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Preface

I have organized the material presented in this book in a way that can be readily used
and effortlessly understood. The material presented is based on topics taught over a
number of years. As a result, it has been tried and tested.

The book has a hierarchical and mixed method of presenting the learning mate-
rial combining top-down and bottom-up approaches.

The book starts by examining an electronic system as a top-down approach to
provide opportunity for the learner to acquire an understanding of what is glob-
ally required from electronics systems. Students may not be asked to achieve com-
plete design projects in their early years of study, but it is worthwhile to encourage
an understanding of the nature of global tasks required in analyzing a complete
electronic system. This book includes in Chapter 1, a top-down approach to look at
some methodologies used for electronic system design indicating the usefulness of
embracing a methodical, rational method.

The book then switches to a bottom-up approach to include detailed circuit analy-
sis leading students to gain a good understanding of how circuits operate. This will
help in comprehending the material presented and will also contribute to a more
enjoyable learning experience.

Some students may be familiar with the material provided in the early parts of
the book. However, many students will benefit from going through these topics more
formally, and the book provides notes and guidance to ensure that students are famil-
iar with the fundamentals of analog electronics material before progressing.

The book is written to cover material for the first 2 years of an electrical and
electronic engineering university degree. The book is also beneficial for all the years
of a technician grade study and it can be used by students of science related degrees
at any level to acquire acknowledge in analog electronics. Some courses may, if
appropriate, ignore the material on semiconductor physics and concentrate on the
external characteristics of semiconductor devices. Students of electronics or electri-
cal engineering will need to study the physics-related material but students of other
disciplines may find it more appropriate to omit these sections.

The book goes from a detailed explanation of fundamental to advanced concepts
required to perform and design some applications of an analog electronic system.

Once the idea of amplification is clearly explained, the learning moves to elec-
tronic amplifiers of various characteristics. The book presents various models for
transistors used in analog electronics to investigate the characteristics of electronic
amplifiers. This permits a detailed analysis of voltage, current, and power gains to
be determined as well as loading effects, input, and output impedance to be inves-
tigated. The concepts of frequency response and bandwidth are then discussed in
more detail, and material is included to analyze differential amplifiers leading to the
concept and realization of an operational amplifier.

Op-amps are important to all students and they will all benefit from lectures
and practical work in this area. The book includes an in-depth analysis of negative
feedback and deduces the effects of negative feedback on voltage and current gains,
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XX Preface

input and output impedances, and frequency response. The material in each chapter
is presented with an emphasis on design and possible practical applications. Chapter
21 includes various common basic applications of analog electronics systems. Where
students have a particular specialist interest in a specific topic, he or she may choose
to perform the applications and laboratory experiments presented in Chapters 21 and 23,
thus making the practical work more directly relevant to their course of study.

Once the general principles of feedback have been established, the book explains
the derivation of the transfer function of a generalized feedback system. It presents a
comprehensive treatment of different types of negative feedback. This is then used to
design and analyze a range of electronic circuits that make use of negative feedback.
Chapters include examples tailored to illustrate and consolidate the learning mate-
rial presented in a chapter.

This book is beneficial to electrical and electronics engineering students in year 1
and 2 of their course. For advanced students, the book offers a good source of refer-
ence and revision on how detailed deductions of the different expressions used in
electronic circuits are deduced. The book is also useful for all years of a degree in
engineering where electronics is not the major subject.

The manner in which the material is presented prepares students to grasp the fun-
damentals of analog electronics and to use the knowledge acquired to perform basic
design work as well as realize some basic applications.

A large section of the book is dedicated to details on realization and implementa-
tion of practical applications of an analog electronic system. It also includes many
practical assignments to be performed using computer-aided packages tailored to the
material covered in the book.

The book includes over 300 figures to illustrate the topics covered, examples,
and applications. Over 100 specific tailored examples are included enhancing the
material covered in this book. Calculations on examples are accurate to two decimal
places. Each chapter includes a key point of the material covered.

In general, the book covers the fundamentals of analog electronics with an
enhanced projection for design, analysis, and practical applications.

Pspice is registered trademark of Microsim Corporation.

Hernando L. Fernandez-Canque
Glasgow
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’I Analog Electronics
Applications and Design

1.1  INTRODUCTION TO ANALOG ELECTRONICS

Humans experience sound, vision, smell, hearing, or any external physical stimuli
in form. In general, the natural physical world is analog. A physical stimulus can be
transformed into an electronic signal using a transducer; and outputs of transducers
are, in general, analog electronic signals. In this sense, humans cannot totally elimi-
nate the manipulation of analog signals. With the advancement in semiconductor
technology it has become possible to create millions of efficient electronic compo-
nents of small physical size that utilize very little energy to operate as integrated
circuits. The availability of integrated circuits with huge numbers of components pro-
vide the potential for creating robust reliable electronic applications that can embed
ways of testing the circuit for functionality. This in turn can make the manufacture
of applications easier.

Transistors can be made to operate in two states, saturation and cut off, to provide
output voltages at two defined levels (zero and one). Subsequently, digital electronics
was born and the manipulation of signals was made easier at an ultrafast rate and the
number of signals to manipulate increased exponentially. Machines can communi-
cate with each other in digital form but when human interference is required analog
systems continue to be necessary.

Analog electronics has been replaced by digital electronics in many fields, media
and communication in particular, but with the advancement of digital electronics it is
necessary to match these advances with developments in analog electronics. Trends
of pulses in digital form at a very high speed resemble an analog signal. To obtain a
detailed analysis of circuitry manipulating these ultrafast signals, analog electronic
theory is needed. Analog electronics is still a vibrant part of electronics to accom-
pany and complement digital electronics and electrical power.

1.2 ANALOG SIGNALS

An electronic analog signal provides the variation of a quantity such as voltage or
current, with time, in a continuous fashion. In an analog signal waveform there is
no discontinuity of values and there is no abrupt or large variation from one value
to the next. A digital waveform differs from an analog waveform in that the digital
waveform has only well-defined steps values kept at different periods of time. The
transition between the two steps is assumed to be instantaneous. Figure 1.1 shows a
sample of an analog signal and a binary digital signal.

In the analog waveform represented in Figure 1.1a the analog voltage value at
times t, t,, t;, and t, are different values of voltage. At any particular time, values
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FIGURE 1.1 Example of (a) analog and (b) digital signals.

of voltages in the proximity are close in value to the value at this particular time
and show a continuous change. In the digital waveform represented in Figure 1.1b,
there are only two values of voltages: O or 3 V. Therefore, at different times the
voltages can be only 0 or 3 V. The voltages at times t,, t,, and t, are O V and the
voltage at times t,, t;, and t; are 3 V. The value at ty shows a discontinuity because
in theory it can be 0 or 3 V and it can change instantaneously from O to 3 V. Then
an analog signal is any continuous signal for which the time-varying characteristic
of the signal (usually voltage, current, or power) is represented as a function of time
or some other time-varying quantity.

Electronic systems that can manipulate analog signals are termed analog systems.

1.3 ANALOG SYSTEMS

An electronic system is an assembly of electronic devices and components con-
nected in order to respond to a defined input or inputs so as to produce the desired
output or outputs. Electronic systems have characteristics that accept the input or
inputs and manipulate them to create the desired output signal or signals. A good
electronic system is one that has been designed to solve a particular problem in the
most appropriate and efficient way.

In this chapter, we look at various approaches to system design and note the
benefits of adopting a methodical, rational approach. We also consider the various
stages of system design, briefly discuss the choice of the technology to be used, and
consider various automated design tools.

Many systems take as their input some physical quantities and produce as their
output a variation in these physical quantities. Figure 1.2 shows a block diagram of
such system.

In an electronic system, we normally sense the physical input quantity using some
form of sensor, transducer, or actuator that generates an electrical signal correlated
to the physical input. In the same way, in a system the output quantity is usually
uninhibited by a sensor, transducer, actuator, or display that is controlled by the
electronic output from the electronic system. Considering the sensors, transducers,
and actuators, the inputs and outputs will be related to the external physical quantities
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FIGURE 1.2  Electronics system as part of a complete system.

concerned. By allowing for the sensors, transducers, and actuators to be external to
the electronic system, the input and output of an electronic system will be electronic
signals.

In many cases, electronic systems are used mainly because they deliver an
economical solution, in some cases electronic systems provide the only solution. The
processing and operations required by an electronic system will vary with the nature
of the input signals and output signals and the required global function. The pro-
cessing and operations required by an electronic system can include: amplification,
addition, subtraction, integration, differentiation, filtering, counting, timing, signal
generation, etc.

A designer of an electronic system has to be able to analyze a circuit so as to
predict its electronic behavior. To design and construct the circuits included in an
electronic system, the designer should also be able to select suitable components in
terms of value, tolerance, voltage, current, power rating, and cost.

In order to create or implement an analog electronic application it is necessary
to be able to analyze circuits used. Design and implementation of an application of
analog electronics goes hand in hand. In both cases, knowledge of the fundamen-
tals of electronics is required. Knowing the fundamentals of electronics will allow
a designer or practitioner to predict the behavior of a circuit or modify an existing
circuit as well as create and improve an electronic system.

A design methodology will be a concept that students can become familiar with
as they learn about existing systems and how they work. Complex systems can be
made easier to understand if broken down. A range of steps is necessary to success-
fully conclude the realization of an electronic design system.

1.4 APPLICATION AND DESIGN OF ANALOG SYSTEMS

An electronic system can be represented as a closed structure for which all the inputs
and outputs are known. In practice, we select and choose to enclose a component, or
group of components, that are of specific interest to us.

1.4.1 CusTOMER REQUIREMENTS

An important part of the process of designing an application is determining precisely
the requirements of the user or customer. The final user of the electronic system will,
in many cases, articulate their requirements in nontechnical or imprecise terms. It is
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imperative at this stage to clarify exactly what the system will do and at what range
of variables. The designer and customer must agree on what is required from the
system. This agreement will create a contract wherein the designer will design an
electronic system to satisfy this contract. The designer will convert these require-
ments into the technical system design specifications.

1.4.2 TopP-LEVEL SPECIFICATIONS

A top-level specification considers the system as a global entity. A top-level
specification looks at characteristics that are features of the entire system, rather
than of individual components. These properties are often complex in nature, and
may relate to several diverse aspects of the system. The top-level specifications
determine what the system is to do without taking into consideration how to do it.
This task will produce a global arrangement for the system. The top-level specifica-
tions must define precisely what the system should do in response to all possible
inputs, and must also establish any restrictions on the design of the electronic sys-
tem. The top-level specifications usually include the production of a system block
diagram, identifying all the inputs and outputs of the system and input and outputs
of each block.

1.4.3 System DESIGN APPROACH

In a systematic approach, a complex system is simplified by dividing it into a number
of smaller building blocks. These building blocks are then themselves subdivided,
the process can be repeated until the various parts have devolved into building
blocks that are sufficiently simple to be easily understood. Partitioning is a process
of dividing a complex system into a series of modules or subsystems to aid its design
and implementation.

In a system consisting of a series of subsystems, the output of each subsystem
represents the input of the next. This process is illustrated in Figure 1.3. The modules
within the system can then be defined in terms of the characteristics of the inputs and
outputs that they represent.

Depending on the system two approaches can be used. Either you start with the
global system at the top level and go down in levels until the design is completed
(fop-down) or you start at the component bottom level and build up until the system
is completed (bottom-up) (Figure 1.4).

Input
Sub-
Sub-
| system A Sub-

Y system B system D o t

utpu

sub- | P
Sub- system F
system C Sub-
79 system E

FIGURE 1.3 Partitioning of a complex system into subsystems.
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Top-down
Approach

Bottom-up

FIGURE 1.4 Two approaches to design an electronic system.

The top-down approach leads to a study of the way in which complex systems
may be represented diagrammatically, and how complex arrangements may be
divided into a set of less complex modules.

1.4.3.1 Top-Level Design

The top-level design determines a way of implementing the top-level specification.
It involves the proposal of one or more solutions to the problem, then assesses and
decides on one solution to be implemented. It involves identifying the techniques to
be used to produce function described in the specifications. This does not involve
detailed design of circuits or generation of programs, but basically determining their
overall process of operation. It also requires a decision on whether the proposed solu-
tion includes system partitioning. It includes a decision on how the system will be
implemented, whether the system will use discrete components or integrated circuit,
the device technology to be used, etc. Any decision required for a global implemen-
tation is part of this process.

1.4.3.2 Detailed Design

As the function and principles of operation of the system or subsystems are known
from the top-level design, the detailed circuitry or software can be designed. The
detailed design will produce the final circuits at the level of components and devices
and their connections. The designer must consider all aspects affecting the system
such as speed of operation, power dissipation, time taken to complete the design and
realization, and testability. The designer must be aware of all the significant factors
affecting the performance of the design and needs to have a good knowledge of the
variation of parameters of fabricated devices.

1.4.4 TecHNoLoGy CHOICE

Determining the right technology and methodology of implementation for an
electronic system can make the difference whether a project succeeds or fails. After
the specification of the design has been completed it is possible to decide on the
technology to be used according to the nature of the project. There are a variety
of choices for implementing an electronic system, such as analog system, digital,
discrete components, standard integrated circuit, programmable logic array, micro-
processor, software, hardware, bipolar technology, field effect transistor (FET)
technology, and others.

If the technology used is based on integrated circuits, then all tests are done in soft-
ware and the system has to behave perfectly within specification. It must be working
according to specification before it is committed to fabrication. If the technology
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choice is to use discrete components a prototype is required in most cases. Tests will
then be done in hardware before the system is committed to production. In the case of
using discrete components, the selection of components is important. One important
difference to consider among components is the variation in physical size of compo-
nents and the specifications for a given component type. Electrical components vary
in size depending on their power rating rather than value, and low-power devices are
small. Manufacturers produce only certain values of passive components. The values
of passive components available adhere to a defined sequence known as nominal
preferred values (npv).

In many cases, the component’s values obtained from a particular design calcula-
tion will not coincide with an npv component. In this case, the designer could use a
higher tolerance component in order to obtain the required value, or use a variable
component, but using a variable component, the production cost will be increased.
The nearest npv of component could be used, but then it is essential to make sure
that the design specifications are satisfied. Worst-case analysis should be performed
for a designed circuit to ensure that design specifications are fulfilled for all values
of every component, especially if the circuit is to be manufactured in a large number
of units. The worst-case analysis should consider the tolerance of components used.

1.4.4.1 System Testing

After the system is constructed a detailed and comprehensive testing of the whole
electronic system under various conditions is required to make sure the system
performed as expected.

1.4.4.2 Social and Environmental Implications

A designer has to consider the impact of the system on the environment and any
social implications. There are various regulations in existence that must be adhered
to. Some are provided by professional bodies, geographical groups of nations, or by
certain restrictions within the area where the electronic system will be used.

1.4.4.3 Documentation

A design is never conclusively completed. It can go to production to satisfy specifi-
cation, but in the future it may be intended to improve it. New components may be
found with better properties, or it may need adaptation to a new application; or a
new upgraded version may be required. Any modification to the electronic system
or new way of testing the device will require the original information accumulated
when it was first designed. A design is not complete without detailed documentation
of the design process, problem, and results. Documentation records of a design job
are always required.

1.4.5 DISTORTION AND NOISE

There are many electromagnetic signals accessible in the space surroundings and
electronic systems. These waves are emitted from other electronic systems, gen-
eral communication systems, natural electromagnetic phenomenon, and switches
from other electromechanic systems. An electronic system in many cases contains
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FIGURE 1.5 Pure sinusoidal original signal.

an amplifier and a small noise signal can be amplified affecting the functioning of
the electronic system that is being implemented. Internal signals are also generated
by components or other modules used in the system to be implemented at certain
current and voltages level or different frequencies. All these signals are undesired
noise to the system to be implemented.

The noise particularly affects an analog electronic system as noise can increase
or reduce a value of a voltage and current used at a particular point of the system that
can change the required response of the system.

In electronic systems, in general, and analog electronic systems, in particular, the
distortion and noise can limit the performance of an electronic system. The designer
should design a system in such a way that these effects are eliminated or minimized.

Below there are some familiar examples of common noise and distortion found
in analog electronic systems. We can illustrate noise and distortion assuming a pure
sinusoidal signal as shown in Figure 1.5.

1.4.5.1 Noise

Noise can occur due to fluctuation of the signal as a consequence of variation within
the system or/and external effects of the environment. Figure 1.6 shows the sinusoi-
dal signal of Figure 1.5 with noise added.

1.4.5.2 Distortion

Figure 1.7 shows examples of sinusoidal waveform including distortion due to
clipping, crossover, and harmonic distortion.

v

FIGURE 1.6 Sinusoidal signal including noise.



8 Analog Electronics Applications

A ¢ Clipping

Crossover

t  Harmonic

¢

FIGURE 1.7 Example of the sinusoidal waveform including clipping, crossover, and
harmonic distortion.

Clipping is the elimination of part of the signal that can happen due to improper
biasing. Crossover distortion is the problem of wrong synchronization of more
than one part of the signal. Harmonic distortion occurs when signals of different
frequencies are added or subtracted from the original signal creating a response that
contains frequencies that are not required. One of the major tasks of the electronic
designer is to eliminate or reduce the magnitude of noise and distortion.

1.4.6 ELectrONIC DESIGN AIDS

There are a number of electronic design aid tools that you can use to simplify the
system design process. It is possible to use tools to

e Produce circuit and block diagrams

e Perform circuit simulation

e Perform placement of circuit board layout

* Automatically place components and route connections
e Perform testing

e Predict behavior

It is important to note that the use of the electronic design aid tools do not remove
the requirement to understand the details of circuit design or the operation of
electronic components. A computer-aided design software to simulate circuit can
simplify the task of circuit analysis, but it is always necessary to have a detailed
understanding of the basic principles that rule currents and voltages in circuits. The
circuit designer must always know what to expect from the simulator, and should
always be able to predict the signal response. The simulator is then used to investigate
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the operation in more details for different component values or different variation
of the input. A circuit simulator can investigate a worst-case analysis where all the

components are varied according to their tolerances.

The electronic design aid tools complement the designer skills; they do not

replace them.

1.5

KEY POINTS

An analog signal is a continuous signal for which the time-varying feature
of the signal is represented as a continuous function of time.

Systems may be described in terms of the nature of their inputs, their
outputs, and the relationship between them.

Systems sense external physical quantities using sensors or transducers
and affect external quantities using actuators or transducers.

Within a system we often use electrical signals to represent physical quanti-
ties. The nature of these signals varies with the application.

Complex systems are often represented by block diagrams, which often
partition systems into smaller, more manageable modules.

Complex systems are more easily designed or understood through the use
of a systematic, top-down approach.

Major components of the design process include the following: the customer
requirements; top-level specification; top-level design; detailed design;
module testing; and system testing.

Top-down design is normally followed by bottom-up testing.

At an early stage, it is necessary to decide on the method of implementation
to be adopted.

Technological decisions include a choice between analog and digital
techniques, between integrated and discrete approaches, and between
various device families.

A large number of automated tools are available to simplify the design
process.

The electronic design aid tools complement the designer skills; they do not
replace them.
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2 Electric Circuits

2.1 INTRODUCTION

This chapter introduces concepts to help students progress through the early parts
of circuit analysis and prepare them for the more detailed analysis that follow. For
some students this would be a beneficial revision of material seen before. This
chapter defines the basic characteristics and components of electrical circuits. It is
expected that on completion of the chapter students will understand the concept of
units, current, voltage, power, sources, and electrical loads. They will also be able
to describe the characteristics of circuit components and the differences between
ideal and practical voltage and current sources. They will be able to understand the
relation between voltage and current in a resistance provided by Ohm’s law and its
application to resistive circuits. The characteristics and relationship between voltage
and current in active and passive components will also be studied.

Resistors, inductors, and capacitors are the most widely used electronic compo-
nents, an understanding of their operation and characteristic is necessary for every-
one studying analogue electronics.

2.2 UNITS

There are some basic units used in analogue electronics. It is important to use them
correctly in order to avoid having to recalculate a design. Until the last century dif-
ferent systems of units were used by different institutions, laboratories, or countries.
This created confusion for many students and researchers as different results were
published for the same experiments. A conference in units was organized to unify
criterion on units. The conference concluded with an International System of Units
or SI system. The SI system was formally introduced in 1960 and has been accepted
by many countries and institutions as their system of measurements. Throughout this
book we will use the SI system of units.

The SI system selects six physical quantities as the basis of their units. All other
units are derived from these basic units. The six basic physical quantities selected
are indicated in Table 2.1.

You will encounter a much larger number of derived units. All derived units are
related to the six basic units and can be expressed in terms of the basic quantities:
mass, length, time, electric current, absolute temperature, and luminous intensity.
For example, a unit of area can be expressed as the square of length, that is, square
meters. Other common examples are shown below.

Volume v m?
Velocity v m/s = ms™!
Acceleration a m/s

1
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TABLE 2.1

Six Physical Quantities Selected in SI System of Units
Quantity Names Symbol
Mass Kilogram kg
Length Meter M
Time Second S
Electric current Ampere A
Absolute temperature Kelvin K
Luminous intensity Candela Cd

In electrical and electronic engineering there are some common units used in dif-
ferent types of physical quantities, devices, components, and circuits. Here are short
definitions of some of the units to be used in this book.

2.2.1  UNIT oF CHARGE

The unit of charge is the coulomb (C). The coulomb is defined as the quantity of
electricity that flows in a circuit when a current of 1 ampere (A) is maintained for
1 second (s). One Coulomb is equal to 6.24 x 10'® electrons. The electric charge (Q)
can then be expressed in terms of time and current as

Q=1I-1[C] Q.01

where I is the current in amperes, t is the time in seconds, and Q is the charge in
coulomb.

2.2.2 UNiT oF FORcE

The unit of force is the newton (N). A newton is defined as the force that, when
applied to a mass of 1 kilogram (kg), gives it an acceleration of 1 m/s?. The force (F)
can then be expressed in terms of mass and acceleration as

F=m-a[N] 2.2

where m is the mass in kilograms, a is the acceleration in meter per second squared,
and F is the force in newton.

2.2.3  UNIT OF ENERGY

The unit of work or energy is the joule (J). The joule is defined as energy transferred
when a force of 1 N is applied through a distance of 1 m in the direction of the force.
The energy (E) can then be expressed in terms of force and length as

E=F-1[J] 2.3)
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where F is the force in newton, 1 is the distance in meters moved by the body in the
direction of the force, and E is the energy in joules.

2.2.4 UNIT oF POwWER

The unit of power is the watt (W). Power is defined as the rate of transferring energy.
The power (P) can then be expressed in terms of energy and time as

P= %[W] 24

where E is the energy transferred in joules, t is the time in seconds, and P is the
power in watts.

