list. The table assumes
that the two mating surfaces are the same. Note that most materials require in
the neighborhood of 100 to 200 psi of pressure for adequate performance. Gold
and tin, both being soft and malleable, require much less pressure than the
other finishes to produce a low impedance joint.

Gold being a noble metal provides a low contact resistance and is stable
when exposed to most environments. Gold being malleable requires little
contact pressure to provide a low impedance joint. The only negative con-
sideration with respect to gold is its cost. In high-reliability designs, gold is
often used and is usually compatible with all environments. Gold coatings as
thin as 50 uin are often adequate. Gold is usually plated over 100 uin of nickel
to provide a barrier to prevent diffusion of the gold into the base metal. Gold is
galvanically compatible in a seam with nickel, silver, and stainless steel.
Compatible means the materials can be used together in a seam and will
maintain a low impedance joint, initially and with aging, without any other
treatment when adequate pressure is applied. Gold, however, is not compatible
with tin except in a controlled humidity environment.

Tin also provides a low contact resistance and is stable in most environ-
ments. Tin is so malleable that pressures above about 5 psi do not decrease the

TABLE 6-7. Conductive Finishes For Metals, Listed in Order of

Effectiveness.

Finish Pressure (psi) Aging Performance
Gold <5 Excellent
Tin <5 Excellent
Electro-galvanize (Zinc) 50-60 Very Good
Nickel > 100 Very Good
Hot-dipped (Aluminum-Zinc) > 100 Good
Zinc plated > 100 Good
Stainless steel (Passivated) > 100 Very Good
Aluminum (Untreated) > 200 Moderate
Clear chromate on aluminum > 200 Moderate
Yellow chromate on aluminum > 200 Moderate/poor
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impedance of the joint. Tin performs almost as well as gold, costs significantly
less, and is compatible with all environments. Tin is galvanically compatible in
a seam with, nickel, silver, stainless steel, and aluminum, but not gold.

The primary negative with respect to tin is the possibility of metal whisker
growth. Whiskers are small microscopic crystals that grow from the surface of
some metals. The whiskers are extremely small, a few micrometers in diameter
and from 50 to 100 um long. They can break off from the surface and cause
short circuits in electronic equipment.

The