Note that using the definition of power above, the energy (E) can also be expressed
in terms of power and time as

E=P-t[J] .5)

This provides energy expressed in watts per second, when dealing with large
amounts of energy consumption, the unit used is the kilowatt hour (kW h) where

1kWh=1000Wh =1000x3600Ws or J=3,600,0001J

2.2.5 UNIT oF ELECTRIC VOLTAGE

The unit of electric voltage is the volt (V). One volt is defined as the difference in
potential between two points in a circuit when carrying a current of 1 A dissipates
1 W. The voltage (V) can be expressed in terms of power and current as

Watt _ Joule/seconds Joule Joule

V= ? = Volts = (2.6)

Amperes B Amperes B Amperes - seconds B Coulombs

where P is the power in watts, [ is the current in amperes, and V is the voltage in volts.

2.2.6  UNiT oF ResisTANCE AND CONDUCTANCE

The unit of electric resistance is the ohm (€2). One ohm is defined as the resistance
between two points in a circuit as 1 V applied at the two points provides a current
of 1 A. The resistance (R) can then be expressed in terms of voltage and current as

R = %[Q] Q.7
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where V is the potential difference across the two points containing the resistance
in volts, I is the current flowing between the two points in amperes, and R is the
resistance in ohms.

The reciprocal of resistance is called conductance and is measured in siemens
(S). The conductance (G) can then be expressed in terms of the resistance as

1
G= E[S] (2.8)

where R is the resistance in ohms and G is the conductance in siemens.
The electric power from a direct current (dc) can also be expressed in terms of
voltage and currents as

2
P=VI=IR = V?[W] 2.9)

EXAMPLE 2.1

An electric heater has a resistance of 28 Q. If this heater is connected to a dc power
supply of 98 V, calculate the current that flows through this heater and its electric
power dissipation.

SoLuTioN
Current=1= X = %: 3.5A
R 28

Power dissipation =P =VI=98%3.5=343W

EXAMPLE 2.2

An electric iron has a dc current of 7 A flowing to its resistance of 25 Q. Calculate the
potential difference across its resistance and the power dissipated by its resistance.

SoLuTioN
The potential difference, V,, across its resistance is

Potential difference =V, =IR=7x25=175V
The power, P, dissipated by its resistance is
Power dissipation =P, = VI=175x7 =1.285k[W]|

or

P=

=1.285k[W]
R

Ve 175
5
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or

P.=PPR=7?%x25=1.285k[W]

EXAMPLE 2.3

Calculate the voltage supply and the power dissipated by an electric heater of
10 Q resistance when a current of 5 A flows through it. If the heater is connected
to the voltage supply for 10 h determine the energy used and cost assuming that
the value of a unit of electricity is $0.5.

SoLuTioN
The voltage of the power supply is

Voltage of supply =V =IR=10x5=50V

Power dissipation=P = VI=50x5=250W
or
Power dissipation =P =R = 5° x10 = 250[W] = 0.25k[W]

Unit of electricity =1 kW h
Then the cost of energy used per hour is

Cost of energy in Th = Power used x time x cost of electricity unit

=0.25kx1x$0.5=$0.125/kWh

Total cost of the electricity for the use of this heater for 10 h is equal to

Total cost = No. of hours x Cost of unit of electricity =10x0.125 = $1.25

2.3 CONCEPT OF ELECTRIC CHARGE AND CURRENT

In our universe all matter consists of atoms. These atoms contain particles classified
according to their charge as electrons, protons, and neutrons (Figure 2.1).
A short definition in terms of type of charge for these particles is

An electron is an elementary particle charged with a small and constant quan-
tity of negative electricity.

A proton is an elementary particle charged with a small and constant quantity
of positive electricity.

A neutron is uncharged.



16 Analog Electronics Applications

Electrons

Atoms Protons

Neutrons

FIGURE 2.1 Classification of particles in atoms according to their charge.

If an atom has excess electrons, it is said to be negatively charged. If an atom has
excess protons, it is said to be positively charged. A charged atom is called an ion.
A body containing a number of ionised atoms is also said to be electrically charged.

2.4 MOVEMENT OF ELECTRONS AND
ELECTRIC CURRENT IN A CIRCUIT

Any movement of charges creates an electric current. Conventionally, current is
defined in terms of movement of electrons. Electrons vibrate within the atoms, but
their movement is in different directions that can cancel each other’s movement,
adding up to a total movement of all electrons equal to zero. As a consequence, in a
material with no external energy applied, there is no current circulating through it. If
an ammeter is connected to measure their total current it will indicate O A. But if an
external energy is applied to a material making electrons move in a concerted motion
in one direction then a current is produced. Electrons have a certain potential energy
moving freely from one energy level to another and this movement, when undertaken
in a concerted manner, is called an electric current flow.

For convenience the point of high potential is termed the positive and the point of
low potential is termed the negative, hence conventionally a current is said to flow
from positive to negative. Because electrons are assumed to have negative charge,
conventional current flow is in the opposite direction to that of an electron flow.
This can create some confusion in the analysis of circuits. Later in the book we will
develop a way of avoiding any confusion in determining value or direction of cur-
rents in active or passive components.

In any practical application, it is required that the current flow continuously for as
long as it is needed. In order to obtain a current in a circuit it is necessary that two
conditions must be fulfilled:

1. There must be an entire circuit around which the electrons may move.
2. There must be a driving stimulus to cause the continuous flow.

These two conditions will lead to the concept of circuit and electromotive force (emf).

2.4.1 Circuit

The path required to allow electrons to move to fulfill condition 1. This path will
generate what is known as the electric circuit.
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2.4.2 ELectrROMOTIVE FORCE

The driven stimulus required to fulfill condition 2 is known as the electromotive
force (emf). Each time a charge passes through the source energy provided by the
emf the continuous current flow is maintained.

2.4.3 SOURCE

An element that provides electrical energy supplied to a circuit is termed a source.
The emfin a circuit is provided by source energy such as a battery or a generator and
is measured in volts. A change in electric potential between two points in an electric
circuit is called a potential difference.

2.4.4 Loap

When a current is established in a circuit, some elements in this circuit will absorb or
convert the electrical energy supplied by the source. An element that absorbs and/or
converts the electrical energy supplied by the source is termed a load.

We can classify electrical elements in a circuit according to whether they provide
energy to the circuit as active components or whether they absorb or convert energy
to a circuit as passive components.

2.5 PASSIVE COMPONENTS: RESISTANCE,
INDUCTANCE, AND CAPACITANCE

Passive components in an electric circuit are components that do not add energy to
the circuit. They usually dissipate or transform energy. There are different types
of passive components according to their relationship between their voltages and
currents.

The potential difference (V) across the terminals of circuit component is propor-
tional to the current (I) flowing between them.

V proportional to I

This proportionality varies for different components. We can identify the type of
passive component according to its relationship between the voltage and the current.
Some of the most common types of components found in an electric circuit are resis-
tors, capacitors, and inductors. In this section we can look at some of the character-
istics of these three types of passive components.

2.5.1 RESISTANCE

The resistance is an electrical characteristic that describes how a component opposes
the circulation of current. If the ratio of voltage to current provides a constant value
then the passive component is known as a resistance or resistor. In a resistance, the
relationship between voltage and current is defined in Ohm’s law. This states that the
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flow of electric current through a resistance is proportional to the applied voltage.
Ohm’s law can be expressed as

V=R-1 or 1=% (2.10)

Let us illustrate Ohm’s law with an example.

EXAMPLE 2.4

Let us draw a graph of current versus voltage when a variable dc voltage source is
connected to a resistance of 5 Q. Assume that the source voltage can be changed
between 0 and 8 V in increments of 2 V.

SoLuTiON

A sketch of the final circuit diagram is shown in Figure 2.2.
For each voltage, we take | = V/R to calculate the current in the circuit
Let us work it out for a value of 2 V on the battery

I=V/R=2/5=04A

Similarly, by changing the values of the source to create voltages of 4, 6, 8, and
10 V the current can be calculated as tabulated in Table 2.2.

A graphical diagram of the voltage against current is shown in Figure 2.3.

This graph shows the relationship between voltage and current in a resistor for
this example.

Variable
A% ;é__ source 5Q Load

FIGURE 2.2  Circuit diagram of voltage source and a resistor to illustrate Ohm’s law.

TABLE 2.2
Voltages and Currents for Ohm’s
Law for Example 2.4

Voltage (V) Current (A)
0 0

2 0.4

4 0.8

6 1.2

8 1.6
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FIGURE 2.3 Diagram of I-V Ohm’s law example.

2.5.1.1 Resistors Connected in Series and Parallel

There are many ways of connecting resistors. Some connections of resistors are
widely used and a name is given to them as they repeat themselves in differ-
ent systems. You can find connections such as Star, Delta, Pi, Tee, and others in
many systems. Let us look at two common way of connecting resistors: series and
parallel.

2.5.1.2 Resistors Connected in Series

If the current passing through resistors is the same then these resistors are connected
in series. Figure 2.4 illustrates an example of four resistors in series.
It is possible to reduce all resistors connected in series as one equivalent resistor R.
Figure 2.5 shows the equivalent resistor Ry of n resistors connected in series.
For n resistors connected in series this equivalent resistance Ry is given by

Ry =R, +R,+R;+---+R, (2.11)

2.5.1.3 Resistor Connected in Parallel

If the voltage across connected resistors is the same then these resistors are con-
nected in parallel. Figure 2.6 shows an example of five resistors connected in parallel.

It is possible to reduce all resistors connected in parallel as one equivalent resistor
Ry. Figure 2.7 shows n resistor in parallel and its equivalent resistor Ry.

Tt

FIGURE 2.5 Equivalent resistor for n resistors connected in series.
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FIGURE 2.6 Resistor in parallel.

FIGURE 2.7 Equivalent resistor for n resistors connected in parallel.

For n resistors connected in parallel the equivalent resistance Ry is given by
— =t —+—+ (2.12)

2.5.1.4 Special Case

For the special case of two resistors connected in parallel as indicated in Figure 2.8
an easy reduction can be found

1 1.1 R+R

Rr R, R, R‘R,

and

_Ri‘Ry

R, =
"TR,+R,

2.13)

Two resistances in parallel can be reduced to one resistor equivalent with value
equal to the product divided by the sum values of the two resistors. This can be used
for more than two resistors in parallel by taking two resistors at a time.

FIGURE 2.8 Equivalent resistor for two resistors in parallel.
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EXAMPLE 2.5

Three resistors R, =100 Q, R, = 150 Q, and R, =300 Q are connected in parallel.
Resistor Ry has a current I; of 30 mA. Calculate the value of the supply voltage, V,,
across the resistances and the supply current 1.

SoLuTioN
The potential difference across R; is

Vis =R; x1; =300x30%x107° =9V

As the resistors are connected in parallel, they will be connected to 9V and
V,=9V.
The three resistors are in parallel and can be reduced into one, Ry, as

1 1 1 1 1 1 1 6+4+2 12
+—= t——=— =

Rr Ry R, R; 100 150 300 600 600

and R; =50 Q.
Then the supply current, I, is

2.5.2 CAPACITANCE

A capacitor is a component that can store charges. The effect of storing charges
in a capacitor makes the relationship between voltage and current more complicated
and creates an electric field. A capacitor consists of two conducting surfaces sepa-
rated by an insulating layer called a dielectric. Figure 2.9 shows different types of
capacitor fabrication.

Capacitors are better understood if we consider a simple capacitor consisting of
two parallel plate capacitor as the one shown in Figure 2.10.

(a)

(b) ()
—_—————— < Metal layer
Metal =
| N .
plates Dielectric
Semiconductor

Dielectric . .
Dielectric

FIGURE 2.9 Capacitor fabrication. Consisting in two conductors separated by an insulator:
(a) Parallel plates capacitor. (b) Tubular capacitor made from metal foil and flexible dielectric
material. (c) Integrated circuit capacitor.
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Plates of area A

Dielectric thickness

FIGURE 2.10 Parallel plate capacitor.

Electrons flowing around a circuit can produce a positive charge on one side of the
capacitor and an equal negative charge on the other. This results in an electric field
between the two plates (Figure 2.11).

The charge stored in a capacitor is directly proportional to the voltage across it.
The constant of proportionality is the capacitance C. Then, we can write the relation-
ship among the capacitance C, the charge Q, and the voltage V as

== 2.14
C VQ 2.14)

The physical dimensions of a capacitor effects the amount of charge to be stored,
then the physical dimension of a capacitor affects the capacitance of this component.
The capacitance of a parallel plate capacitor is proportional to the surface area of the
plates and inversely proportional to their separation. The constant of proportionality
is the permittivity of the dielectric (€). We can write an equation for the capacitor in
terms of its physical properties as

c=t2 2.15)

If the charge is measured in coulombs and the voltage in volts, the capacitance is
given in farads.

The permittivity € is a quantity that indicates the electrical characteristic of a
material. The permittivity is normally expressed as the product of the absolute value
€, (8.85 x 10712 F/m) and the relative permittivity €, as

£=¢, €, (2.16)

i Plates of area A
Positive charge Q /
o4+ + + + + + + +

T T

Negative charge -Q Electric field

FIGURE 2.11 Electric field in parallel plates capacitor.
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and the capacitance can be expressed as

Q.17)

The charge on the plates of the capacitor produces an electric field E, which is
proportional to the voltage applied to it and inversely proportional to the distance of
separation between the plates d. Then,

v
E=— 2.18
d (2.18)

The stored charge in a capacitor produces a force between positive and negative
charges and is described in terms of the electric flux linking them, which is mea-
sured in coulombs.

Flux density D given by the flux per unit area can be expressed as

_Q 2.19
DA (2.19)

where Q is the charge in the capacitor and A is the area of the capacitor plates.

The relationship between voltage (v,) and current (i) in a capacitor is very dif-
ferent compared to a resistor. The current—voltage relationship can be expressed in
terms of its voltage or current.

The voltage on a capacitor, v, is given by

1
c=—Ji, dt 2.20
v CJI (2.20)

where i, is the current through the capacitor integrated as a function of time and C is
the capacitance.
The current into a capacitor i, is given by

dv,

i,=C
dt

.21

where dv,/dt is the first derivative of the capacitor’s voltage with time.

Combining Equations 2.14, 2.18, and 2.19 for a capacitor, it can be deduced that
the permittivity of a dielectric within a capacitor is equal to the ratio of the electric
flux density to the electric field strength.

As

g=— (2.22)
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When capacitors are used with sinusoidal signals the current leads the voltage by
90° as we will discuss in Chapter 3.

The energy (W) stored within a charged capacitor can be deduced in terms of
their voltage or charge as

2
w=lcy=1Q (2.23)
2 C

N | —

2.5.2.1 Capacitors in Parallel

Consider a voltage V applied across two capacitors connected in parallel as indicated
in Figure 2.12.

The charge on each capacitor is Q, = VC, and Q, = VC, from Equation 2.14. If
the two capacitors are replaced by an equivalent capacitor Cg, then the total charge
Q of the single capacitor is equal to the sum of the charges of the two capacitors in
parallel, Q, and Q,.

Then the total charge Q is equal to Q, + Q,. Using Equation 2.14 the charges can
be written in terms of the capacitance and voltage as

Q=Q;+Q,=VC; =VC,+V(C, =V +C,)

Then, C;=C, +C,.
Expanding for n capacitors in parallel. The equivalent capacitance C; of n capaci-
tors connected in parallel is equal to the sum of all n capacitors. Then,

CT=C1+C2+C3+“'+CH (224)

2.5.2.2 Capacitors in Series

Consider a voltage V applied across two capacitors connected in series as indicated
in Figure 2.13.

The capacitors are in series the current is the same, then charge passing through
the capacitors is the same. The charge Q in each capacitor C,, C,, and an equivalent
capacitor Cg is the same. The sum of the voltages across C, and C, add to the total
voltage V applied across the two capacitors. Then, V =V, + V, or is written in terms
of charge and capacitance using Equation 2.14:

V:V1+V2:g:g+g:Q i+L
CE C] C2 Cl C2

FIGURE 2.12 Two capacitors connected in parallel.
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FIGURE 2.13 Two capacitors connected in series.

and

1 1 1
— =4
G G G

In general, the reciprocal of the equivalent capacitor C; of n capacitors connected
in series is equal to the sum of the n reciprocal capacitors.

11 11 1
14t tr 1. ...1 (2.25)
C; C C, G C,

EXAMPLE 2.6

Calculate the equivalent capacitance of three 9 uF capacitors connected in series
and then in parallel.

SoLuTION

Three 9 puF capacitors in series can be reduced to one equivalent capacitance
Cgr as

1 1 1 1 3
- + + -

Cs; 9uF  9uF  9uF  9pF

Then, Csr=3 uF.
And the three 9 uF capacitors connected in parallel can be reduced to one
equivalent capacitance Cp as

Cpr =9uUF+9uF+9uF=27puF

EXAMPLE 2.7

Three capacitors C, =20 uF, C, =30 puF, and C; =50 pF are connected in parallel
to a dc voltage source V,=110 V. Calculate the total equivalent capacitance of
the three capacitors in parallel C;, the total charge Qy, and the charge on each
capacitor.
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SoLuTiION
The total equivalent capacitance of the three capacitors connected in series is

Cr=C+Cy+Cy =20 uF+30 WF + 50 uF =100 uF
The total charge Qy is

Qr=C;V,=100-10°x110=11mF

The charge on the 20 pF capacitor is Q, =C,V,=20x 10°x 110 =2.2 mC.

The charge on the 30 uF capacitor is Q, = C,V,=30x 10°x 110 =3.3 mC.
The charge on the 50 uF capacitor is Q; = C;V, =50 x 10°x 110 = 5.5 mC.

also Qr=Q, +Q,+Q;=2.2 mC+3.3 mC+5.5 mC=11 mC as before.

2.5.3 INDUCTORS

An inductor is a coil of conducting material. In the simple form, an inductor can be
illustrated as in Figure 2.14.

A changing current in the conducting wire produces a changing magnetic field
around the coil. This changing magnetic field induces an emf in the conductor within
the field. Then when a current changes in a coil it induces an emf in the coil. This is
known as self-inductance or commonly known as inductance. The voltage of the emf
in the coil depends on the rate of change of the current with time. Then the voltage
induced is proportional to the variation of current with time di/dt. The proportionally
factor is the inductance L and is measured in Henry (H). We can write an expression
for the voltage as

vo=L=k (2.26)

where the term di, /dt indicates the first derivative of the inductor current with respect
to time.

The inductance of a coil depends on its dimensions and the material around which
it is formed.

i

FIGURE 2.14 An inductor with air-filled coil.
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The inductance of an air-filled coil can be expressed as

L, AN®

2.27
] 2.27)

L=

where N is the number of turns in the coil, 1 is the length of the coil, A is the cross-
sectional area of the coil, and 1, is the permeability of the free space (air in this case).

The permeability 1 is a measure of the ease with which magnetic flux can be
established in a material. The permeability of free space i, is 4 X 10”7 H/m. The
ratio of the permeability of any substance to that of the free space is called the rela-
tive permeability, L., a dimensionless number. The permeability can be expressed in
terms of the relative permeability and the permeability of free space as

= Mol (2.28)

The relative permeability for most materials is nearly one, but in ferromagnetic
materials such iron, nickel, cobalt, and their alloys L, is very high.

If a ferromagnetic material is used in the coil, instead of air, the inductance is
greatly increased as the permeability is high. Figure 2.15 illustrates an inductor with
ferromagnetic material filled.

The inductance of a ferromagnetic material-filled coil can be expressed in terms
of its permeability as

2
L= uourlAN (2.29)

Inductors and capacitors are elements with capacity to store energy. Inductors
store energy within a magnetic field.

2.5.3.1 Inductors in Series

Inductors can be connected in series when the current passing through them is the
same. Inductors that are not linked magnetically can be connected in series as indi-
cated in Figure 2.16. The equivalent inductance, Ly, of n inductances connected is
series is the sum of all inductances, that is, inductors can be combined the same way
as for resistors.

Lr=L;+L,+Ls;+---+L, (2.30)

| Iron rod

FIGURE 2.15 A coil wound on an iron rod.
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Ly L L, L, L, ... L,
NWW\_ = WYL NWV_NVYWWAL VW /VYWWWAL
FIGURE 2.16 Inductors in series.
Ly - L L, LL; Ly Ly &7 La

FIGURE 2.17 Inductors in parallel.

2.5.3.2 Inductors in Parallel

Inductors can be connected in parallel when the voltage across them is the same.
Inductors that are not linked magnetically can be connected in parallel as indi-
cated in Figure 2.17.
The reciprocal equivalent inductance, L, of n inductances connected in parallel
is the sum of all n reciprocal inductances in parallel.

1 1 1 1 1
e — (23D
Ly L L, L L,

EXAMPLE 2.8

Calculate the equivalent inductance of three 12 mH inductors connected in series
and then in parallel.

SOLUTION

Three 12 mH inductors connected in series can be reduced to one equivalent
inductance L¢; as

L =12mH+12mH+12mH =36 mH

Then Ly =36 mH
And the three 12 mH inductors connected in parallel can be reduced to one
equivalent inductance Ly as

SR ES B -
Lr 12mH 12mH 12mH  12mH

Then Lyr=4 mH

EXAMPLE 2.9

Calculate the inductance, L, that connected in parallel with L, =30 mH provide a
total equivalent inductance L; of 12 mH.
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SoLuTioN
The total inductor L; is equivalent to the parallel of L, and L, as

1 1T 1 1 1 1

—_— =4 —= = —+
Iy L L 12mH L, 30mH
Then,
i_ 1 3 1 _30mH-12mH _ 18mH
L, 12mH 30mH 360(mH)? 360(mH)?
and
L1:360mH:20mH
18

2.5.3.3 Energy Storage W in an Inductor

The energy added to the magnetic field in increment of time dt, is the product of the
voltage, the current and the increment time. Then the energy added AW is

AW = vidt (2.32)

Replacing the voltage as function of inductance, we have

dise = Lidi (2.33)

AW =L —
dt

The current is increased from zero to I, we can calculate to total energy W as

1
W= j idt = %LIZ (2.34)
0

2.5.4 AprpLICATION: INDUCTIVE PROXIMITY SENSORS

Consider a fixed coil wrapped around a ferromagnetic material as indicated in
Figure 2.18. If a ferromagnetic plate moves close to the fixed coil it will change the
inductance of the fixed coil. The changes in inductance can be sensed indicating
proximity between the ferromagnetic plate and the fixed coil.

2.6 ACTIVE COMPONENTS OF A CIRCUIT: SOURCES

For the electrons to move they need external energy to be added to them. This
can come from different types of energy, such as solar cells, chemical reactions,
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e

Ferromagnetic
plate

<
9 b
4+—P
b > Output
< >
3

FIGURE 2.18 Proximity sensor application.

electro-mechanical conversion, etc. In circuit analysis this energy is concentrated
and it is represented by an electrical source. There are voltage and current sources.

2.6.1 IDEAL VOLTAGE SOURCE

An ideal voltage source is a source that does not have any losses. In practice, it is
possible to have sources with small losses close to ideal sources. An ideal source
does not exist in practice, but the concept of ideal sources is a very useful concept in
the analysis of electric circuits.

In an ideal voltage source the voltage level is maintained at all levels of current,
this make the voltage independent of current drawn from it. Figure 2.19 shows the
output characteristics of an ideal voltage source where the terminal voltage (V) is
independent of the value of the current (I).

2.6.2 PRACTICAL VOLTAGE SOURCE

Practical voltage sources have some losses. A practical source can be represented
by adding external passive components to an ideal source to represents losses in the
source. The practical source is represented by an equivalent circuit consisting of an
ideal source in series with a resistance. This resistance added to the ideal source is
known as the internal resistance. Figure 2.20 shows a practical source and its output
characteristics.

A practical voltage source has a terminal voltage, V, which will depend on the
value of the load current I. As the current drawn from the source increases the losses
increase and the output voltage level is reduced.

Voltage

> Current
V = Terminal voltage

E = emf

FIGURE 2.19 1Ideal dc source and its output characteristics.
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I 4

' Voltage
i ———————
T :
» Current
r = internal
resistance

FIGURE 2.20 Practical dc source and its output characteristics.

2.6.3 VOLTAGE SOURCES CONNECTED IN SERIES

For voltage sources connected in series, the total emf is equal to the sum of the
source’s emfs (electromotive forces) and the total internal resistance is equal to the
sum of the source’s internal resistances.

Note that polarity must be considered when adding sources in series.

2.6.4 VOLTAGE SOURCES CONNECTED IN PARALLEL

For sources connected in parallel, assuming each source has the same emf and inter-
nal resistance, the total emf is equal to emf of one source and the total internal resis-
tance of n cells is equal to internal resistance of one cell/n.

In practice, sources of different voltage are not connected in parallel as this may
produce a large current circulating through the sources that may damage them.

2.6.4.1 Ideal Current Source

As in the case of ideal voltage source, the concept of ideal current source is a useful
concept in the analysis of electric circuits. An ideal current source has constant cur-
rent independent of voltage across the terminals.

Figure 2.21 shows an ideal dc current source and its output characteristics.

2.6.4.2 Practical Current Source

As in the case of a voltage source, a practical current source can be represented by
adding external passive components to represent losses. In the case of a practical
current source, an internal resistor is added in parallel to an ideal current source.

A practical current source has a terminal current, which depends on of the value
of the load voltage V. Figure 2.22 shows a practical current source and its output
characteristics.

Current

Io
....................... Io
To % V Load ||
0 »Voltage

FIGURE 2.21 Ideal dc current source and its output characteristics.
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Io 4 Current

n
P>

O
Ir
Load
Io 8 r v
0

» Voltage
r = internal

I, = current through
resistance

internal resistance

FIGURE 2.22 Practical current source and its output characteristics.

2.7 ELECTRIC CIRCUITS/NETWORKS

Now if we combine passive components and active components then we create an
electric circuit. A circuit is a combination of active and passive elements joined at
terminal points providing at least one closed path through which charge can flow.

Let us look at a very simple circuit or network consisting in only two elements: a
passive element and an active element connected as shown in Figure 2.23.

The active component, in this case the voltage source, is known as the emf. The
emf represents the driving influence that causes a current to flow. The energy trans-
ferred due to the passage of unit charge between two points in a circuit is known as
the potential difference (pd).

The emfis always active in that it tends to produce an electric current in a circuit.
A pd may be either passive or active. A network or a circuit is said to be passive if it
contains no source of emf. A network or circuit is said to be active if it contains one
or more of emf.

Now let us see what happens in this simple circuit shown in Figure 2.23, with the
relationship between the polarity of voltages and the direction current in the passive
and active component. As it was defined, the current is produced by movement of
electrons and then the electron was defined as a negative charge; there is a difference
in the current direction and polarities in passive and active components. This some-
times creates confusion in the analysis of circuits.

Let us create the circuit shown in Figure 2.23 from the beginning. First, we start
with the emf source alone with the given polarity as shown in Figure 2.23. As this
source is not connected, the current through it is zero. If we connect the source to
a load as indicated in Figure 2.23 a current will circulate in the source from the
negative terminal to the positive terminal, that is, from bottom to top of the page.

+ 1 +
E (emf) Ig Source v (pd)_ l Load

FIGURE 2.23 Two elements electric circuit.
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The source is connected now to the passive component with the positive terminal to
top of the component and negative terminal to the bottom of the passive component
imposing the polarity in the passive component indicated in Figure 2.23. Now there
is only one current in this circuit as there is only one path for the electrons to circu-
late. This current is imposed by the source and circulates clockwise. If we compare
the polarity of the source and the direction of the current we see that in the source
the current is circulating from negative polarity to positive polarity. In the passive
component this not the case, the direction of the current is circulating from positive
polarity to the negative polarity. Then, there is difference between circulation of cur-
rent and polarity of voltages in active components compared to passive components.
This sometimes creates confusion in solving a circuit but there are general methods
of solving circuits that avoid this difficulty.

EXAMPLE 2.10

For the circuit shown in Figure 2.24 you are required to indicate, with arrows, the
direction of all currents. Also indicate with arrows the direction of all voltages,
the arrow for voltages go from the negative terminal to the positive terminal as
indicated in Figure 2.24.

In this case, the active component imposes the direction of the current through
R, in the direction from the right to the left of this page. Then, this current splits into
two currents through R, and R, as indicated in the solution shown in Figure 2.25.
Once the directions of the currents are determined, the polarities can be deduced.
Figure 2.25 shows all voltages and currents.

R, Ry

+ | Voltage
v — R R, +€——_
— 2 .
s | Polarity
R;

Rg

FIGURE 2.24 Electric circuit exercise in the direction of current and voltages for
Example 2.10.

FIGURE 2.25 Solution of circuit indicated in Figure 2.24 indicating all voltages and cur-
rent for Example 2.10.
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In some cases it is difficult to determine the direction of the current, especially
if there is more than one source. In general, if the direction of the current is not
known to solve a circuit, we can assume a direction of the current in a component
and stick to that assumption. Once the circuit is solved, if the current or voltage
to be calculated comes out with a negative value, it indicates that the current
circulates in the opposite direction to the assumed one. In the case of a voltage, a
negative voltage indicates the polarities assumed are reverse.

2.7.1  SeLecTiON OF COMPONENTS

Electrical components can have a large variation in physical size for different com-
ponents and also for a given component type. In Chapter 21, information on how to
select electronic components is included.

2.8 KEY POINTS

e An electric current is a flow of charge.

e A voltage source produces an emf that can cause a current to flow.

» Ideal sources have zero internal resistance. Practical voltage sources are
represented by an equivalent circuit including their internal resistance.

e Ohm’s law indicates that the current in a resistor is directly proportional to
the voltage across it.

¢ The equivalent resistance of n resistors connected in series is given by the
sum of all n resistances.

¢ The reciprocal of an equivalent resistance of n resistors in parallel is equal
to the sum of the reciprocals of the n resistances.

e A capacitor consists of two plates separated by a dielectric.

e The equivalent capacitance of n capacitors in parallel is equal to the sum of
n individual capacitances.

e The reciprocal of an equivalent capacitance of n capacitors in series is equal
to the sum of the reciprocals of the n individual capacitances.

e The energy stored in a capacitor is 1/2(CV?) or 1/2(Q?*/C).

* Inductors store energy within a magnetic field.

e A wire carrying a current creates a magnetic field.

¢ Inductors can be made by coiling a wire; a ferromagnetic material will
increase the inductance.

e The energy stored in an inductor is equal to 1/2(LI?).
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3.1 CONCEPT OF STEADY STATE AND TRANSIENT SOLUTIONS

When an external energy is applied to a circuit, through either the connection of a
voltage or current source, some components will not respond instantaneously to this
stimulus. In particular, capacitors and inductors can absorb or dissipate energy in a
finite time. This means that the total response of circuits consists of two parts: the
transient response and the permanent or steady-state response. The total response
then will be the sum of the transient response plus the steady-state response.

The transient response is a response that takes place in a very short period of time.
It is the time for the circuit to settle before it reaches a permanent state. This transient
response is a response to changes in the circuit; changes in a circuit can be due to
the closing or opening switches or any sudden variation in a circuit. The transient
response also depends on the state of a component previous to its connection to a
circuit. For example, if a capacitor is connected to a circuit, and this capacitor has
been precharged, the response will be different than if the connected capacitor was
discharged. In circuit analysis this is known as the initial condition of a component.
Usually it is an initial voltage for a capacitor or an initial current for an inductor. The
transient response only remains for a very short period of time usually in the order of
milliseconds and is the reaction of a circuit to instantaneous changes. The charging
or discharging of a capacitor, and the energizing or de-energizing of an inductor will
take time to settle into a permanent response.

The steady-state response, also known as permanent response, is the response of
a circuit after the time engaged by the transient response has been completed. In this
chapter, we will concentrate on the steady-state response of a circuit.

When an ac signal is applied to a circuit, voltages and currents change as the time
varies. A solution of an ac circuit is time-dependent. If the signal is a periodic signal,
it is possible to use a method based on the variation of the amplitude and phase of the
response to make it artificially independent of the time variation. In this chapter we
will discuss this method by introducing the concept of phasors and working in the
frequency domain instead of the time domain.

Once a circuit is created then it is necessary to calculate or measure the different
voltages and currents in the different components or part of the circuit to check its
behavior. With the information of voltages and currents the electric power can be
calculated. There are two important rules that can be used to solve a circuit, that
is, calculation of voltages and currents. These regulations are known as Kirchhoff’s
laws in circuit analysis. The application of Kirchhoff’s laws will solve a circuit no
matter how many elements are in it or how complex it is.

One of the aims of this chapter is to understand the basic concept of Kirchhoff’s
laws associated with potential differences (pds) in closed circuits and electric cur-
rents in a circuit junction and their applications to solve dc and ac circuits.

35
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3.2 DC CIRCUITS

A dc circuit is a circuit that consists of dc sources and passive components. The
relationship between voltage and current in a particular component is given by the
expression relating their voltage and current as indicated in Chapter 2. The relation-
ship between a voltage and a current in a resistance is given by Ohm’s law as indi-
cated in Chapter 2. Under dc state a capacitor will be charged during its transient
response and under steady response it will remain charged. Then, in a dc network the
capacitor can be considered as an open circuit for the steady-state dc analysis. In the
case of an inductor under transient response, the inductor will store a current. Under
the steady-state regime this current will remain, then in a dc network the inductor
can be considered as a closed circuit for the steady-state dc analysis.

If we want to calculate voltages and current in circuits, then we have to make use
of Kirchhoff’s laws. The relationship among voltages and currents in a circuit (not
just a single component) is given by Kirchhoff’s laws.

3.2.1  KircHHOFF’s CURRENT LAw AppLIED TO ELECTRIC Circuits: KCL

A junction also known in circuit analysis as node is a point in a circuit where three or

more circuit elements are joined. The Kirchhoff’s current law (KCL) applies to cur-

rents in a junction. KCL is a simple concept and it is based on the fact that in nodes

the total number of electrons that remain in the node is zero, so electrons going into

a node are just passing through and they come out of the node in the same number.
KCL can be defined as

The sum of the currents entering a node is equal to the sum of the currents leaving the
same node.

It is also expressed assigning value to direction of current as
The algebraic sum of all the currents meeting at a common node is zero.

But in this case, it is assumed that the currents toward a junction are considered
positive and those away from the same junction negative or vice versa.

The first definition may have certain advantages as this makes it easier to apply
Kirchhoff’s voltage law (KVL) in a similar way as KCL. Therefore, for the applica-
tion of KCL the key words are currents and node.

Sum of currents entering a node = Sum of currents leaving the same node

Some common source of errors in applying this law is to use currents from dif-
ferent nodes, or not considering all currents in a node, or not identifying a node
properly. The law applies to all currents in a particular node.

EXAMPLE 3.1

We can illustrate the application of KCL with an example. Let us identify nodes
and apply KCL to the circuit shown in Figure 3.1.
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L Rg C I Ry

FIGURE 3.1 Circuit diagram for Example 3.1. Application of KCL.

KCL can be applied to any node. In this circuit we have three nodes. Nodes:
A, B, and C

Node A
Currents entering node A: I, and I,
Currents leaving node A: Iy and 1,
Sum of currents entering node A=, +1,

Sum of currents leaving node A= 1, + 1,

Therefore, by KCL
[1 + ]2 = 13 + I4

(The sum of the currents entering a junction [node] is equal to the sum of the
currents leaving the junction.)
Rearranging this equation we have

|1+|2—|3—|4=0

If the currents toward a junction are considered positive and those away from
the same junction negative, then the algebraic sum of all the currents meeting at a
common junction is zero. This is another way of stating KCL.

Similarly, using KCL for nodes B and node C we can obtain equations that relate
the existing currents in those nodes.

Node B

l4 =|2+[5

Node C

l3 +|5:I]

37
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EXERCISE 3.1

Identify all nodes existing in the network shown in Figure 3.2. Without looking at the
solution spend a few minutes to determine the number of nodes.

Solution

The circuit of Exercise 3.1 contains five nodes. In circuit analysis it is assumed that
the wire connecting elements have zero resistance; hence, two or more points in a
wire from the electrical point of view are connected to the same point. The solution
to this exercise is given in Figure 3.3.

EXAMPLE 3.2

For the circuit shown in Figure 3.4 calculate the currents |;, 1,, and I using KCL.

SoLuTioN

At node B. Currents going into node B: 10 A; currents going out of node B: I
and TA.
By KCL at node B

10A=L+1A

Node 4 R, Node 5

FIGURE 3.3 Circuit diagram showing all nodes as the solution to Exercise 3.1.
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FIGURE 3.4 Circuit diagram for Example 3.2. Application of KCL.

Then,

Lh=1T0A-TA=9A

At node C. Currents going into node C: 2 A and |;; currents going out of node
C: 1.
By KCL at node C

L=h+2A=9A+2A=11A

At node A. Currents going into node A: Ig; currents going out of node A: 2 and
10 A.
By KCL at node A

ls=2A+10A=12A

Also at node D. Currents going into node D: I, and 1 A; currents going out of
node D: Ig.
By KCL at node D

s=L+TA=1TA+TA=12A

as indicated earlier.

EXAMPLE 3.3

For the circuit shown in Figure 3.5, calculate the currents I, 1,, I;, 1,, and |5 using
KCL.

SoLUTION
By KCL at node A

30A=5L+10A



40 Analog Electronics Applications

Rl
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30 A I
I > C
12A
Rll
RlO
N e

FIGURE 3.5 Circuit diagram for Example 3.3. Application of KCL.
Then
L=30A-10A=20A
By KCL at node E
h=L+10A
Then
L=h-10A=20A-10A=10A
By KCL at node D
L+L=12A
Then
L=12-1,=12-10=2A
By KCL at node F
30A=10+1,
Then
I, =20A

By KCL at node B

10A =L +Is
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Then

s5=10A-=10A-2A=8A

3.2.2 KIRcHHOFF’s VOLTAGE Law AppLiED TO ELEcTRIC Circuits: KVL

A closed circuit, or a loop, is created by starting at a selected node and then tracing
through a set of connected circuit elements in such a manner that we return to the
original starting node without passing through any intermediate node more than
once.

The KVL applies to voltages in a closed circuit. KVL is a simple concept to pro-
vide the relationship between voltages in a closed circuit taking into account their
polarities.

KVL can be defined as

The sum of all the rises of potentials around any closed circuit equals the sum of the
drops of potential in the same closed circuit.

KVL can also be expressed assigning polarities to the potential around a closed
circuit. If the potential rises are considered positive and the potential drop as nega-
tive, then KVL can also be defined as:

The algebraic sum of the potential differences around a closed circuit is zero.

Therefore, for the application of KVL the key words are closed circuit and
voltages.
KVL:

Sum of potential rises around a closed circuit = sum of potential drops in the same
closed circuit.

KVL is a simple concept but in some cases the application of this law brings some
small complications. In some circuits it is difficult to know the right polarity of a
voltage in a component before the circuit is solved.

In Chapter 2, we indicated the difference with direction of voltages and currents in
passive and active elements. In some cases, before we solve a circuit we do not know
the direction of a current. This happens when there is more than one source in the cir-
cuit and each source will try to impose a direction of current in the circuit. In general,
an approach to solve this problem is to assume direction of currents. Once the direc-
tion of currents is assumed, the direction of the voltages in passive components can be
deduced. In these passive elements, the direction of the current is opposite to the direc-
tion of the arrow indicating the voltage. Let us look at one example to illustrate this.

EXAMPLE 3.4

In the circuit of Figure 3.6a we want to identify the direction arrows for voltages
and currents.
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FIGURE 3.6 (a) Circuit diagram for Example 3.4. (b) [llustration of direction of currents in
this circuit. (c) Polarities of voltages in the same circuit.

In this circuit we do not know the direction of the current passing through R..
The two active components are competing, with source V, trying to impose a cur-
rent going from left to right (current in source V, goes from negative to positive).
On the other hand, source V, tries to impose a current in the opposite direction.
We can assume that the current in R, (I,) goes from left to right. Once this is
assumed we can then deduce the other currents (I, I.). Current passing through R,
reaches node A then splits into two currents as indicated in Figure 3.6b. Once the
directions of the currents have been established, then we can deduce the direc-
tion of the arrows indicating the voltages (polarities). Figure 3.6c indicates voltages
in passive components. The polarities of the active components are indicated by
the positive and negative of their source terminals.

Now let us look at a way of applying KVL that makes it easy to decide the
polarity issue. The law applies to a closed circuit. If we determine a direction
of voltages in a closed loop then in this closed loop we have only two direc-
tions: clockwise or anticlockwise. By representing a voltage with an arrow with
direction going from the negative terminal to the positive terminal, we can have
all voltages in a closed circuit with their particular directions, as indicated in
Figure 3.6¢ for Example 3.4. The application of this law is made easier because
we can assume the “clockwise voltages” as potential rise then “anticlockwise”
voltages must be potential drop or vice versa. For the application of this law
it does not matter. If we determine the direction of the voltages then we can
apply KVL in a similar manner as the application of the KCL. This is particularly
beneficial in cases where we do not know the polarities of a voltage across a
component. There is no confusion in relation to the sources as we know their
polarities.
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In summary, the proposed method is as follows: assuming direction of cur-
rents allows the deduction of the direction of voltages (remember in a passive
component the current enters by the positive terminal); then the arrow indicating
the voltage is in opposite direction to the current direction. The directions of the
voltage due to sources are indicated by the polarities of the source. Example 3.5
illustrates the application of KVL in this way.

EXAMPLE 3.5

In the circuit shown in Figure 3.7 we have one closed circuit (loop) and five pds.
The direction of the current is not known as it depends on the source that imposes
the current. Source V, will try to impose a clockwise current and source Vg will
try to impose an anticlockwise current. Let us assume that the dominant source
is V,, and that the current, |, circulates clockwise as indicated in Figure 3.7. Once
this assumption is made we can deduce the direction of the pds in the other pas-
sive components. They are indicated as Vg, V|, and V. in Figure 3.7. The direction
of the “voltage arrow” is in opposition to the direction of the current as they are
passive components.

The pds can be potential drops or potential rises. Since we applied KVL in a
closed circuit the direction of the arrows indicating the pds can be either clock-
wise or anticlockwise.

The directions of pds in Example 3.5 are shown in Figure 3.8.

We can determine the potential drops and the potential rises by inspecting the
direction of the arrow of the pds. In this example we have the pd for V, as having
a clockwise direction, so we can take V, as a potential rise.

R I L
— ;
Vi \

== =1~

FIGURE 3.7 Circuit for KVL for Example 3.5.

Clockwise Anticlockwise
Vi
\f
A\
A VB
VC

FIGURE 3.8 Clockwise and anticlockwise direction of voltages for Example 3.5.
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Potential rise : V

The rest of the pds are anticlockwise, so we can take them as potential drops.

Potential drops : Vg, Vi, Vs, and V¢

Then, by applying KVL we have that

V/\:VR+VL+VB+VC

The sum of the rises of potentials around any closed circuit equals the sum of
the drops of potential in that circuit. Or rearranging this equation we have

VA—VR—VL—VB—VC:O

The algebraic sum of the pds around a closed circuit is zero.

EXERCISE 3.2
Inspect the circuit shown in Figure 3.9 and determine the total number of closed
circuits.

Without looking at the solution spend a few minutes to determine the number of
closed circuits.

Solution

The solution to this exercise provides seven closed circuits; they can be expressed in
term of nodes A, B, C, and D as

Closed circuit 1: ABCA
Closed circuit 2: CBDC

FIGURE 3.9 Circuit for Exercise 3.2. Determination of the number of closed circuits.
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Closed circuit 3: ACDA
Closed circuit 4: ABDA
Closed circuit 5: ABDCA
Closed circuit 6: ACBDA
Closed circuit 7: ABCDA

EXAMPLE 3.6

For the circuit shown in Figure 3.10, calculate the value of voltages V,, V,, and V.
using KVL.

In circuit theory a node is formed when three or more branches meet. In this
example the letters ABCDEGF and H indicate points in the circuit. Their only pur-
pose is to identify the closed circuits.

Loop BCDEFB:
Clockwise: V,, 10 V

Anticlockwise: 100 V

KVL: V, + 10 = 100 therefore V, =90 V

Loop FEGHF:

Clockwise: 150 V

Anticlockwise: V, 20V, V,

KVL: 150 =V_+ 20+ V, =V_+ 20 + 90 therefore V. =40 V
Loop ABFHA:

Clockwise: 200 V

Anticlockwise: 150V, 10V, V,,
KVL: 200=150 V+ 10 V + V, therefore V, =40 V

|

Vb

200 VT - 10 VI T_ T 1o

150 V
—

H _:'_IF
ul\’c Tva
20V

—
| —
G

FIGURE 3.10 Circuit for KVL for Example 3.6.

]
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EXAMPLE 3.7

For the circuit shown in Figure 3.11, calculate the value of voltages V,, V,, and V,
using KVL.

In circuit theory a node is formed when three or more branches meet. In this
example, the letters ABCDEGF and H indicate points in the circuit. Their only
purpose is to identify the closed circuits.

Applying KVL to closed circuit BCHGEB, we can write

Vi=20V+10V =30V

Therefore, V, =30V
Applying KVL to closed circuit ABEDA, we can write

50:V2+V1+1O

or

V,=50-V,-10=50-30-10=10V

Therefore, V,=10 V
Applying KVL to closed circuit DEGFD, we can write

8+V3:V2+1O

or

V;=V,+10-8=10+10-8=12V

Therefore, V; =12V

A B C
—_
4
0oV l
+ .
OV |——— le
V2
—
D —1:'—113 TZOV

lSV llOV
Vs
—
| —
F

FIGURE 3.11  Circuit for KVL for Example 3.7.

o) mm
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EXAMPLE 3.8

In the circuit shown in Figure 3.12 the current passing through the 200 Q resistor,
I, is 20 mA. Calculate the current supply by the dc voltage source and the emf
provided by the dc source.

SoLuTioN
If I, =20 mA then the voltage across the 200 Q resistor, V,q, is

Vago =200 %k =200x20x107 =4V

This is the same voltage across the combination of the three resistors 20, 100,
and 40 Q connected in series. Then,

4

=— " =25x10°A
204100+ 40

]

Now by KCL

L=h+l =20x107+25x107° =45x10° A

and applying KVL in the loop formed by E, and voltages across the 50, 200, and
90 Q we can calculate E; as

E, = 50l + 200l + 90, =50 x25x 107 +200%x20x 102> +90x 25% 10> =7.5V

EXAMPLE 3.9

Two pieces of semiconductor material having 20 and 30 Q, respectively, are con-
nected across a dc voltage source of emf =12 V with an internal resistance of 3 Q.
Draw a circuit for this system and calculate the current drawn by the source, |,
and the output terminal voltage of the source, V..

SOLUTION

An equivalent circuit of this system is drawn in Figure 3.13.

I 50 Q 20 Q
. | — |
{1 L I
L L
E,—— 200 Q 100 Q
| S | — |
90 Q 40 Q

FIGURE 3.12 Circuit for Example 3.8.
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V. 20 Q 30Q

_________________________

Voltage source

FIGURE 3.13 An equivalent circuit for system of Example 3.9.

Resistors 20 and 30 Q can be reduced into one resistor as shown in Figure 3.14.
The source current, |, can be calculated as

12

= =0.8A
3+12

Iy

and applying KVL to circuit shown in Figure 3.14, we can write

12=3+V,

or

Vi=12-3l,=12-3%x0.8=9.6V

EXAMPLE 3.10

A 15 Q resistor is connected in parallel to a variable resistor, Rv. This parallel
combination is connected in series with a piece of equipment, W, and the whole
system connected to a dc voltage supply of 50 V dc. Draw an electric circuit for
the system and determine the value of the variable resistor that makes the equip-
ment W dissipate 60 W when a current of 3 A passes through W.

SoLuTION

Figure 3.15 shows a circuit for this example.

20 x 30/(20 + 30)
=12Q

emf =

FIGURE 3.14 Simplified circuit of system from Example 3.9 with the 20 and 30 Q resistors
combined into one resistor.
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V\X/
D —
W R
60 W |—>
3A L Ipy
Vs—/=" 50V 15Q Rv

FIGURE 3.15 An equivalent circuit for system of Example 3.10.

The voltage across the equipment W at 3 A will be

_Pw _60

VW :?:20\/

=
Applying KVL to the loop that contains equipment W, we have

Vi =Vw +15x1,=50=20+15x]

or
h=2Y22A
15
Applying KCL we can write
lw=h+ly=3=2+k,
or

|Rv :1A

The 15 Q resistor and Rv resistor are in parallel. Hence, they have the same
voltage across them:

Ve =15xL=15%x2=30V

With the voltage across Rv and its current I, we can calculate the value of Rv as

Rv="R =30 _300
ke 1
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Application of KCL and KVL: Combining the application of KCL and KVL we
can find the solution to any circuit no matter how complex or large it is. Let us
look at the application of the two laws to solve a circuit. This can be illustrated in
the following example.

EXAMPLE 3.11

Let us apply KCL and KVL to the circuit shown in Figure 3.16 to determine the
currents I, I,, and 1.

Let us consider node A and apply KCL to this node. This will lead to the fol-
lowing equation:

l1+|2 :|3 (3])

Now let us express the voltages in terms of their currents and resistances using
Ohm’s law. Select the left-hand side (LHS) loop alone as shown in Figure 3.17 and
apply KVL to this loop.

Voltage across 2 Q resistor is 2 x I; and voltage across 8 Q resistor is 8 x I, by
Ohm’s law (V =RI).

FIGURE 3.16 Circuit diagram for Example 3.11. Application of KVL and KCL.

LHS loop

FIGURE 3.17 LHS loop circuit for Example 3.11.
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Clockwise Anticlockwise
2x1
32V
(source) 8x1;

FIGURE 3.18 Clockwise and anticlockwise voltages for Example 3.11.

Identifying the voltage with clockwise or anticlockwise direction we have
(Figure 3.18):

Clockwise voltages: 32 V (source)
Anticlockwise voltages: 2 x 1, and 8 x I,

Then, by KVL

Now let us consider the right-hand side (RHS) loop alone and apply KVL to this
loop (Figure 3.19).

Direction of voltages (Figure 3.20):

By KVL

1
1
1
1
1
1
1
1
1
1
i
1

TZOV i RHS loop
1
1
1
1
1
1
1
1
1
1

FIGURE 3.19 RHS loop circuit for Example 3.11.

Clockwise Anticlockwise
4x1, 20V
(source)
8 x1;

FIGURE 3.20 RHS loop clockwise and anticlockwise voltages for Example 3.11.
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The system of Equations 3.1 through 3.3 has three unknowns: I, I,, and I;. By
applying KCL and KVL we have obtained three independent equations: Equations
3.1 through 3.3. Therefore, the system has a solution. Solving this system of three
simultaneous equations we can obtain the solution for I, 1,, and I,.

The solutions are as follows: I, =4 A, I,=-1 A, and ;=3 A.

Note: To solve a system we need the same number of independent equations as the
number of unknown equations.

As an exercise, you can solve the system of simultaneous equation: Equations 3.1
through 3.3 to obtain I, I,, and I; to verify the solution given above.

“External” loop: Now let us consider the other closed circuit in Example 3.11, that
is, the external loop (Figure 3.21).

Direction of voltages (Figure 3.22):

By applying KVL, we obtain

32 +41, =20+ 2], (3.4)

Now let us subtract Equation 3.3 from Equation 3.2

(Equation 3.2) > 32 =21, + 81,

2Q L 4Q I,

| 1 |

—
2x1

: -—
: 4x1,
] +
—— B Tzovu
B i
&

External loop

W

(3]

<
—
||+

FIGURE 3.21 External loop for Example 3.1.

Clockwise Anticlockwise
32V 20V
4x1, 2x1;

FIGURE 3.22 External loop. Clockwise and anticlockwise voltages.
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(Equation 3.3) > 20 =41, +8I;
32-20=2I,-41,
Equations 3.2 through 3.3 gives us
32-20=2I,—-41,
Rearranging this equation, we obtain

32 +41, =20+2],

This is the same as Equation 3.4. Therefore, Equation 3.4 is not an independent
equation!

Note: In order to obtain the solution of a system we need the same number of inde-
pendent equations as the number of unknown equations.

The application of KCL and KVL will provide a large number of equations. The
application of KCL will produce a number of equations equal to the number of nodes
in a circuit. The application of KVL will produce a number of equations equal to the
number of closed circuits in a network. It should be noted that not all these equations
are independent. In the previous example we saw that some equations come from
combining equations, hence not independent. To solve a circuit we need the same
number of equations as the number of unknowns, but these equations have to be
independent.

In circuit analysis there are various methods to acquire the required independent
equations. The mesh method is one of them.

Mesh current method (General approach): In a network there can be many closed
circuits. A mesh (or window) is a special type of closed circuit. It is a closed circuit
that does not contain any other loops within it.

The mesh current method to solve a circuit is a general systematic approach that
can be applied to any circuit. It is based is on the application of KVL in meshes. The
mesh current method is based on KVL applied in a special way; it considers volt-
ages in meshed as function of one current in the mesh. It is a systematic approach.
Therefore, let us consider the mesh current method application in four steps.

The required steps to apply mesh current method are as follows:

i. Determine the meshes “windows” in the network

ii. Assign a mesh current (clockwise direction) in each mesh
iii. Apply KVL in each mesh
iv. Solve the system of equations

Let us look at an example to illustrate this method and follow the four steps to
solve a circuit.
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EXAMPLE 3.12

Solve the circuit shown in Figure 3.23 using the mesh current method.

Step i: Determine the meshes “windows” in the network.
This circuit has two “windows”—abda and bcdb
(abcda is not a mesh, because the branch containing R; is part of other
loop).
Step ii: Assign a mesh current (clockwise direction) in each mesh.
We can assign I, to loop abda and I, to loop bedb as shown in Figure 3.24
Step iii: Apply KVL in each mesh.
Apply KVL to loop abda and bcdb in term of mesh currents I, and 1,.
Voltage across R; is R; x I,
Voltage across R, is R, x I,
Voltage across Ry is Ry x (I, — 1,)

Figure 3.25 indicates all voltage across the resistances in terms of currents pass-
ing through each resistor.
Applying KVL to mesh abda, we obtain

Vi =R +Rs(h = 1)) (3.5)

FIGURE 3.23 Circuit to be solved using the mesh current method in Example 3.12.

FIGURE 3.24 Circuit for mesh current method containing mesh currents I, and I,.
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FIGURE 3.25 Meshes for Example 3.12 including the pds across the resistors.
Applying KVL to mesh bedb, we obtain
R3(h =) =Rul, +V, (3.6)

Rearranging Equation 3.6, we can write the same equation as

=V, =R3(l; =) +Rol,

Note: Equations 3.5 and 3.6 can be written in a kind of mechanical way by leav-
ing voltages due to sources on one side of the equation and on the other side of
the equation the voltages due to passive components. Solving the brackets for
Equations 3.5 and 3.6, we have

Vi =Ry +R3)l =Rjl; (3.7)

and

-V, =-R3h + R, +R3)l, (3.8)

These equations can be written directly by examining Figure 3.24: In loop
abda the arrow of I, and V, are in the same direction, then V, becomes positive
on one side of Equation 3.7. In loop bcdb the arrow of 1, and V, are in opposite
directions, then V, becomes negative in Equation 3.8. On the other side of these
equations, voltages corresponding to passive components can be written by add-
ing resistance in the path of the current as positive voltage. When we encounter a
resistance that involves two currents such as R, we add a negative voltage in terms
of the other mesh current. For example, in loop abda (Equation 3.7) R, and R, are
in the path of I;, then we have a term +(R, + R);, but R; is common to the other
mesh in terms of 1,, then a term —R;1, is added to this equation.

Step iv: Solve the system of equations.
Solve the system of Equations 3.5 and 3.6 for I, and 1,.

55
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The example above gives the value of current I; and I,. This allows you to cal-
culate the voltage across R, and R,. To calculate the voltage across R; we need to
know the current through R;. The current through R; is the difference of I, and |,

ks =(h—=1p) (3.9

In general, the current through an element is the difference of the two and has
the direction of the larger.

EXAMPLE 3.13

For the circuit shown in Figure 3.26 calculate the currents through the voltage
sources using the mesh current method.

Step i: Choose meshes—This circuit has two meshes: one formed by resistor
of 1Q, 2 Q, and the 4 V source; the other one is formed by resistor 2 Q,
3 Q, and the 5 V source.

Step ii: Assign current |, in the mesh formed by resistor of 1 Q, 2 Q, and
the 4 V source and |, in mesh formed by resistor 2 Q, 3 Q, and the 5V
source.

Step iii: Applying KVL in each mesh, we have

4 =1xkL+20-1) (3.10)
=5=3xl=2(-1) 3.1
Step iv: Solve the system of equations.
Solving the brackets and rearranging these equations, we have
4=3L-2, (3.12)
—5=-2I +5l, (3.13)
Multiplying Equation 3.12 by 2 and Equation 3.13 by 3, we have

8 =6l —4l, (3.14)

FIGURE 3.26 Circuit for Example 3.13. Mesh current method.
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-15=-6L +15l, (3.15)

Adding Equations 3.14 and 3.15 gives

-7 =0+11l,
and

7
I, __ﬁ[A]

The negative sign means that the current has the opposite direction to the one
assumed.
Now multiplying Equation 3.12 by 5 and Equation 3.13 by 2, we have

20=15L-10l, (3.16)
-10=-4L+10l, (3.17)

Adding Equations 3.16 and 3.17 gives

10=11}

and

EXAMPLE 3.14
For the circuit shown in Figure 3.27, write a set of equations to solve I, 1,, and I,

using the mesh current method.

SoLuTioN
Vi =Rili +Ry(h =) +R5(h = 1,)

0 =Ryl +R5(; =15) +R3(l, = k)
=V, =Rels +Ry(l5 = k) +Rs(; = 15)

or

57
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FIGURE 3.27  Circuit diagram for Example 3.14. Mesh current method.

Vi =R +Rz +R3)l —Rsl; —=Ryl;
O = —R3I1 + (R4 + R5 + R3)|2 - R5]3
—V2 = —R3I1 - RSIZ + (R6 + R5 + Rz)[3

3.2.2.1 The Voltage and Current Divider

Combining resistor in series or in parallel, it is possible to split a voltage or current
to obtain a different level of voltage or current; these circuits are known as voltage
and current dividers.

3.2.2.1.1 Voltage Divider
The voltage divider also known as a potential divider consists of resistors in series
connected to a voltage source. Figure 3.28 shows a potential divider of two voltages,
V,and V,.

The current through R, and R, is given by

v

I=—— 3.18
R, +R, (3-18)

O O

FIGURE 3.28 Circuit of a voltage or potential divider.
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By Ohm’s law, the voltage across R, is V, =1xR,, replacing current I from
Equation 3.18 into the expression for V, gives

VR,
R, +R,

V, =IxR, =

Rearranging, we have

A\ :(R1+R2)V (3.19)

Equation 3.19 is known as the voltage divider rule, as the equation can be written
directly by examining the circuit shown in Figure 3.28. The fraction term has as the
denominator the sum of the two resistors (R, + R,) and the numerator is the resistor
that provides the voltage V,: (R,) This fraction, [R,/(R, +R,)], is multiplying the
voltage V.

Similarly, the voltage across R, can be written as

R,
V, = v 3.20
2 (RI +R2j (3.20)

3.2.2.1.2 Current Divider

The current divider consists of resistors connected in parallel with a current going
into this parallel combination as shown in Figure 3.29.
The two resistors R, and R, can be combined into one resistor, Ry, as

R - RIR:

Then, by Ohm’s law the voltage across Ry can be expressed as

RiR,

V=R xI=
R, +R,

I

FIGURE 3.29 Circuit of a current divider.
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By Ohm’s law, the current through resistor R, I;, can be obtained dividing the
voltage V by resistance R, as

LoV _ RR I
""R, R +R, R,
Rearranging, we have
R
[=—2> 1 (3.21)

Equation 3.21 is known as the current divider rule. This equation can be writ-
ten directly by examining the current divider circuit shown in Figure 3.23. In the
fraction multiplying the current I, the denominator is the sum of the two resistors
(R, +R,) and the numerator is the resistor parallel to R,.

Similarly, the current through R, can be written as

I{I
L= —|I .
2 ( 1 2) (3.22)

3.3 AC CIRCUITS

Ac signal: As we saw in Chapter 2, the dc voltage or current in a source or circuit ele-
ment keeps its value independent of time. There are electronic and electrical systems
where the value of the voltages and current changes with time. These systems are
therefore not dc systems. In this section, we look at some characteristics of one of
these systems. It is possible to generate voltages and currents that change with time
in a great variety of forms.

The example in Figure 3.30 shows signals that change with time but keep their
polarities, that is, they do not alternate between negative and positive voltages or
currents. These are usually called unidirectional signals.

\4 \' v

Y e

FIGURE 3.30 Example of unidirectional wave forms.
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i 1 i

FIGURE 3.31 Example of alternating current waveforms.

There are signals that can alternate values between positive and negative voltages
or currents. These are called alternating voltages or currents signals. In Figure 3.31,
there are three examples of this type of alternating currents waveforms.

Of all the infinite number of signals that alternate between positive and negative
currents, there is one that is commonly used in electrical and electronic systems.
This is the sinusoidal shape voltage, known as the ac voltage or current. Figure 3.32
shows an ac signal voltage. This is an important form of alternating waveform used
in analog electronics and a clear understanding of its nature and characteristics is
essential. This section looks at the parameters that define such waveforms, and dis-
cusses the relationship between the various measures used to quantify them.

In this ac sinusoidal signal, E, is the peak or maximum voltage and T is the time
that the signal repeats itself known as the period.

The ac signal is the signal commonly generated in large quantities by electric
plants. It has the advantage that it is relatively easy to generate. It is a periodic signal
and also its shape can be represented by a mathematical expression in terms of a sine
or a cosine function. Figure 3.33 shows the corresponding mathematical terms in the
mathematical representation and the actual ac signal.

4

FIGURE 3.32 Sample of an ac waveform.

FIGURE 3.33 Representation of an ac signal as sinusoidal waveform.



62 Analog Electronics Applications

We can write a mathematical expression for an ac signal as

v(t) = E, sin(wt + ¢) (3.23)

where E, is the peak voltage, o the angular frequency, and @ is the phase angle.
The frequency can be expressed in radian per second ® or in cycles per second
Hz. The relationship between ® and f is given by

o =2nf (3.24)

It follows that the period T is given by

T-1l_2¢ (3.25)
f o

3.3.1 ORIGIN OF PHASOR DOMAIN

We can now consider the behavior of circuits in response to sinusoidal voltages and
currents. If an ac signal is applied to a circuit, voltages and currents values will be
different at different times. In order to solve a circuit under ac condition we have
to solve the circuit taking into account the different times. As the ac signal is a
periodic signal that repeats itself and is regular in shape, theoreticians working on
circuit analysis have developed an artificial way to solve ac circuit excluding the
time dependence. This is achieved by working in the frequency domain instead of
the time domain. It is necessary to transfer the circuit from the time domain to the
frequency domain. This is achieved using an operant known as the phasor. The
advantage of working with phasors is that circuits can be solved in the same way we
solve dc circuits as time dependency is excluded.

In this section, we illustrate the characteristics and application of phasors to solve
ac circuits.

Let us illustrate the origin of phasors with one example. Figure 3.34 shows a
circuit containing a resistor, a capacitor, and an inductor connected to an ac voltage
source.

Applying KVL we can write an equation for all voltages as a function of time (t)

V(1) = v (t) + v (t)+vc(t) (3.26)
R L
A B VaVotal

\ -L c
| ]

FIGURE 3.34 RLC ac circuit diagram to illustrate the origin of the phasor domain.
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Assuming that the source has a voltage v(t), an ac source equal to

vy(t)=E, sinwt (3.27)

Now as indicated in Chapter 2, the relation between voltages and currents in
inductor and capacitor are

v=L% (3.28)
dt

1(.
Wm_aﬁm (3.29)

Replacing the expression for voltages across the components of circuit shown in
Figure 3.34 as a function of time in Equation 3.24, we can write

E, sinmt=Ri+L$+lJidt (3.30)
dt C

Solving this second-order differential equation we can obtain an expression for
the current. The general solution of Equation 3.30 will have an expression that can
be written as

i(t) =1, sin(ot + @) (3.31)

where I is the peak value of the current, o the angular frequency, and ¢ is the phase
of the current.

Now let us compare the expression for the current, i(t), and the source voltage,
v(t), applied to the circuit. There are four main characteristics:

* Both signals are sinusoidal signals
¢ Both signals have the same frequency
e The signals have different amplitudes
e The signals have different phase ¢

Thus when we want to solve an ac circuit, we already know that the current and
voltage are sinusoidal and we also know that voltage and current have the same fre-
quency. If the value of the voltage source is known, the problem to obtain the current
and to solve an ac circuit is reduced to calculating the new amplitude of the current
and the new phase of the current with respect to the voltage. These two quantities
form the phasor.

By replacing voltages and currents by their phasors we can move from the time
domain into the frequency domain and solve an ac circuit. Once the circuit is solved
using phasors it can then move back to the time domain, if necessary.
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Phasors are operand that behave as vectors, that is, they have a magnitude and
an angle. Voltages and currents are not vectors, they are scalar quantities, but in the
frequency domain, phasors give them the characteristics of vectors. Because phasors
have magnitude and angle they can be represented mathematically by a complex
number.

3.3.2 ArrricaTiON OF KIRCHHOFF’s LAw TO AC CIRCUITS

In order to solve an ac circuit it is easy to work in the frequency domain. In this sec-
tion, we can see some examples of how to prepare the circuit to be analyzed in the
frequency domain. By replacing the sources by their phasors and the passive compo-
nents by their impedances, we can transfer a circuit from the time domain into the
frequency domain.

For a voltage or a current, the phasor equivalent will contain only the amplitude
and the phase angle. Table 3.1 shows some examples of how to transform an ac volt-
age source into a phasor.

3.3.2.1 Impedance Z

The impedance of a component or a circuit is defined as the ratio of its voltage to its
current

zZ="

A (3.32)
1

Since the impedance is the ratio of voltage to current, the unit to measure the
impedance is ohms. In circuits containing only resistive elements the ratio of applied
voltage to its current is given by its resistance. In ac circuits voltages and currents
will be time-dependent and they will have amplitude and a phase angle. The imped-
ance in general will have amplitude and an angle (phase). Impedances can be used
in ac circuits in a similar way as resistances are used in dc circuits

Using the definition of impedance, we can calculate the impedances of inductors
and capacitors. We can work in the time domain to obtain the value of amplitude and
phase required to determine the impedance of capacitors and inductors.

TABLE 3.1
Example of Transferring Voltages from Time
Domain to Phasor Domain

Time Domain (V) Phasor

v (t) = 10 sin(100 t 4+ 30°) V,=10£30°
v,(t) =10 sin(100 t — 60°) V,=10£-60°
vi(t) = 10 sin(200 t + 30°) V, =10£30°

Note: £ is used to represent the phasor angle.
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VL(t)

FIGURE 3.35 Ac circuit with a pure inductor.

In the circuit shown in Figure 3.35 a current i, (t) is applied to a pure inductor. Let
us assume that a current is given by

This current passes through the inductor and we can deduce the voltage across
the inductor.

We can calculate the impedance of this inductor by obtaining the voltage across
the inductor as

di -L d(Iy sint)

=L
=L dt

= wLIy; cosmt = ®wLI,; sin(wt + 90) (3.34)

Note that in an inductor the phase of the voltage is equal to 90°; this indicates that
the voltage leads the current by 90° or that the current lags the voltage by 90°. Figure
3.36 shows the voltage and current in an inductor in the time domain.

3.3.2.2 Impedance of an Inductor

From the expression for the voltage across the inductor in the time domain indicated
by Equation 3.34, we can write the phasor voltage for the inductor as

V, = 0LIy£90 (3.35)

and from the expression for the current in the inductor in the time domain indicated
by Equation 3.33, we can deduce the current phasor as

< 90° >

1
e /\/ i (t)

-

FIGURE 3.36 Voltage and current in a pure inductor in the time domain.
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With the phasor voltage and phasor current we can calculate the impedance of
this inductance as

V. @LIyZ90
7, =L =MET _ L.290 3.37
T 1,20 (3:37)

Impedances and phasors can be written as complex numbers in polar form as
above or in rectangular form. The impedance of an inductor written in rectangular
(or Cartesian) form is

Z, =joL[Q] (3.38)

where j indicates the imaginary part of a complex number (mathematicians use i to
indicate imaginary parts of a number, but i can be confused as a current), then the
impedance of an inductance is an imaginary number.

3.3.2.3 Impedance of a Capacitance

Similarly, we can deduce the impedance of a capacitor
Let us assume a current

ic = Iy sinot (3.39)

passes through a pure capacitor as indicated in Figure 3.37 and we can deduce the
voltage across the capacitor.

We can calculate the impedance of this capacitor by obtaining the voltage across
the capacitor as

1 J‘ 1 J‘ . Iy Iy .
=—|idt=—|1I ot =———cosmt = ——sin(mt — 90 3.40
\' C i o) sin oC cos oC sin( ) (3.40)

Note that in a capacitor the phase of the voltage is equal to —90°. This indicates
that the voltage lags the current by 90° or the current leads the voltage by 90°. Figure
3.38 shows the voltage and current in a pure capacitor in the time domain.

Then phasor voltage for this capacitor can be written as

Ve = v g0 (3.41)
oC

ic(t)

Vc(t) ( g ] C

FIGURE 3.37 Ac circuit with a pure capacitor.
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FIGURE 3.38 Voltage and current in a pure capacitor in the time domain.

and from the expression for the current in the capacitor in the time domain indicated
by Equation 3.37 we can deduce the capacitor current phasor as

Ic =1y£0 (3.42)

With the phasor voltage and phasor current we can calculate the impedance of
this capacitor as

Ve _(W/0O2£=90_ 1 g, (3.43)
Ic 14,20 oC

Ze=
The impedance of a capacitor can be written by complex numbers in polar form
as above or in Cartesian form as below:

1
Ze=—]—— 3.44
¢ JooC ( )

Using phasor and impedances the solution of ac circuits can be treated in the
same way as dc circuits. Once in the frequency domain we can use Kirchhoff’s laws
to calculate voltages and currents in circuits. The only difference is that phasors and
impedances are complex numbers.

Impedances can be expressed in rectangular, polar, and exponential forms and
they can be added, subtracted, multiplied, and divided in the same way as complex
numbers. If you are unfamiliar with manipulation of complex number it is advised
that you revise this topic.

Using properties of complex numbers, the impedance of a capacitor indicated by
Equation 3.44 can also be written as

1

Ze=—
€7 jwe

(3.45)

3.3.2.4 Impedance of a Resistance

The resistance is frequency independent and the voltage and current passing through a
resistor are in phase. Then the ratio of the voltage to current in a resistor is the impedance

Zz =R (3.46)
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TABLE 3.2

Impedances of R, L, and C
Element Impedance
Zy R

Z, joL

Zc 1/joC or =j(1/@C)

Impedances combinations of series and parallel are combined in the same way
as resistors.
In summary, Table 3.2 shows the impedance of resistors, inductors, and capacitors.

EXAMPLE 3.15

For the combination of R-L series circuit shown in Figure 3.39, determine the total
impedance Z,, at a frequency of 50 Hz. Use accuracy up to two decimal places.
At 50 Hz the angular frequency is @ =2nf=2-n-50 = 314 rad/s. The impedance
of the inductor is Z, = jolL = j(314 x 10 x 107) =j3.14[Q]

Therefore,

Za=Zx+ZL =R+joL =10+314x10x107) = 10+j3.14[Q]

3.3.2.5 Reactance X

In dc current Ohm’s law provides the ratio of voltage to current and it is a measure
of how the component opposes the flow of current, this is the resistance. In induc-
tors and capacitors its opposition to circulation of current is termed as its reactance.
Reactance is represented by the symbol X and is the magnitude of the impedance,
that is, the value of the impedance excluding the phase, then

Reactance of an inductor = X; = L[] (3.47)
Reactance of a capacitor = X = %[Q] (3.48)
n

Since reactance represents the ratio of voltage to current it has units of ohms.
Therefore, the impedances can be expressed in term of their reactance as

a 10Q 10 mH b
AMAN VNI,

FIGURE 3.39 R-L series circuit for Example 3.15.
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Zc =—jXc[Q] (3.50)

3.3.2.6 Polar-Cartesian Forms

In some cases it is easier to manipulate complex numbers if they are in polar form,
especially when multiplying and dividing numbers. On the other hand, it is easier to
add or subtract complex numbers in Cartesian form.

3.3.2.7 Cartesian to Polar Form

Let us take a general complex number in Cartesian form, Z, and transform it to polar
form:

Z,=x+]jy
The magnitude can be calculated as
Magnitude = +4/x* +y>

and the phase can be calculated as

Phase = Ztan™ (yj
X

Then, Z, can be written in polar form as

Z:x+jy:\1x2+y24tan"l(yj 3.51)
X

3.3.2.8 Polar to Cartesian

Let us take a general complex number written in polar form, Z, and transform it to
Cartesian form:

Zz = I‘Z(p

We can calculate the real and imaginary part as

Real part =rcos¢
Imaginary part =rsin@

and

Z,=1Z@=rcos@+ jsin@ (3.52)
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3.3.2.9 Phasor Diagrams

The phasor contains the magnitude and phase of voltages and currents. For an ac
circuit we can use phasor diagrams to represent magnitude and phase of voltages and
currents within a single diagram. Usually a phasor diagram for a circuit will contain
all voltages and currents in the circuit of very different values, so then they are usu-
ally represented in a graph using different scales for voltages and currents.

EXAMPLE 3.16

The phasor V, = 10£45° can be represented in a phasor diagram as indicated in
Figure 3.40.

EXAMPLE 3.17

For the RL series circuit shown in Figure 3.41 determine the impedance of the
circuit, the current in this circuit, the circuit phase angle between voltage and cur-
rent, and the voltage across the 12 Q resistor. Calculations can be approximate to
two decimals.

SoLuTION

The circuit impedance is given by

Z=R+j2nfL=12+j2r50x15.92%x107° =12+j5

or written in polar form

Z=+122+52Ztan”'(5/12) =13£22.62°

/ 45°
N

FIGURE 3.40 Phasor diagram representation of V, = 10.£45°.

12Q 15.92 mH
—AAAN—>—VVW\
R I L

230£0°V ’\D Vv
50 Hz

FIGURE 3.41 RL series circuit diagram for Example 3.17.
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The impedance has a magnitude of 13 Q and an angle of 22.62°.
The current in the circuit is given by

YV 230£0° o g, 02.620A
Z T 13222.62°

and the phase angle between the voltage and the current is equal to 22.62°.
The voltage across the 12 Q resistor is given by

Vi =IXR=17.69£-22.62°%x12=212.28£-22.62°V

EXAMPLE 3.18

For the RC series circuit shown in Figure 3.42 determine the impedance of the
circuit, the phasor current in this circuit, the phasor voltage across the resistor, the
phasor voltage across the capacitor, and sketch a phasor diagram for this circuit.
Calculations can be approximate to two decimals.

SoLUTION
The circuit impedance is given by

1
2n50%127.3%x107°

Z=R+—_=10-j

=10-j25
j2mfC J

or written in polar form

Z=+10%+25Ztan™ (%) =26.93£-68.20°

The impedance has a magnitude of 26.93 Q and an angle of —68.2°.
The current in the circuit is given by

=V o 230430° ooy 98.00A
7~ 2693/-68.2°

and the phase angle between the voltage and the current is equal to 98.2°.

10Q 127.3 uF
1
-
R I C

230/ 30°V /\) v
50 Hz

FIGURE 3.42 RC series circuit diagram for Example 3.18.
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100V
10 A

30°

} 8.2°

A\

FIGURE 3.43 Sketch phasor diagram for Example 3.18.

The voltage across the 10 Q resistor is given by

Wk =IXR=8.54£98.2°x10=85.4£98.2°V

The voltage across the capacitor is given by

Ve =IXxZc=8.54£98.2°x254-90=213.5£8.2°
V, Vi, Ve, and [ are plotted in Figure 3.43.

EXAMPLE 3.19

An inductor, L, is connected in series with a 24 Q resistor and this combination is
connected across an ac voltage source of 50 Hz frequency. If the total magnitude
of the impedance is 26 Q, calculate the value of the inductor and phase between
the voltage and current of the total impedance.

SoLuTIoN
The total impedance, Z, is given by

Zr =R+ j2nfl = 24 + j2n50 x L

The magnitude of the total impedance is

|Z1| = R? + (2150L)

or

21501 =[Z:[ —R? =267 —24> =10
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Then,

10

L= =15.92mH
2n50

As the impedance is the ratio of the voltage to the current as Z;=V/I, then
the phase angle between the voltage and the current is given by the phase of the
impedance as

Phase angle of Z; = arctan(zgﬂ) = arctan(gj =22.62°

EXAMPLE 3.20

Determine the expression for the current in the time domain i(t) for the RLC
circuit shown in Figure 3.44 using the phasor domain. The voltage source is
v(t) = 230 sin(2w50 t+ 30°) V. Calculation can be approximate to two decimal
digits.

SoLuTioN

By calculating the impedances and the phasor voltage for the source, we can
obtain an equivalent circuit in the phasor domain.

From the expression of the voltage source we can obtain the source phasor
voltage as

V=2304£30°V

The impedance of the inductance is

Z, = j2nfl = j2x3.1416x50x318.3x10° Q = j100Q

The impedance of the capacitance is

R ! _0=220-=ps0
j2nfC  j2%3.1416x50%127.3%10 j

87.178 Q 318.3 mH 127.3 uF
AMAN = /SNVVN

1]
R iy L C

v

FIGURE 3.44 RLC series circuit in the time domain for Example 3.20.
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87.178 Q jlooQ  -j25Q
I > 1 |_| —

R I v Z.
230£30° \%
50 Hz

FIGURE 3.45 RLC series circuit in the phasor domain for Example 3.20.

With the impedances for the passive components and phasor for the active
component we can create an equivalent circuit in the phasor domain as indicated
in Figure 3.45.

We can add all impedance in series to one equivalent impedance Z; as

Zr=R+Z +7Zc=87.178+j100-j25=87.178+j75 Q

That can be written in polar form as

Magnitude of Z; =|Z;|=+/87.178*+75* =115Q

Phase of Zy = £Z1 = arctan( ) =40.71°

87.178

Then,

Z7=87.178+j75Q=115£40.71°Q

The current can be calculated as

1= o 209230 5 0714
Zr  115£40.71°

The current has a magnitude of 2 A and lags behind the voltage by 10.71¢.

Since we know the frequency of the system and the sine shape of the waveform
we can transfer from the phasor domain to the time domain. The current in the
time domain will be

i(t) =2sin(2r50t-10.71°) A

With the current phasor we can calculate the phasor voltages on the other
components, then

V=12, =(2£-10.71°)-(100£90°) = 200£79.29°V

Ve=1-Zc =(2£-10.71°)-(25£-90°) =50£100.71°V
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Wk =I-R=(2£-10.71°)-(87.178) =174.356£-10.71°V

These phasor voltages can be plotted to produce a phasor diagram. The mag-
nitude of voltages are V, =200V, V=50V, and Vi = 174.356 V.

EXAMPLE 3.21

For the circuit shown in Figure 3.46, calculate the current I.
The impedance of the inductance is

Z, = j2nfl = j2x3.1416x50x15.92x 107 Q = j5Q

The impedance of the capacitance is

R ! _0=220-"ps50
j2nfC j2%3.1416x50%127.3%10 j

Now we can add Z. and Z, in parallel as Z,

z,=2cX2 P29 g 125 o 6550
Zc+Z,  j5-j25 -j20
and the total impedance, Z;, seen by the source is

Zr=R+7Z,=10+]6.25Q=11.79£32°

and I, will be

\'A 230£0

=—————=19.51£-32°A
Zr  11.79£32°

I, =

The current has a magnitude of 19.51 A and lags the voltage by 32°.

127.3 uF
50 Hz

230 £0°V v, 1592mH < L C -l-

l_'_l

Zp

FIGURE 3.46 Circuit diagram for Example 3.21.
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KEY POINTS

In a circuit at any specific time the sum of currents flowing into a node is
equal to the current going out of the same node (KCL).

In a circuit at any specific time the sum of the pds around any loop in a
circuit is equal to zero (KVL).

Mesh current method offers a systematic approach to obtain a set of equa-
tions to determine voltages and currents in a circuit.

Alternating waveforms vary with time; the most important waveform in an
electrical system is the sinusoidal waveform.

The frequency of a periodic waveform f is equal to the reciprocal of its
period T.

The magnitude of an alternating waveform can be described by its root
mean square (RMS) value, its peak value, or its peak-to-peak value.

An ac voltage signal can be represented by a sinusoidal waveform given by
v=E, sin(ot + @), where E is the peak voltage, o is the angular frequency,
and @ is the phase of the waveform at t = 0.

Waves of the same frequency can have phase differences.

In an ac circuit the voltage across a pure resistor is in phase with its current.
In an ac circuit the voltage across a pure inductor has a phase that leads its
current by 90°.

In an ac circuit the voltage across a pure capacitor has a phase that lags its
current by 90°.

The reactance of an inductor is X; = oL, and the reactance of a capacitor
is X = l/oC.

Phasor diagrams can be used to represent both the magnitude and the phase
of quantities of the same frequency.

The relationship between the current and the voltage within a circuit con-
taining reactive components is described by its impedance Z.

Complex numbers may be expressed in rectangular form (x + jy) or in polar
Sform (t£0).

Impedances can be used with ac circuits in the same way as resistances are
used in dc circuits.



4 Diodes

4.1 INTRODUCTION

Any material can be classified according to its conductivity; there are conductor,
insulator, and semiconductor materials. Semiconductor materials, as the name indi-
cates, are materials in which conductivity is a great deal less than a conductor but is
also substantially larger than an insulator. In a semiconductor material, the conduc-
tivity is due to the movement of negative and positive charges. If a semiconductor
material has conductivity due mainly to positive charge, it is called a p-type semi-
conductor material. If the majority carrier charges are negative electrons, it is called
an n-type semiconductor material. An n-type material in intimate contact with a
p-type material will create a p—n junction. The p—n junction does have the useful
property of a higher conductivity of current in one direction than in the other. When
a p—n junction is formed a device known as a diode is created.

In this chapter, we look at the characteristics of semiconductor materials and
investigate the behavior of semiconductor diodes. Several applications of semicon-
ductor diodes are considered, including their use as rectifiers within power supplies.
Some special purpose diodes are also described. This chapter not only provides infor-
mation on the use of diodes, but also sets the scene for later material on transistors.

4.2 SEMICONDUCTOR MATERIAL

In pure semiconductor material, known as intrinsic semiconductor, thermal vibra-
tions might weaken atoms bonds generating free electrons to move. As these free
electrons move they leave holes that accept electrons from close atoms, therefore
these holes also move. The mobility of a hole is less than an electron; physicists
have given physical characteristics to holes so they can be considered as particles
contributing to conductivity of semiconductor material. Electrons are negative
charge carriers and holes are positive charge carriers. There are many materials that
behave as semiconductors; silicon (Si) being the most commonly used in creating
electronic devices. Figure 4.1 shows a representation of a structure of pure silicon
semiconductor.

Figure 4.1a shows the structure of pure silicon with no external energy added to
it, the electron bonds are shared among atoms. Figure 4.1b represents the atomic
structure of silicon once enough energy is applied to break some bonds consequently
leaving some holes and free electrons to move.

4.2.1 CoNDUCTIVITY AND ENERGY BANDS IN SEMICONDUCTORS

In the initial studies on semiconductor materials, researchers published results in
conductivity that have large discrepancies on the supposed same material under sim-
ilar conditions. The influence on impurities in semiconductor conductivity was not

77
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FIGURE 4.1 (a) Atomic structure of silicon. (b) Effect of external energy added to silicon.

well understood or controlled. In the 1920s, the introduction of the energy band role
in explaining conductivity in semiconductors helped to develop the physics of semi-
conductors to explain the behavior of semiconductor devices and clarify the large
influence of impurities in the conductivity of semiconductor materials.

In a material the outer valence shell of an atom corresponds to energy levels form-
ing a band. In equilibrium, valence electrons are restricted to this band—the valence
band. If external energy is applied to the material some electrons might acquire
enough energy to escape this valence band to another level of energy where they
can move freely. This new energy level is one in which electrons can move to form
a band: the conduction band. In terms of conductivity, materials can be classified
according to the external amount of energy required for electrons to jump from the
valence band to the conduction band. Between these two bands there is an energy
gap that represents the energy necessary to induce a jump of electrons from the
valence band to the conduction band. Figure 4.2 shows a representation of insulator,
conductor, and semiconductor according to their energy band structure.

Insulators have a very large energy gap (E,) and electrons normally do not jump
into the conduction band, with the exception of an extreme case such as breakdown.
In conductors the valence and conduction bands overlap, and then there are electrons
free to move in the conduction band. For the semiconductor material, the energy
gap is not as large as an insulator and a relative small amount of energy will cause
electrons to jump into the conduction band.

In terms of conductibility in semiconductors, when an electron jumps from the
valence band to the conduction band it leaves its space in the valence band. Another
electron can move into the space left in the valence band. The movement of charge
(electrons) in the valence band contributes to the current as well as the movement of
electrons in the conduction band. Now the space left by an electron in the valence
band, which is the lack of one electron, is known as a hole. So in semiconductor
material we have contributions to current from electrons in the conduction band and
holes in the valence band.
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FIGURE 4.2 Energy band diagrams for insulator, semiconductor, and conductor.

4.2.2 DorING

Adding external impurities to a semiconductor is known as doping a semiconductor.
It was found that the addition of small amounts of impurities drastically changes
its conductivity. Materials with impurities that produce an excess of electrons, in
the conduction band, are n-type semiconductors. Materials with impurities that pro-
duce an excess of hole, in the valence band, are p-type semiconductors. Both n-type
and p-type materials have much greater conductivity than pure semiconductors. The
dominant charge carriers in a doped semiconductor are called majority charge car-
riers; the other type is minority charge carriers. For example, in an n-type semicon-
ductor, electrons are the majority carriers and holes are the minority carriers.

In terms of the energy band diagram theory of semiconductors, the addition of
impurities will result in an extra level of energy in the energy gap. Figure 4.3 shows
the energy band diagrams of a semiconductor with impurities added.

In the case of an n-type material (adding donor impurities), electrons from the
added impurity appear as a donor energy level (E;) close to the conduction band. A
small amount of energy is required to make these electrons jump into the conduction
band and current is mainly due to electrons.

In the case of a p-type material (adding acceptor impurities) holes from the added
impurity (i.e. empty level, ready to accept electrons) appear in an acceptor energy
level (E,) close to the valence band. A small amount of energy is required to make
electrons jump from the valence band into this acceptor level and current is mainly
due to a hole in the valence band.

In the energy band diagram, the Fermi level (Ep) represents the probability of
finding an electron in the conduction band (or a hole in the valence band). In a pure
semiconductor, any number of electrons jumping from the valence band to the con-
duction band will leave the same number of holes in the valence band. Then the
probability of finding an electron in the conduction band is the same as finding a
hole in the conduction band. Hence, E; is in the middle of the gap for an intrinsic
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FIGURE 4.3 Energy band diagrams of a semiconductor with impurities added: (a) n-type
semiconductor, (b) p-type semiconductor.
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Intrinsic semiconductor n-type semiconductor p-type semiconductor

FIGURE 4.4 Energy band structure for an intrinsic, n-type, and p-type semiconductor.

semiconductor. The probability of finding electrons in the conduction band rather
than a hole in the valence band is larger in an n-type semiconductor and Ep then
is above the middle of the gap. The band energy structure of a semiconductor will
provide information on the type of material and amount of impurity added. Figure
4.4 shows energy band structure for an intrinsic, n-type, and p-type semiconductor.

It is possible to deduce an expression to indicate the number of impurities added
to an intrinsic semiconductor. This expression will be proportional to the different
between Fermi level (Er) and the intrinsic level (E; = E,,).

4.3 P-N JUNCTION

When p-type and n-type materials are joined, a p—n junction is created. In practice,
the junction is created together in the fabrication process. In the p—n junction the
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FIGURE 4.5 p-n Junction.

majority charge carriers on each side diffuse across the junction where they combine
with the charge carriers of the opposite polarity. Around the junction there are then
few free charge carriers creating a region known as the depletion layer, as shown in
Figure 4.5.

The diffusion of positive charge in one direction and negative charge in the other
produces a charge imbalance and creates a potential barrier (also known as the built-
in voltage or internal voltage of a diode) across the junction. The potential barrier
opposes the flow of majority charge carriers and only a small number have enough
energy to overcome it. The concentration of positive and negative charges around this
junction will generate a small diffusion current. The potential barrier formed facili-
tates the flow of minority carriers and they will be swept over to produce a small drift
current. In a p—n junction without external energy applied to it, these two currents,
the diffusion and drift currents, must cancel each other and the net current is zero.

If an external energy is applied to the p—n junction the potential barrier will be
affected. If the external energy is applied in the form of a source, the polarity of the
source will produce a forward bias current or a reverse bias current depending on
the polarity of the applied voltage.

4.4 DIODE CURRENT-VOLTAGE CHARACTERISTICS I-V

4.4.1 ForwARrD Bias

Forward bias happens when the p-type side is made positive with respect to the
n-type side. In this case, the height of the barrier is reduced further. Majority charge
carriers have sufficient energy to surmount this effect. The diffusion current there-
fore increases while the drift current remains the same. There is thus a net large cur-
rent flow across the junction, which increases exponentially with the applied voltage.
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4.4.2 Reverse Bias

Reverse bias happens when the p-type side is made negative with respect to the
n-type side. In this case, the height of the barrier is increased and the number of
majority charge carriers that have sufficient energy to surmount it rapidly decreases.
The diffusion current therefore vanishes, while the drift current remains the same.
Thus, the only current is a small approximately constant drift current.

A diode’s performance in a circuit depends on its I-V characteristic. The current—
voltage characteristic is determined by the transport of charge carriers through the
depletion region. At forward bias the external voltage opposes the potential barrier
resulting in substantial electric current through the p—n junction. For silicon diodes,
the potential barrier is approximately between 0.5 and 0.7 V and for germanium
diodes around 0.3 V. The I-V characteristic in forward bias shows an exponential
increase in the current at about 0.7 V. At reversed bias the external voltage has the
same polarity as the potential barrier. Then the barrier is increased resulting in sig-
nificant reduction of the electric current through the p—n junction. The I-V charac-
teristic in reversed bias shows a very small almost constant reverse current mainly
due to minority carriers known as the saturation current. Figure 4.6 shows the for-
ward and reverse current in a diode.

At very large reverse bias, beyond the maximum reverse voltage indicated by the
manufacture known as peak inverse voltage (PIV), a process called reverse break-
down occurs. This causes a large increase in reverse current that can usually damage
the diode.

The current flowing through a diode can be related to the applied voltage by the
following expression:

I=1, [qu"‘T - 1] @1

where
I is current through the diode
q the electronic charge = 1.6 X 107 C
T is the absolute temperature given in degrees Kelvin

1
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FIGURE 4.6 1-V diode characteristics.
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k = Boltzmann’s constant = 1.38 x 1023 J/k
V applied voltage
I, reverse saturation current

At normal room temperature, q/kT has a value of approximately 40 V-, therefore if
areverse bias V is applied the exponential term is approximately zero and I is given by

[=L0-1)=-I, @.2)

where I is known as the saturation current (under reverse bias).
Similarly, if the forward bias applied (V) is greater than 0.1 V, the current I can
be approximate to

I=I[e™T]=1[e*] “.3)

and the current increases exponentially.

4.5 DIFFERENT TYPES OF DIODES

4.5.1 SemicoNDUCTOR DIODES

The diode is a p—n junction packaged as an electronic component; the symbol to
represent a diode and some packaged samples are shown in Figure 4.7. The diode
is a two-terminal device. One terminal is known as the anode (A) and the other the
cathode (K). Thin bar in the package indicates the cathode.

Common p-n diodes, which operate as described above, are usually made of
doped silicon or in the case of light-emitting diode (LED), they are made from some
compound semiconductors. Diodes are fabricated with different characteristics to
satisfy certain applications, below are some commonly used diodes.

FIGURE 4.7 Typical diode symbol and package.
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4.5.2 ZeNer DIODES

Zener diodes are made to conduct under reversed bias. Zener diodes are fabricated
to work in the breakdown region under a special tunneling breakdown called Zener
breakdown. This breakdown occurs at a specifically defined value of voltage, as this
breakdown voltage is maintained as the reverse current increases, this diode can be
used as a voltage reference. The breakdown voltage is kept constant even if the cur-
rent changes without damaging the diode.

4.5.3 AvALANCHE DIoDES

These diodes behave in the same way as the Zener diodes, but the breakdown mecha-
nism is different, known as the avalanche breakdown. The electric field across the
p—n junction is large enough to accelerate the electrons within the depletion layer;
these electrons collide with atoms and can free other electrons, producing an ava-
lanche. Avalanche occurs in diodes with more lightly doped materials.

4.5.4 LiGHT-EMITTING DIODES

Light-emitting diodes (LEDs) are produced using some special semiconductor mate-
rials produced as a compound of elements. In these, diodes carriers that cross the
junction emit light (photon) when they recombine. Doping these semiconductors
with different types of impurities can produce photons with different wavelengths.
The different wavelengths will provide different colours in an LED. It is possible to
produce LED between the ultraviolet and infrared range.

4.5.5 TuNNEL DiODES

These diodes are produced with highly doped semiconductor materials creating a
very thin depletion region; the thin depletion region allows some sort of quantum
tunneling of charge carriers producing an I-V characteristic with a negative resis-
tance region. They are also known as Esaki diodes.

4.5.6 GunN DioDEs

Gunn diodes are usually fabricated on compound semiconductor materials such as
gallium arsenide (GaAs) and indium phosphide (InP). They have an I-V character-
istic with a region of negative resistance (similar to tunnel diodes). They are usually
used in applications to generate high-frequency signals in the order of microwave
wavelength range.

4.5.7 Petier DioDES

These diodes can absorb energies as heat changing its current—voltage characteristics
so that they can be used to detect changes in temperature. They can be used as ther-
moelectric sensors. They can also emit energies as heat.
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4.5.8 PHOTODIODES

Semiconductors produce charges when light energy is added. Photodiodes are fab-
ricated in semiconductor material most sensitive to light. They also contain a thin
layer of undoped material to increase their sensitivity to light. They are packaged in
such way that its p—n junction is exposed to light. They can be used in photometry
and optical communication.

4.5.9 Sorar CeLL

Solar cell uses p—n junction reversed bias to absorb light energy and convert this
energy into electrical energy. They are widely used as alternative way of generating
electrical energy.

4.5.10 ScHoTtTKY DIODES

Schottky diodes are fabricated as a junction between metal and semiconductor.
Depending on the work function of the metal and the n or p type of semiconductor a
device can be created that behaves as a diode and not as a simple contact. As the junc-
tion is between a metal and a semiconductor the charges can move fast when polari-
ties are changed in this diode. In addition, the junction capacitance of these diodes
is small, allowing a high switching speed required for high-frequency devices. It is
also possible to fabricate Schottky diodes using amorphous semiconductor material.
Although they present the diode behavior their capacitance and conductance differ
from the Schottky diodes fabricated using crystalline semiconductors (Fernandez-
Canque et al. 1983).

There are other devices that have the name of diode in it, but they are part of a
combination of diodes and other components in integrated circuit (IC) form such as
varactor diodes, super-barrier diodes, and photodiode.

4.6 DIODE APPLICATIONS

Diodes can be applied to produce different functions such as rectification, limiting
voltages, radio frequency detection, protection, clamping, LED, and photodetectors.

4.6.1 RECTIFICATION

Due to a characteristic of diode to block current under reverse bias, one common
application of diodes is to transform ac current into dc current, which is known as
rectification.

Consider a sine wave ac voltage applied to a circuit containing a resistor as shown
in Figure 4.8. The signal alternates between positive half-cycle and negative half-
cycle, providing a forward and reverse bias to the diode. The output will indicate
large conduction when only the diode is forward biased as shown in Figure 4.8.
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FIGURE 4.8 One diode rectifier circuit.

4.6.2 HALF-WAVE RECTIFIERS

As shown in Figure 4.8, the diode conducts when forward biased; this happens in
the half-cycle of the ac input signal. The voltage drop across the diode will be about
0.7 V for a silicon diode. When the half-cycle reversing the voltage across the diode
is applied, the diode does not conduct and the current is very small. Figure 4.9 shows
a more detailed signal for the output voltage after the effect of the diode. The diode
has changed the voltage from an alternating voltage to a voltage that does not alter-
nate. In the example shown in Figure 4.9 we have only positive voltage.

For this half-wave rectified signal it is possible to deduce the root mean square
(RMS) and mean value as

Enen = 27 [V] @4
TT
Epus = %W] @4.5)

If a smoothing capacitor, also known as reservoir capacitor, is connected across
the load, the output voltage changes as indicated in Figure 4.10. As the input volt-
age increases from O to the maximum input voltage, E,, the capacitor is charged
and follows the input voltage. As the input voltage decreases after E, the capacitor
discharges. Due to its transient response the discharge takes time and it cannot fol-
low the input voltage. The discharging of the capacitor will produce an output that

Peak value

RMS value

-- Mean value

FIGURE 4.9 Half-wave rectified signal.
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v(t) C —|— RL ]\Vo

FIGURE 4.10 Half-wave rectifier with capacitor smoothing.

reduces gradually, and it does not fully discharge within the time of a period when
the input voltage is increasing again in the next cycle. The result output is a signal
that is close to a dc signal with a small ripple voltage at the top, as indicated in
Figure 4.10.

4.6.3 FuLl-WAVE RECTIFIERS

It is possible to connect more than one diode to rectify both half-cycles of an ac sig-
nal. One such circuit is shown in Figure 4.11 using a center-tapped transformer. The
transformer can be used to change the ac voltage to a desired value. The diodes are
connected in such a way that in half-cycle one diode is forward bias and the other
is reverse bias. In the other half-cycle both diodes reverse polarities producing the
output signal shown in Figure 4.11.

For this full-wave rectified signal it possible to determine the RMS and mean
value. They are

Ep
=— 4.6
Emean 0'5n [V] ( )
E
Erws = 7\/% [Vl @.7)

4.6.4 SINGLE-PHASE BrRIDGE REcTIFIER CIRCUIT

Another way of producing a full-wave rectification is to use four diodes connected as
shown in Figure 4.12; this is known as a bridge rectifier.

L AVATAYAY

FIGURE 4.11 Transformer center tapped full-wave rectifier circuit.
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FIGURE 4.12 Full-wave bridge rectifier circuit.

A transformer is needed only if the output voltage is different from the source. In
this circuit, for each half-cycle two diodes conduct. Figure 4.13 illustrates how the
bridge rectifies the voltage.

For the positive half-cycle, diodes DI and D3 are forward biased and diodes D2
and D4 are reverse biased; the current circulates as indicated in Figure 4.13b. For
the negative half-cycle diodes D2 and D4 are forward biased and diodes D1 and D3
are reversed biased and the conductance is as indicated in Figure 4.13c. If a smooth-
ing capacitor is connected across the load (R;), then the output voltage changes as
indicated in Figure 4.14. As the input voltage increases from 0 to E;, the capacitor is
charged and follows the input voltage. As the voltage decreases after E;, the capacitor
maintains the output voltage and reduces the ripple voltage as indicated in Figure 4.14.

§||§ b A P
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D1
D4

D3 D2

LeA ®, L, 3

FIGURE 4.13 Tllustration of conduction in a bridge rectifier: (a) bridge rectifier, (b) forward
bias, and (c) reverse bias.
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FIGURE 4.14 Full-wave rectifier with a smoothing capacitor.

TABLE 4.1
Example of Rectifier Diodes

Maximum Maximum
Diode Current (A) Reverse Voltage (V)
1N4001 1 50
1N4002 1 100
1N4007 1 1000
IN5401 3 100
1N5408 3 1000

Rectifier diodes are usually made from silicon with a forward voltage drop of
around 0.7 V. Table 4.1 shows some popular rectifier diodes with their maximum
current and maximum reverse voltage.

EXAMPLE 4.1

Figure 4.15 shows a circuit of a diode with a saturation current of 5 x 107" A at
300°K. If the voltage source supplies a current of 100 x 107 A, calculate the volt-
age across the diode and the value of the variable resistance Rv. Values can be
accurate to two decimal places.

VRv VF
20 Q < ﬁ <«
I, AL R1 Rv D1

v, _|_ 12V

FIGURE 4.15 Circuit diagram for Example 4.1.
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SoLuTION

At 300°K the expression /KT has an approximate value of 1/0.025 V.
The current passing through the diode, at 300°K, is 100 mA, then

I,=100x107 =5x107" [eVF/0-°25 —1] (Al

or

-3
o VF/0.025 :%_’_1:20)(108_'_1
X

and

Ve =21.4%x0.025=0.54V

The voltage across the forward biased diode is 0.54 V. Applying KVL, the volt-
age across Rv can be calculated as

12=20%100%107 + Vg, +0.54

Given
Vg, =9.46 V

and the value of Rv can be calculated using Ohm’s law as

Ry = & =L63=94.6Q
l,  100x10
EXAMPLE 4.2

For the circuit shown in Figure 4.16, the voltage source is given by v, = 50 sin 2150t
and D is a silicon p—n junction. Sketch the waveform of the voltage across the
resistor R, and calculate the peak value, average value, and period of V,. Values
can be accurate to two decimal places.

vy(t) Ry vy

FIGURE 4.16  Circuit diagram for Example 4.2.
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FIGURE 4.17 Sketch waveform of voltage across R, in Example 4.2.

SoLuTioN

As the diode D, consists of a silicon p—n junction, we can assume that under
forward bias the voltage across D, is 0.65 V. Then, under forward bias the voltage
across R, will be reduced by 0.65 V. Figure 4.17 shows a sketch of V,.

The peak value of V/ is

Vipeak =50-0.65=49.35V
and the average value of V| is

Vi
VLav — Lpeak _ 49.35 —1571V
T T

The waveform of V, has the same frequency as the source voltage f=50 Hz,
then the period of V, is

T=-=—=0.020s
f 50

EXAMPLE 4.3

Two silicon diodes D, and D,, are connected as indicated in Figure 4.18. Determine
the value of V, for (1) V,=V, =0V, 2) V,=0V, V, =10V, 3) V,=10V, V, =0V,
and (4) V,=V, =10 V.

SoLuTION

As D, and D, are silicon diodes, we can assume a forward bias voltage drop of
0.65 V.

91
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+10V

Ry 2kQ

FIGURE 4.18 Circuit diagram for Example 4.3.

1. In this case R, and R, are short-circuited by V, =V, =0V and D, and D,
are forward biased. Then

V, =0.65V

2. The pd across Dy, is zero as V, is the same as the bias voltage of 10 V. R,
is short circuited and D, is forward biased. Then

V, =0.65V

3. This is the same situation as (2) example as V, is 10 V and V, =0 V. Then

Vo, =0.65V

4. The pd across D, and D, is zero as the voltage V, and V, is the same as
the bias voltage. Then by KVL

Vo= Vo +Vp, =10+0=10V

or

Vo= V,+Vp, =10+0=10V

4.6.5 DIoDpE AS VOLTAGE LIMITER

The circuit diagram of Figure 4.19 shows a circuit known as positive limiter. In this
circuit the diode and the resistor are connected in parallel and they have the same
voltage across.

When the signal is a positive voltage of more than 0.7 V, the diode D1 is forward
biased and conducts all the current bypassing the resistor R;. When the signal is a
negative voltage or less than 0.7 V, the diode is reverse biased and does not conduct;
then the current is circulated through R, . Figure 4.19 shows the input and output
signal for this positive limiter circuit.
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Input Output
FIGURE 4.19 Circuit of a positive limiter.

NV

-~V

Input

FIGURE 4.20 Circuit of a negative limiter.

If the diode is connected as indicated in Figure 4.20 it will create a negative
limiter.

4.6.6 VoOLTAGE DOUBLER

Figure 4.21 shows a circuit of a voltage doubler. First capacitor C, charges to the pick
input voltage and keeps this voltage until the input voltage is increasing again adding
the two voltages. The capacitor C, charges to nearly twice the peak input voltage.

Higher voltages, but low current, can be obtained by adding more combinations
of the RC stages.

Diodes can also be used to protect transistors or integrated circuits (ICs) from the
brief high voltage produced in an electronic system.

An LED can be connected in the vicinity of photodiode (or phototransistor) from
another circuit creating what is known as an opto-isolator. The photodiode will
switch on or off depending on the LED light. This combination electronically iso-
lates two different circuits.

FIGURE 4.21 Circuit of a voltage doubler.



94 Analog Electronics Applications
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FIGURE 4.22 Circuit to test a diode.

4.7 TESTING DIODES

It is possible to perform a parametric test to check whether the diode meets the
manufacturer’s specifications. As semiconductor diodes are reasonably reliable, a
functional test to establish whether a diode works is usually sufficient.

Measuring the diode’s resistance, if the reading indicates infinity in one way and
a small value the other way, then the diode is working. The diode is not working if
the reading is 0 Q in both ways (short circuited); or if the reading is infinity both
ways (open circuit).

The circuit shown in Figure 4.22 can be used to test a diode. The level of currents
in the forward and reverse bias can be measured to determine whether the diode is
working or not. In the case of an LED the diode should light up with the right polar-
ity. LEDs have a larger voltage drop across (1.5-2.5 V) than ordinary diodes.

If you want to test a diode connected to a circuit, you should disconnect the diode
before testing to avoid the effect of other components in the circuit.

4.8 KEY POINTS

e The introduction of small amounts of impurities dramatically changes the
properties of diodes.

¢ Doping of semiconductors with appropriate impurities will produce n-type
or p-type materials.

e Theuse of band energy diagrams can explain conduction in semiconductors.

e A diode can be created by a junction between n-type and p-type semicon-
ductor materials.

¢ Diodes allow current to flow in one direction (forward bias) but not the
other (reverse bias).

e Forward bias happens when the p-type side is made positive with respect
to the n-type side.

e Reverse bias happens when the p-type side is made negative with respect
to the n-type side.

* Diodes are used in a range of applications, including rectification, demodu-
lation, and signal clamping.

REFERENCE
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Bipolar Junction
Transistor

5.1 INTRODUCTION

Transistor is one of the fundamental components of electronics. Advancements
made in modern electronics are due to the invention and improvement of transistors.
Developments in transistor technologies have enabled massive advancements in tele-
communications, computing, and media technology. The colossal explosion of digi-
tal electronics in new wireless media technology and computing is due to advances
in semiconductor technology to create transistors in huge quantities and diminutive
sizes that switch very fast. Fabrication of fast transistors has allowed the dominance
of digital electronics over analog electronics in communication and media technol-
ogy. Before bipolar junction transistor (BJT) the device used to manipulate analog
electrical signal was the electronic valve or tube. The valve has many problems when
used in electronic circuits. They are very unreliable: their characteristics vary con-
siderably from nominal values, they are bulky, require two different circuits (one
for the amplifier behavior and another for the heating of the cathode filament), life
expectancy is short, and they require large amounts of energy dissipation. The BJT
solves or reduces all these problems as it is fabricated using solid-state material.

The BJT was the first transistor invented, the field effect transistor followed with
certain advantages in digital applications. In this chapter, we look at properties of
BJT, bipolar transistor operation and bipolar transistor characteristics; Chapter 6 will
look at the field effect transistor.

5.2 BIPOLAR JUNCTION TRANSISTOR

The BJT transistor consists of two p—n junctions, in the same semiconductor crystal.
The device is fabricated in such a way that almost all minority carriers injected from
one junction (the emitter) into the region common to both junctions (the base) dif-
fuses to the second junction (the collector); rather than being lost by recombination.

The two p—n junctions can have a p-type semiconductor in common creating an
NPN transistor or a common n-type material to create a PNP transistor as indicated
in Figure 5.1.

The region that serves as the source for the first junction to inject minority car-
riers into the center region is called the emitter (E). The center region into which
the minority carriers are swept through to the second junction is called the base
(B) and the region that collects the injected minority carriers is called the collector
(C). Typically, the emitter—base junction is forward biased and the collector-base
junction is reverse biased. Under these conditions, current from the emitter flows
across the base to the collector. The collector current is carried by holes in the PNP

95
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FIGURE 5.1 NPN and PNP BJT transistors configurations.

transistor and by electrons in the NPN transistor. Electrons have higher mobility that
makes the NPN transistor preferable for fast response.

Let us consider an NPN transistor. The band structure of an unbiased NPN struc-
ture is shown in Figure 5.2, where W, is the width of the base region.

As the two junctions are not biased (no external voltage applied) the Fermi level is
continuous through the transistor to maintain its equilibrium; potential barriers are
established at the emitter—base and base—collector junctions that prevent diffusions
of majority carriers across the junctions.

With the normal active-mode bias voltage applied, that is the emitter—base junc-
tion forward biased and base—collector junction reversed biased; the band structure
under biasing is modified as shown in Figure 5.3, where V, is the potential barrier
and W, is the width of the base region.

The potential barrier between E and B is reduced due to the forward bias to this
junction as (V, — Vgg). In this junction an electron current, I, is injected from E
into B region and a hole current, I, , in the reverse direction. Efficient transistor

hp>

% 7
E'\B/‘c

Depletion regions

FIGURE 5.2 Band diagram structure of an unbiased NPN transistor.
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FIGURE 5.3 Band diagram structure of an active-mode biased NPN transistor.

operation is achieved when most of the current across this junction is carried by car-
riers originating in the emitter; that is, when the electron current I, is much larger
than the current due to holes I,,,. This is achieved by doping the emitter to a higher
degree than the base.

In the collector—base junction, the potential barrier height is increased to (V, +
Vg) due to the reverse bias Vg applied. The result is that there is no majority carrier
diffusion and the only current flow across this junction is due to minority carriers.
A very small saturation current, the collector leakage current, flows across the C-B
junction, which has contributions from minority carriers in the base and collector
regions.

For efficient transistor operation it is necessary to ensure that electrons pass-
ing through the base do not recombine. This can be achieved with a very narrow
base width, W,. Some recombination will occur reducing the current gain of a
transistor.

Then the minority carrier concentration in the base region is as indicated in
Figure 5.4.

In an efficient transistor with a highly doped emitter and narrow base there is
little recombination in the base region. Nearly all the electrons injected from the

Minority carrier
injected from emitter

Emitter Collector

FIGURE 5.4 Minority carrier concentration in the base in transistor biased in active mode.
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emitter defuse across the base and are swept across the base—collector junction into
the collector. As the emitter is more heavily doped than the base the majority of the
current across the emitter—base junction is transported by electrons. The collector
current, I, is then only slightly less than the emitter current I.

For a PNP transistor the analysis is the same, but the polarities of the junctions
will be reversed and the carrier involved will be holes.

5.3 BJT CHARACTERISTICS

5.3.1 TRANSISTOR CONFIGURATIONS

Bipolar transistors are three terminal devices. The transistor can use different termi-
nals as input and output and one of the terminals can be common to input and output.
Figure 5.5 shows the emitter, collector, and base common configurations.

The common emitter configuration is a configuration in which the emitter termi-
nal is common to the input and output. We can consider the input and output charac-
teristics of the transistor under this configuration.

5.3.2 INPUT CHARACTERISTICS

Measuring the input voltage between the emitter and base, Vg, and the input current
through the base, Iy, we can obtain the input characteristics of the device. Figure
5.6 shows a typical form input characteristics of a common emitter configuration
transistor.

The input characteristics of a transistor are similar to the form of a forward-
biased p—n junction.

5.3.3 Output CHARACTERISTICS

Measuring the output voltage between the collector and emitter, Vg, and the output
current through the collector, I, when the base current is kept constant, we can
obtain the output characteristics of the common emitter transistor. Figure 5.7 shows
the output characteristics of a transistor.

Near the origin there is a region where the current—voltage relationship is similar
to the behavior of a resistor; this region is sometimes called the ohmic region or the

V.
1 T VO
o
Common Common Common
base emitter collector

FIGURE 5.5 Transistor configurations.
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VBE

FIGURE 5.6 Common emitter transistor input characteristics.

Vee
FIGURE 5.7 Transistor output characteristics at one base current.

resistive region. After this region the current is almost constant. It is usual to present
the output characteristics including a family of curves at different values of base cur-
rents (Iy). Figure 5.8 shows the output characteristics of a transistor at various values
of base currents.

With Vg very low, the collector is not efficient at collecting carriers from the emit-
ter passing through the base region. After Vg exceeds a particular value known as
the “knee” voltage, the collector current I does not depend largely on the collector—
emitter voltage. It depends on the base current I;. Even with the base current, I, =0,
a small current flows into the collector, which is the leakage current, Ig,. For a
small base current a considerably larger collector current, I, flows, which gives a

\/“Knee" voltage

—
|
—
—
| =
—
—

VCE

FIGURE 5.8 Transistor output characteristics at various base currents.
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FIGURE 5.9 BIJT output characteristic showing an avalanche region.

Iy

FIGURE 5.10 Relationship between the collector current and the base current in a BJT.

current gain much greater than unity. As the voltage between the collector and emit-
ter increases the reversed-biased voltage between collector and base increases as
well. This can reach a point, like any diode, where avalanche effect occurs. Figure
5.9 shows the output characteristics including an avalanche region.

The avalanche region should be avoided in a transistor. A good transistor is one
with a low leakage current, high V. before avalanche, evenly spaced lines on the
output characteristic and a low knee voltage.

Relationship between the collector current and the base current in a bipolar tran-
sistor is approximately linear. The magnitude of collector current is generally many
times that of the base current, the device provides current gain. Figure 5.10 shows a
typical relationship between the collector current and the base current in a BJT.

5.3.4 DATtA FoR A TyricaAL NPN TrRANSISTOR

There are four main sections noticeable in a manufacturer’s data. They are

e The safe maximum ratings allowed for the device
* The normal operating voltages, currents, and gains
* Some parameters for a model of the transistor

e Typical graphical characteristics
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5.3.5 RATING AND SELECTION OF OPERATING POINT

When a transistor is being used, a region is selected where the transistor will work.
Within this region, the transistor is biased to obtain a particular value of collector—
emitter voltage and a collector current within its output characteristics. This is
known as the operating point, Q, sometimes called the working or quiescent point
of the device. Q should be in a “safe” area of its characteristic and in the majority of
cases of analog system; it should be in an area where the output characteristics are
equally spaced. Chapter 6 will detail how the operation point is selected and how it
can be designed in various circuits.
The manufacturer’s data for a transistor usually provides

*  Maximum collector current, I,
e Maximum collector voltage, Vi gm.x
e Maximum power dissipation, P,

The electrical power input to the transistor must be less or equal to P, for
safe operation. In a common emitter transistor usually the base current is small
compared to the collector current and the voltage across base and emitter is small
compared to the voltage across the collector—base junction. The input power can be
approximated to

Input power = Vel ¢

The product of V and I. must not exceed the maximum power dissipation. Both
Vg and I cannot be maximum at the same time. If V; is maximum, I can be
calculated as

[o = (5.2)

If I is maximum, V; can be calculated by rearranging Equation 5.2 as follows:

Pmax
Veg = ; 4.3

C

For a given transistor, a maximum power dissipation curve can be plotted on the
transistor output characteristic output curves as shown in Figure 5.11.

This clearly limits the usable part of the output characteristic to the region avoid-
ing the lines of

A: Maximum safe collector current
B: Maximum safe collector voltage
C: Maximum power dissipation
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FIGURE 5.11 Maximum limits of transistor usage.

EXAMPLE 5.1

A transistor’s characteristics provided by the manufacturer include a maximum
power, P .. =800 mW, V., =30V, and an lq,, =300 mA. If the transistor is
required to work at maximum collector—emitter voltage, calculate the upper value
of current that can be used. If the transistor is required to work at maximum
collector current, calculate the upper limit of voltage between collector and emit-
ter set as a limit.

SoLuTiON

The maximum collector current and maximum V¢ cannot be used at the same
time. If the maximum collector-emitter voltage is used the collector current limit is

Poax _ 800x107
VCEmax 30

=26.67 mA

Ictimit =

which is smaller than I,., specified by the manufacturer.

The maximum collector current and maximum V. cannot be used at the
same time. If the maximum collector current is used then collector-emitter
voltage limit is

Poox _ 800x107
lemax 300x107°

VCElimit -

=2.67V
which is smaller than V., specified by the manufacturer.

5.4 GAIN PARAMETERS OF BJT: RELATIONSHIP
OF oo AND 3 PARAMETERS

5.4.1 CommoN Base CONNECTION

Figure 5.12 shows a transistor connected as common base configuration, in this con-
figuration the input current is the emitter current and the output current is the col-
lector current.
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FIGURE 5.12 Common base configuration. Current gain.

If the emitter current is changed by increment Alg, there will be a correspond-
ing incremental change in collector current Al.. The relative change is described in
terms of a gain parameter, 0., which is defined by

_ Change incollector current _ Al

- ; . = 54
Change in emittercurrent ~ Alg|, 64

where o is the common base current gain.

In an efficient transistor almost all electrons emitted at the emitter are collected
at the collector. Then in a common base configuration a variation in the emitter
current will produce approximately the same variation in the collector current.
Therefore,

Alc = Al (5.5)

and a is only slightly less than unity, typical values being in the range 0.900-0.999;
o will be dependent on the number of electrons injected from the emitter into the
base, and the proportion of these electrons that diffuses across the base without
recombination, to the collector.

5.4.2 CoMMON EMITTER CONFIGURATION

The common base configuration then produces no current gain as o is almost 1; but it
is more frequent for a transistor to be operated in the common emitter configuration
as shown in Figure 5.13.

FIGURE 5.13 Common emitter configuration. Current gain.
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A change in base current Al produces a corresponding change in collector cur-
rent, Al, and the common emitter gain [ is then defined by

_ Change in collector current _ Alc

B

5.6)

Change inbase current AT |y consmae

Now for the transistor common emitter configuration the input current is I and
the output current is I..
The relationship for the current in the transistor can be written as

IB + IC +IE = O (5.7)

and using the relationship for oo we can write an expression for the collector current
taking into account the direction of currents as

Ip=—-C (5.8)

Then, Equation 5.7 becomes
IB + IC - Iic = O
o

Rearranging this equation we obtain

oa—1
o

Ic

+IB:0

and the current gain for a common emitter transistor can be expressed in terms of
o as

B=1C=1" 59)

Since o is slightly less than unity then 3 can be large, typical values being in the
range 10-1000.
EXAMPLE 5.2
A BJT has a base current I; = 12 mA and a collector current, I- = 1.8 A. Determine

the value of B, o, and the emitter current I..

SoLuTiON

Ic 1.8
=—=—"—==150
P b 12x107
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and
o
P=1"a
or
o - B _ 150 0.9934
1+B 1+150
Also,
IE:|£: 1.8 =1.812A
o 0.9934
I has a value approximate to I
EXAMPLE 5.3

A 10V source supplies current to the base of a transistor through a base resistor,
Rg as shown in Figure 5.14. If the voltage between the base and emitter, Vg, is
0.65 V and o= 0.97, calculate the base current I, B, collector current, and the
emitter current.

SoLuTION
By KVL we can write

ESZVRB+VBE:1O:VRB+O.65

and
Vi, =9.35V
and the base current is
= s =L53=116.875u/\
Rg  80x10

Ve

FIGURE 5.14 Circuit diagram for Example 5.3.
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The value of B is

The collector current is
lc =alg =32.33%116.875%107° =3.78 mA

and the emitter current is

polc Z378MA g e97 mA

o 0.97

5.5 TESTING TRANSISTORS

As with diodes, a transistor can fail to work. A few tests with an ohmmeter can
show whether a transistor works. A transistor, for the testing, can be regarded
as two back-to-back diodes. Figure 5.15 shows a transistor as two back-to-back
diodes.

Manufacturers’ data will indicate whether the transistor is an NPN or a PNP.
The data sheet will also indicate where B, C, and E are, and then just test the B—C
junction and the B—E junction as if they were standard diodes. If a p—n junction is a
defective diode, then the transistor is faulty. Also, check the resistance from C to E
using a higher ohms scale. If the transistor is working, you should get an open-circuit
reading from collector to emitter. To check a transistor connected in a network, first
disconnect the transistor.

5.6 EFFICIENT BJT AS AMPLIFICATION DEVICE

This section includes deduction of current gain in a BJT from the semiconductor
physics point of view. It will indicate how certain parameters affect an efficient
transistor. It is not intended to deduce the different equations that fit the theory of

C C
B B
E E
NPN PNP

FIGURE 5.15 BJT represented as two back-to-back diodes.
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semiconductor devices, but we can use these equations to determine how they affect
the behavior of a transistor. In that sense some equations will be used without being
deduced. This will reduce the mathematical content to facilitate the understanding
of the electronics processes in a transistor.

It is convenient to express the current gain, 0, in common base configuration in
terms of the efficiency of the emitter as injector of carriers, efficiency of the base
transfer of carriers, and efficiency of the collector as collector of carriers.

Then o can be written as the product of these three components: 1 (emit-
ter injection efficiency), % (base transport factor), and T (collector of carrier effi-
ciency) as

a=n-x1 (5.10)

Considering an NPN transistor 1, the emitter injection efficiency, is the ratio of
the electron current injected into the base from the emitter to the total emitter—base
junction current; %, the base transport factor, is the ratio of the electron current at the
collector junction to that at the emitter junction, and 7 is the collector efficiency to
collect electrons. The efficiency of a collector in the modern fabrication technologies
of BJT as collector of carriers is very good and can be taken as 100% efficient; that
is, all carriers arriving at the collector will be collected.

Collector efficiency =t =1 (5.11)

Current transport is an NPN transistor and is shown schematically in Figure 5.16,
where [, is the electron current from E to B, I, is the hole current from C to B, I,
is the hole current from B to E, L, is the electron current from B to C and I is the
base current.

An efficient transistor will have a value of o close to 1. In an NPN transistor we
would like to have all electrons emitted at the emitter be collected at the collector,
but in a bipolar transistor the emitter current will have a hole component, and this
will contribute to make o being less than 1.

. R 2

[=— Recombination
@ —1,

I}, €= _A- - L,
I
I

B

FIGURE 5.16 Schematic of current in a transistor.
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5.6.1 EmITTER INJECTION EFFICIENCY M

The emitter injection efficient for an NPN transistor can be expressed as the percent-
age of electrons compared to the total number of carriers, then

Electrons current L, _ Igg,

= = = 5.12
Electrons current + holes current I, +1y,  Igp, +Igg, 6.12)

where I, and I, are the hole and electron components of the current crossing the
emitter—base junction; I, is the current due to electrons in the emitter—base junc-
tion; and Iy, is the current due to holes in the emitter-base junction.

The contribution from holes to the emitter current, I,,, is made very small by dop-
ing the n-region much more heavily than the p-region, that is

I > 1,

Now the equation for a current in a p—n junction can be deduced by obtaining an
expression for the density of carrier electrons and holes and adding the two. The hole
contribution, I, can be represented by the following expression (Sze 1969):

qupnA |: (qVEB ) i|
I, = exp -1 (5.13)
P L, kT

where q is the charge of an electron, D, the hole diffusion coefficient, P, the number
of holes in the emitter, A being the effective cross-sectional area of the base, and
L, the diffusion length of holes in the emitter.

The electron contribution to the current in the emitter—base junction, I, may be
obtained in a similar way as Equation 5.13 for an n—p junction, but in a transistor
the p side (base) of this n—p junction is very narrow. We can use the equation for
electrons in an n—p junction with L, replaced by W,; in the emitter—base junction the
width of the base, W, is shorter than the diffusion length of electrons, L, Then, elec-
tron components of the current crossing the emitter—base junction can be expressed

as (Sze 1969)

p, = dDnpA ) [ dVes ) (5.14)
W, KT

where D, is the electron diffusion coefficient, n, the number of electrons in the emit-
ter, A being the effective cross-sectional area of the base, and W, the width of the
base.

And the emitter injection efficiency can be obtained by replacing I, and I, from
Equations 5.13 and 5.14 into Equation 5.12 and the emitter injection efficiency M
becomes
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N aD,n, A/W,[exp(qVes /KT) ~ 1]
I, +1,  gD.n,A/Wylexp(qVes /kT)—1]+qD,p,A/L [exp(qVgs /kT) 1]

or

_ Dn,/W, ~ 1
D,n,/W,+D,P,/L, 1+D,P,W,/L,D,n,

n (5.15)

Now using other equations in semiconductor physics that relate electrons and
holes and their mobility

n,p, =N,p, (5.16)
and also
D
P (5.17)
D, wu,

where 1, is the electron mobility and [, is the hole mobility.
We can write 1 as function of the conductivity of the p-region G, and in the
n-region G,, as

n’

1

= 6, Wy/o,L,)

(5.18)

where 6, =D,P, =qP 1, and G, = qn I, are the conductivities of the p and n regions,
respectively.

In the n—p junction between emitter and base the conductivity of the emitter is
larger than the conductivity of base then G, > ¢, and we can write 1| as the following
approximation:

_ %W

=1
n o,L

(5.19)

p

and mn will be close to 1 if the second term of Equation 5.19 is small. Equation 5.19
corroborates that an efficient emitter injection ratio is achieved by making the base
region narrow and also by making emitter n-region heavily doped with respect to
the base.

5.6.2 BAse TRANSPORT FACTOR %

The base contributes to the efficiency of a transistor if the recombination in this
region is small. Ideally no recombination is desired, so all electron will diffuse
across the base to the collector.
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The base transport factor 7 is the ratio of electron injected from the emitter to
electrons that reach the collector. It can be expressed as

X = I.(at colléctor. junc.tion) _ L.(x=W,) (5.20)
I.(at emitter junction) I.(x=0)

where x is the distance from the emitter junction, taken as the origin zero the emitter—
base junction, then the distance from the emitter—base junction to the base—collector
junction will be the width of the base, W,.

The collector current due to electron current can be found by applying the con-
tinuity equation for excess electrons in the base region, An. The excess of electrons
injected in the base, An, as a function of distance x is given by (Sze 1969)

Npo — Np X 2W, —X
A = — — — — 5.21
n(x) 1—exp{2W,/L.} [CXP L, eXp( L, jeXp(Lc H .21

Now, the electron diffusion current density, J(x), in terms of the electron density
as function of distance x can be written as

d An(x)
dx

I(x) = qD, (5.22)

Performing the differentiation of An(x) with respect to x we can obtain the current
density as a function of distance x. Then, including the particular boundary values of
x = 0 at the emitter—base junction and x = W, at the base—collector junction we can
obtain the base transport factor ( as

_Je(atx=Wy) _ dAn(x)/ dx‘x=wb _ 2expW, /L.
J(atx=0)  dAn(x)/dx|_ — 1+exp2W,/L,

(5.23)

Now since the electron diffusion length L, is much less than the base width W,
Equation 5.23 can be approximated to

277! 2
1{ Wy 1{ W,
= — — =]l-—| — 24
X [1+2(Lbj] 1 Z(Lej (5 )

Thus, as before for high efficiency of the base y large L, and narrow W, is
required.
The total current gain o in terms of semiconductor physic parameters can be

approximated to
6, W, (W, Y
a=ng=|1-—"L-0 | 1-—| 2 5.25
A .
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Equation 5.25 corroborates that for an efficient transistor a good emitter is
needed. This can be achieved by doping the emitter with large number of impurities
compared to the number of impurities of the base and making the base as narrow as
possible.

5.6.3 PuUNCH-THROUGH

There is a limitation on how thin you can make the base. The base cannot be made
too thin because when voltage reverse bias is applied to the base—collector junc-
tion, the depletion region extends and can connect to the depletion junction of the
emitter—base junction. This phenomenon is known as punch-through resulting in
direct conduction and the device stop working as a transistor.

5.7 KEY POINTS

e The BJT was the first transistor invented to replace the electronic valve.

e BJT consists of three layers of solid-state semiconductor material either
NPN or PNP.

e Bipolar transistors are one of the most important electronic components
and an understanding of their operation and use is vital for anyone working
in analog electronics.

e BJT is used in a wide range of applications of both analog and digital
circuits.

¢ Electrons have higher mobility making the NPN transistor favored when
used as a faster switch.

¢ In a normal active-mode transistor, the emitter—base is forward biased and
base—collector reverse biased.

e In a BJT the common base current gain o is close to unity and the current
gain for a common emitter transistor is usually large.

e An efficient BJT will require the efficiency of the emitter, efficiency of the
base, and efficiency of the collector to be close to unity.
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6 Field Effect Transistors

6.1 INTRODUCTION

Once the BJT was successfully developed, semiconductor technology underwent
rapid advances to fabricate thin layers of materials with better doping control and
small geometries in order to produce a new type of transistor: the field effect transis-
tor (FET). This new type of transistor behavior is similar to a BJT, but it is based on
the control of carriers using an electric field. The introduction of FETs has a large
impact on the systems using ICs. This is due to the FET physical size, easy fabrica-
tion, better isolation of devices, and packing characteristics. New technologies allow
fabricating very small FETs in very large ICs (VLSI—very-large-scale integra-
tion). This chapter highlights the similarities between these two forms of transistors
(FETs and BJTs) as well as point out the differences. This allows readers to transfer
knowledge of BJT devices and circuits while appreciating the essential differences
between these two forms of components. Transistors are used in a similar way in
analog as well as in digital circuits; the main difference is the region where the tran-
sistor works. In the case of digital circuits, the transistor is usually used as a switch
between the saturated and cut-off regions of a transistor.

6.2 FABRICATION OF FET

FETs are the simplest form of transistor in terms of fabrication. They are commonly
used in analog and digital applications; they have high input impedance and small
physical size. They can be used in circuits with a low power consumption combined
with its small size that suits VLSI well.

FETs are four-terminal devices:

¢ Drain (D)
e Source (S)
¢ Gate (G)
e Substrate

In many applications, the substrate is connected to the source, then for the analy-
sis it is usually taken as three-terminal devices, D, S, and G.

Figure 6.1 illustrates the basic structure of an FET including notation used for
labeling voltages and currents. MOSFET (metal-oxide—semiconductor field effect
transistor) with an n-channel is shown in Figure 6.1a. In this FET the starting mate-
rial is a p-type material that forms the substrate, and then impurities are introduced
to create two regions of n-type material that form the source and drain. Between the
source and the drain, a layer of insulation material usually silicon dioxide (SiO,) is
grown. On top of this insulating material a conducting material forms the gate. With
this structure it is possible to generate a thin layer of n-type semiconductor between

113
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p-substrate n-substrate

FIGURE 6.1 Structure of a FET: (a) n-channel MOS, (b) p-channel MOS.

source and drain, known as the channel, by applying a voltage in the gate. This struc-
ture creates an n-channel MOS transistor. If the starting material in the substrate is
an n-type material, it is possible to create a p-channel MOS as shown in Figure 6.1b.

6.3 DIFFERENT TYPES OF FET

According to the different structures and types of semiconductor material there are
different types of FETs. The two basic forms are

e Insulated-gate FETs
e Junction gate FETs

6.3.1 INsuLATED-GATE FETs

The FET shown in Figure 6.1 is known as insulated-gate FETs, because the gate is
insulated. Such devices are called IGFETs or sometimes MOSFETSs or sometimes
just MOS. ICs using these devices are usually described as using MOS technology.
There is a further division within the MOSFET in that they can have a physical
channel created under fabrication, known as depletion MOSFET, Figure 6.2b, or the
enhancement FET where the channel is induced by applying a voltage to the gate,
Figure 6.2a.

(@) (b)

Source  Gate(+) Drain Source Gate Drain
Al Al

. <— Si0, <— Si0,
n ,‘,\ 0 ,‘,\ @
Induced Physical
n-channel channel
p-substrate p-substrate

FIGURE 6.2 (a) Enhancement MOSFET, (b) depletion MOSFET.
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FIGURE 6.3 n-channel JFET.
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n-channel G—I Substrate G—I [€— Substrate G
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Depletion Enhancement Junction
MOSEET MOSEFET MOSEET

D D D
G G 'J G
p-channel —I Substrate —I F—> Substrate
S ‘—I S S

Depletion Enhancement Junction
MOSFET MOSFET MOSFET

FIGURE 6.4 Circuit symbols for different types of FET transistors.

6.3.2 JunctioN GATe FETs

In this type of transistor there is no insulating material to insulate the gate. The junc-
tion gate FET is sometimes known as a JUGFET or more commonly as JFET. Figure
6.3 shows an n-channel JFET.

In this transistor the insulated gate of a MOSFET is replaced with a reverse-
biased p—n junction. The gate junction is always reverse biased. No current flows into
the gate and it acts as if it were insulated.

6.3.3 FET Circuit SyMBOLS

Both forms of MOSFET and JFET are available as either n-channel or p-channel
devices. Figure 6.4 shows a summary of the different MOS and JFET.

6.4 MOS FET

6.4.1 Tue MOS IGFET

Figure 6.5 below shows a typical structure of an IGFET (insulated-gate FET). The
metal gate terminal is entirely insulated from the substrate semiconductor by a thin
insulating layer of silicon dioxide, SiO, The MOS transistor shown in Figure 6.5
is an n-channel type and the conducting carriers are electrons. As electrons have
a better mobility than holes, this transistor has better operating performance than
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channel
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FIGURE 6.5 Insulated-gate field effect transistor.

a p-channel type. The operating speed and gain of an MOS transistor are directly
related to its carrier mobility, so n-channel devices are usually favored.

6.4.2 MOS OPERATION

Without a voltage applied to the gate, there is no current between the drain and
source. Source and drain form p—n junctions with the substrate, voltage of any polar-
ity between drain and source will reverse bias one of these p—n junctions and no
current will circulate between source and drain. In order to have a current between
source and drain a channel of n-type material is needed between the source and
drain. This channel is produced by applying a positive voltage at the gate as follows.

A positive gate potential will induce an electrostatically negative charge, similar
to a capacitor, on the substrate. Then a positive voltage at the gate will repel the holes
(positively charged) and attract electrons (negatively charged) in the region below the
gate within the p-type substrate. This action changes the charge concentration of a
thin layer under the gate increasing the number of electrons in this region, the minor-
ity carrier in the p-type substrate. If a larger positive voltage is applied to the gate,
then at the surface, the concentration of minority carrier (electrons) will eventually
become larger than the density of majority carrier (holes), and the channel is created.
It is usually referred to as this region being depleted (of holes). Once the channel is
created by this electric field produced by the voltage applied to the gate, there can
be conduction between the drain and source and this device operates as a transistor.

The substrate may be either p-type or n-type corresponding to n- or p-channel
transistors, respectively.

The operation of an MOS can also be explained in terms of the energy band struc-
ture of materials. The gate region is essentially a capacitor; in this region the electric
field is created by applying a voltage to the gate. The gate is a conducting material,
the oxide layer SiO, is an insulator and the semiconductor is a conducting material
(of higher resistance than metals), so it is a capacitor structure. The name of this
device comes from this structure: metal (M), oxide insulator (O), and semiconductor
(S). The MOS structure is basically a capacitor in which one plate is a semiconductor
and the other is the metal layer.

Let us concentrate on the gate region of an n-channel transistor, where the field
effect for transistors takes place. With zero voltage applied the transistor is in
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FIGURE 6.6 Band energy of an MOS structure at equilibrium.

equilibrium. Figure 6.6 shows the band diagram for the gate region at equilibrium
(V =0), where E; is the energy level at the middle of the gap, that is, Ez = E; = E,/2
for an intrinsic material. Ep,, is the metal Fermi level; Eg, the semiconductor Fermi
level; E, the oxide Fermi level; E the bottom of the conduction band; and E, is the
top of the valence band of the semiconductor.

Now let see what appends when an external energy is applied, that is, a voltage
to the gate. Then the system is not in equilibrium and electron and holes will be
affected by the electric field created by the voltage applied to the gate. We have two
cases: with a negative voltage to the gate an accumulation of holes will happen and
with a positive voltage to the gate depletion of holes is created.

6.4.3 ACCUMULATION

If we apply a negative voltage, V, to the gate, the capacitor behavior indicates that we
are in fact depositing negative charges on the metal of the gate. Then the same amount
of positive charges will appear on the other plate (at the surface of the semiconductor
material). The applied negative voltage lowers the electrostatic potential of the metal
relative to the semiconductor, the electron energies are raised in the metal relative to
the semiconductor. As a result, the Fermi level for the metal Ep, is raised from the
equilibrium position by the external energy applied qV. The raising E,, up in energy
relative to E, causes the oxide conduction band to tilt, as indicated in Figure 6.7.

N\

Eme N )
____‘1'____ [ E;

" N\\ E\ Fre
S

Negative applied voltage to gate: accumulation

FIGURE 6.7 Band energy of an MOS structure under accumulation.
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As a consequence, the conduction and valence bands bend as shown in Figure 6.7.
The intrinsic level that indicates the same concentration of electrons and holes bend
as well, as indicated in Figure 6.7. There is no current conduction through the insu-
lator of this MOS structure, and then the Fermi level Ep, within the semiconductor
does not bend but remains flat as indicated in Figure 6.7.

Now if we examine at the Fermi level in the p-type semiconductor near the inter-
face between the oxide and semiconductor we see that E is closer to the valence
band; this indicates that in this thin region there is a larger hole concentration
(accumulation) compared with the concentration at the bulk (away from the oxide—
semiconductor interface). Therefore, in this region, negative voltage applied to the
gate has created a thin layer where the concentration of holes has increased, this is
called accumulation. This has been achieved by creating an electric field. The name
of this type of transistor comes from this field effect.

6.4.4 DEPLETION

Now, if we apply a positive voltage V from the metal to the semiconductor (gate
voltage) this lowers the metal Fermi level by qV relative to its equilibrium position
as shown in Figure 6.8.

This positive voltage deposits positive charge on the metal producing an equivalent
net negative charge at the surface of the semiconductor. This negative charge in p-type
material increases the number of electrons resulting in the depletion of holes at the
region nearer the surface. The energy bands bend upward in this case, and Ep, within
the semiconductor does not bend but remains flat as indicated in Figure 6.8. Now if we
examine the region at the Fermi level in the p-type semiconductor near the interface
between the oxide and semiconductor we see that E is further away from the valence
band; this indicates that in this thin region there is a larger electron concentration
(depletion of holes) compared with the concentration at the bulk (away from the oxide—
semiconductor interface). Thus, in this region, positive voltage applied to the gate has
created a thin layer where the concentration of electrons has increased, this is called
depletion. The energy bands bend downward in this case as indicated in Figure 6.8.

Now if we increase the positive voltage at the gate, the energy bands at the semi-
conductor surface bend downward more strongly until a region at the interphase of

Positive applied voltage to gate: depletion

FIGURE 6.8 Band energy of an MOS structure at depletion.
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Positive applied voltage to gate: inversion

FIGURE 6.9 Band energy of an MOS structure at inversion.

oxide—semiconductor is changed from a majority of holes to a majority of electrons.
Then an inversion has occurred. This thin layer is called the channel and the semi-
conductor has been inverted from p-type to n-type by the application of this electric,
as indicated in Figure 6.9.

At the surface region (the channel), the Fermi level is above the intrinsic level and
therefore the channel is n-type material; at the bulk (away from the surface region),
the Fermi level is below the intrinsic level and hence is p-type.

The channel has conduction properties typical of n-type material and this layer is
formed not by doping, but instead by inversion of the originally p-type semiconduc-
tor due to external applied voltage.

6.4.5 STRONG INVERSION

The positive voltage applied to the gate can create a channel that can disappear with
a small variation of voltage, and then the channel is weak. In order to use an FET we
need the channel to exist even if small variations of voltages occur. Then we need to
apply a voltage level that produces a strong inversion in the semiconductor material.
An accepted condition for strong inversion is that the channel should be as strongly
n-type as the substrate is p-type. In other words we need to apply a positive voltage at
the gate in such a way that produces a band bending where the difference of energy
between the Fermi level and intrinsic level in the channel layer and in bulk region
is the same. Figure 6.10 shows the band energy diagram for the boundary between
the oxide material and the p-type semiconductor. The band bending happens in the
semiconductor at the interface with the oxide insulator; the channel region is cre-
ated where the Fermi level is above the intrinsic level (n-type). At the bulk of the
semiconductor (away from the channel), the Fermi level is below the intrinsic level
(p-type). Figure 6.10 shows the band structure for an n-channel transistor under
strong inversion.

The energy difference due to the band bending and the intrinsic energy level E;
as a function of the distance from the surface of the oxide, can be represented by the
expression q@(x). At the interface between oxide and semiconductor x has a value
of 0. Then, the energy at x =0 is q®(x = 0) = q®,, where @, is the potential voltage
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FIGURE 6.10 Band energy of an MOS structure at strong inversion.

that produces the band bending. A condition for strong inversion is that q®, is equal
to twice the difference of energy between E; and E,, that is,

q®, = 2(E; —Eg) 6.1

6.4.6 THRESHOLD VOLTAGE, V;

The external voltage applied to the gate V; at which the surface just becomes strongly
inverted is called the threshold voltage V. Below the threshold voltage an NMOS
transistor is off and no current flows, while above the threshold the inversion channel
is established and the device conducts. The threshold voltage at the gate, V, is the
voltage value at which the channel current, I, conducts (above the leakage levels).
V is an important parameter.

The channel then allows a current between the source and drain. If the channel is
not created at a gate voltage less than V; then there is no conduction between source
and drain. When the channel is created we can have conduction through the channel
between sources and drain when a voltage is applied.

6.5 JFET OPERATION

The JFET operation is based on the variation of the depletion region with a voltage
applied to a p—n junction. As we saw in Chapter 4, at the junction of a p—n junction
a depletion layer is formed. In a JFET, this depletion layer is modulated by a reverse
voltage to control the conductivity between source and drain. Figure 6.11 shows
the structure of an n-channel JFET. Commonly, the JFET and other semiconductor
components are fabricated using planar technology so all terminals are in one plane.
In Figure 6.11 the gate is split into two to provide an easier explanation of how this
transistor works, in practice there is only one gate. As shown in Figure 6.11, the
depletion layer exists even if no voltage is applied. We take the source voltage as
reference then Vg is written as Vg and V4 is written as V, for notation. Figure 6.11
shows the case when V=V =0and V=V =0.
In this case, the depletion region exists even if no drain voltage is applied.
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FIGURE 6.11 JFET structure under zero bias applied Vg =Vgg=0and V=V =0.

FIGURE 6.12 JFET structure under Vi =0, Vp, # 0 small, I,, # 0 small.

Now if a small voltage is applied between the source and the drain, Vp,, the thick-
ness of the depletion layer will increase taking the shape indicated in Figure 6.12.
The irregular shape of the depletion region is because the reverse voltage between
the source and the gate on the source side is larger. Figure 6.12 shows the depletion
region change when a small voltage is applied between source and drain. The drain
current will then be different from zero, but small.

Further increase of the drain voltage to V5, (V5, > Vp5,) causes the channel to nar-
row and its resistance to increase. The thickness of the depletion layer will increase
taking the shape indicated in Figure 6.13. In this case we have V;=V5,=0, V5,
larger than V,,, then the new drain current I, will be larger than Ij,,.

Further increase of drain voltage to V,; = Vo (Vpp > Vi, > V) causes the chan-
nel to narrow, the depletion layers that extend across the channel almost close at the
drain end. This point is called pinch-off. The thickness of the depletion layer will
increase taking the shape indicated in Figure 6.14. In this case we have Vi = V54 =0,
Vpp larger than Vi, then the new drain current I, will be larger than I,,.

FIGURE 6.13 JFET structure under Vg =0, Vp, > Vp,, I, > Iy,
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FIGURE 6.15 JFET structure under V=0, Vp, > Vpp, Ip, =1

Further increase of drain voltage, larger than V;, causes the channel to narrow to
the point of closure. Further increase of the drain voltage will not increase the drain
current, so for any increase of V, above V, the current will remain constant. The
thickness of the depletion layer will increase taking the shape indicated in Figure
6.15. In this case we have V5 = V5 =0, V5, larger than V,,, then the new drain cur-
rent I, will remain constant at I,

As the drain voltage is increased from Vp,, to Vp,; the drain current increases
gradually similar to the behavior of a resistance. This region before pinch-off is
known as the ohmic region or resistive region. At pinch-off the current stop increas-
ing the channels is strangled and the current stays constant. This region is known as
the saturation region of the I-V curve.

Figure 6.16 shows a plot of the drain current against the drain voltage.

I Pinch-off
D voltage
i \,\ Vg
IE Saturation
: Ohmic
! region
Vs

FIGURE 6.16 JFET output I-V characteristics.
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Note that in a JFET the channel is created at fabrication, so even with a zero
voltage at the gate it is possible to have a current between drain and source. The [-V
curve illustrated above takes V5 = 0. By changing the gate voltage a similar curve
can be obtained, creating a familiar set of [-V curves of transistor behavior.

6.6 STATIC CHARACTERISTICS OF FET

MOSFETs and JFETs operate in different ways, but their characteristics are similar.

6.6.1 INPUT CHARACTERISTICS

In both type of transistors, MOSFETs and JFETs, the gate is effectively insulated
from the remainder of the device.

6.6.2 Output CHARACTERISTICS

In n-channel devices usually the drain is more positive than the source. Figure 6.17
shows the output characteristics of an n-channel FET.

6.6.3 TRANSFER CHARACTERISTICS

The transfer characteristics of all FET are similar in shape but with a different offset.
Figure 6.18 shows the transfer characteristics for different forms of FET.

The transfer characteristics are not a linear response, but over a small region
might be approximate to a linear response.

6.7 CURRENT-VOLTAGE CHARACTERISTICS

The deduction of an expression of the drain current as a function of the drain volt-
age leads to a complex equation because it has to take into account the physical
changes of the different region within the transistor as voltage is applied as well as

Ohmi
/} regiorl Saturation region

[

Ip

ﬁ
ﬁ
f
r—l

yA
-~

I
Vs

v

FIGURE 6.17 FET output characteristics.
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IDw
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FIGURE 6.18 Transfer characteristics for (a) JFET, (b) depletion MOSFET, and (c) enhance-
ment MOSFET.

the variation of carriers. An accurate approximation to the behavior of the drain
current with voltage can include mathematical terms of various orders of magnitude.
An equation of high complexity for the drain current is not always used. Usually a
simpler approximate expression is commonly used and I, can be approximated to

w V3
Ip = funCox {(Vc - Vr)Vp — ZD} 6.2)

For
0<Vp<(Vg—Vr)

where W is the width of the gate, L the length of the gate, |, the mobility of elec-
trons, C,, the capacitance due to the insulator at the gate, V; the voltage at the gate
with respect to the source, V the threshold voltage, and V, is the voltage at the drain
with respect to the source.

Then the drain current depends on the geometrical dimension of the gate as well
as voltage applied. The ratio W/L is referred to as the MOS transistor aspect ratio.
The expression of Equation 6.2 provides the drain current for the drain voltage
between 0 and (Vg — V) the pinch-off voltage.

Pinch-off voltage V;, is

Vor =(V6— V1) 6.3)

As V, increases above the pinch-off voltage the drain current remains almost
constant. For V, above pinch-off, the current flow is said to be saturated.

6.7.1 SATURATION

At drain voltage above pinch-off, the drain current remains almost constant from the
values reached at pinch-off, I;,qs. An approximated expression for the drain current
in the saturation region can be obtained assuming the voltage at saturation, Vp,,
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FIGURE 6.19 FET current—voltage characteristics.

remain constant at (V5 — V) for I, in the saturation region. Therefore, replacing
(Vg — Vp) by Vp, in Equation 6.2, the drain current I, becomes

w Vi
IDsat = funcox |:VDsatVDsal - 3 . :|

or

W Vi
IDsat = f“ncox |:];li| (64)

For Vp=(Vgs—Vi)

In practice there is a slight increase in current with increasing V|, above pinch-off,
as a result of the reduction in the channel length.

Figure 6.19 shows the drain current against voltage indicating the two regions—
ohmic and saturation regions—of the I-V curve.

If the gate voltage is varied then it is possible to create a family of I-V curves for
a FET as shown in Figure 6.17.

EXAMPLE 6.1

The N-MOSFET of Figure 6.20 has a threshold voltage V;=1V and
pC, W/L = 0.3 mA/V2. Calculate the values of the voltage between the source and
drain, Vps, and the drain current Ip.

SoLuUTION

2 2
o= " HiCa {(vg S V)V —VZ"} = 0.3{(5 V-2 } mA
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FIGURE 6.20 Circuit diagram for Example 6.1.

Also from KVL
VDD = RD]D + VD
or

VDD_VD _ 3_VD
Rp 10x10°

Ib =

And solving the two simultaneous equations, we can obtain the drain voltage
Vp as

Vb =0.237V

Then the drain current will be given by

_Vop—Vb _ 3-0.237

R = Toxior - 02763mA

Ib

6.8 KEY POINTS

e FETs are widely used in both analog and digital applications.

e FET is characterized by very high input impedance and a small physical
size. They are less noisy and can be used to produce circuits with very low-
power consumption.

e FET operation depends upon the flow of majority carriers only. It is there-
fore a unipolar device.

e FETs are simpler to fabricate and occupy less space in IC form.

e There are two basic forms of FETs, namely the MOSFET and the JFET.
Although MOSFET and the JFET operate in rather different ways, many of
their characteristics are similar.
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e All FETs are voltage-controlled devices in which the voltage on the gate
controls the current that flows between the drain and the source.

e The characteristics of depletion MOSFETs, enhancement MOSFETSs, and
JFETs are similar, except that they require different bias voltages.

e FETs can be used not only to produce amplifiers, but also in a range of
other applications such as voltage-controlled attenuators, analog switches,
and logic gates.
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7.1 INTRODUCTION

A transistor can be used as a current and voltage amplifier device. We have seen from
the output characteristics that the transistor has different regions of operation. To
make the transistor operate in a desired region, according to the application required,
we need to establish the voltages and currents where the transistor will operate. This
can be achieved by connecting external components to the transistor to select the
region and point of operation. This is what we call biasing a transistor. The biasing
can be achieved by using dc voltage sources or current sources; these sources provide
the energy required to amplify a signal.

7.2 LOAD LINE

The output characteristics of a transistor used in common emitter configuration
shows the variation of the voltage between the collector and emitter, Vg, versus the
collector current I for different values of base current I; as seen in Figure 7.1. We
can make the transistor operate at different configurations of V. and I.. We can
determine and impose the values of I and Vg in a transistor by applying dc sources
and resistors to determine the value of I and Vg required. The value of I and V
selected is known as the operating point or the quiescent point Q of a transistor.
It is usually the case that we have a fixed voltage source. Different voltage values
can then be achieved by adding external passive components. Figure 7.1 shows an
example of a transistor with operation point Vo =5 V and I = 1 mA.

Usually, external passive components are resistors that can be changed to obtain
different values of operating point as the voltage source is fixed. Let us consider a
simple example to bias a transistor using a single source V. and a resistor at the col-
lector R as seen in Figure 7.2.

Applying KVL to the loop formed by the source V_, the resistor R and the volt-
age V. we obtain the following equation:

VCC = ICRC + VCE (71)

In this equation the two terms, V; and I, are parameters of the output charac-
teristic of the transistor and they select the Q point. V- and I can be varied and
this gives a linear relationship creating what is called the load line. It is called the
load line because R can be the load in this circuit and a variation of this load will
produce different values of I and V. Figure 7.3 shows an example of a load line
imposed on the output characteristic of a transistor.

129
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3mA NI
Iz =25mA
2 mA = I =20 mA
ICQ Iz =15mA
, Q
1 mA — ‘ Iz =10 mA
1
i
* Iz =5mA
1
077 a ! >
5V 10V Ve

FIGURE 7.1 Example of operating point, Q, in a transistor in common emitter configuration.

V,

cc

— Ve

FIGURE 7.2 Example of biasing a transistor with a source and a resistor.

From Equation 7.1 it is possible to determine the two points D and E where this
line intersects the Vg and I axes. They are given by
AtIo =0 then V. = V¢ point D

and

At Veg =0 then I = V../R¢ point E

The line joining D to E defines the only combinations of V. and I that are pos-
sible by a value of R once V_ has been selected. It is desired to select the operating
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FIGURE 7.3 Example of a load line.

point within a load line and avoid regions where the transistor does not operate
safely. In analog electronics it is usually desired to select an appropriate Q within the
liner region to obtain an output voltage without distortion.

EXAMPLE 7.1

A BJT has a collector resistance R =10 kQ as indicated in Figure 7.4. Determine
two points that will allow you to draw the load line for this circuit.

SoLuTION

We can draw the load line superimposed on the output characteristics of the
transistor.

One point (P;) can be determined when the collector current I =0, then the
potential difference across R. will be zero and the 12 V from the source will be
applied between the collector and emitter. Then at I =0, V= 12 V. This gives us
a point P in the load line as P, (O A, 12 V).

V=12V
Re | |10kQ
IC
C
B
VCE
E

FIGURE 7.4 Example for load line with R = 10 kQ.
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Another point in this load line (P,) can be determined when the voltage
between collector and emitter is equal to zero, and then the 12 V from the source
will be applied across Re. Then at V=0, I is equal to

Voo | 12

=—~% _=12mA
Re 10x10°

IC:

and the second point will be P, (1.2 mA, 0 V). The straight line for the load line can
be drawn with these two points.

7.2.1 Curt OFr

When the base current is equal to zero, the transistor is in what is known as the
cut-off region. Figure 7.5 shows a cut-off region in the output characteristics of a
transistor.

Under cut-off conditions there is a very small amount of collector leakage current,
L., due mainly to thermally produced carriers. In cut off, the base—emitter and the
base—collector junctions are reverse biased.

7.2.2  SATURATION

In the output characteristics of a transistor, if the voltage between collector and emit-
ter is increased then the collector current increases, but there is a value of V; when
the I current saturates, that is, remains almost constant. This happens for different
values of I creating what is known as the saturation region. At saturation, the B—C
junction becomes forward biased and I can increase no further. Figure 7.6 shows the
saturation region in the output characteristics of a transistor.

At saturation, the relation I = Bly is no longer valid. The Vg, for a transistor is
usually only a few tenths of a volt for Si transistors.

IC
A
r—————————_-___ IBs
;——————————_-__ IB4
"———-———_—______ 1]33
, I
—————————______ B Cutooff
region
{ — ————_
— - ———— = I
_.AvA-¢¢oA¢A¢A¢i¢&¢*¢,¢, 455 ,;0 2 0’0310 BO

FIGURE 7.5 Output characteristics. Cut-off region in a BJT.
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FIGURE 7.6 Saturation region in a BJT.

It is usually the case that in a circuit that works with analog signals the cut-off
region and the saturation region are avoided (in digital systems the transistor it is
made to work between these two regions).

7.3 BIASING A BJT

Biasing can be achieved using current sources; this is usually the case when biasing
transistors in IC forms. Biasing can also be achieved using external passive components
and sources. There are some forms of biasing that are commonly used in designing ana-
log circuits. In this section, we look at the most popular circuits to bias BJT transistors.
One factor to consider when biasing a transistor using components “off the shelf”
is that transistors are mass produced and manufacturers cannot guarantee a particular
value of B in a transistor. In the data provided by the manufacturer, the nominal value,
the minimum, and the maximum values are indicated. This means that the value of
parameter [3 can be within this range of values. Then 3 varies from transistor to transistor
and 3 also varies in a particular transistor with Vg, I, and also with variation of temper-
ature. The disadvantage of this is that a variation in 3 causes both I and V. to change,
thus changing the Q point of the transistor, making the biased transistor 3-dependent.

7.3.1 Fixep Bias

Fixed bias biasing is a simple and economic way of biasing a transistor. It consists of
one source and two external resistors as indicated in Figure 7.7.

Considering the voltages around the closed circuit that include V., voltage across
Ry and Vi and applying KVL we obtain the following equation:

Vec =IgRp + Vgg

Rearranging this equation we have
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+V,

cc

FIGURE 7.7 Fixed bias circuit.

Replacing the value of I in terms of I using the expression for § = [/I leading
to I = I/B then

Ie _ Vec—Vae
B Rg
and
Vee =V,
Rg = %B (7.2)
C

Applying KVL around the loop to include voltages V¢, Vg, and voltage across
R;, we have

Vee =1c¢Rp + Vg (7.3)

With these two expressions we can design this fixed bias biasing. With this type of
biasing the variation of B has a large effect on the operating point. This is illustrated
by the following example.

EXAMPLE 7.2

Design a fixed biasing of a transistor with B =100. The operating point for this
transistor is given by I. =5 mA and V; =5 V. The collector resistance, R, is 1 kQ.

Once the biasing is designed we can assume that B changes and calculate the
operation point for f =50 and 150.

SOLUTION

The fixed bias biasing circuit to be used is indicated in Figure 7.8.
Calculate V. from Equation 7.3

Vee =1cRL+ Ve =5%107° x1x10° +5=10 V
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+V,

cc

FIGURE 7.8 Fixed bias circuit for numerical Example 7.2.

Calculate Rg.

When the silicon transistor B—E junction is forward biased, it is like a diode
and has a forward voltage drop between about 0.5 and 0.7 V. Use Vg =0.65 V
without losing much accuracy, then

_ VCC_VBEB: 10_0'65><100=187k9

R
b lc 5%x107°

187 kQ is not normally manufactured. Manufacturers produce components of
certain specified values. These components are known as the nominal preferred
value (npv). In this example, the nearest npv that exist commercially is 180 Q. Then
the circuit designed is shown in Figure 7.9.

Now let us change B to 50 and 150 and calculate the new operating points
(I, Vep)- Repeating the calculation above with the designed values and new B we
obtain Table 7.1.

From Table 7.1 we notice that the problem with this biasing is the large varia-
tion of the operating point as B changes.

+V, =10V

Ry = 180 kQ R =1kQ

FIGURE 7.9 Designed fixed bias circuit.
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TABLE 7.1

Fixed Bias with Different Values

of B

B lc (mA) VCE (v)

100 5 5

150 75 25

50 2.5 75
EXAMPLE 7.3

The operating point for the circuit shown in Figure 7.10 has an operating point
given by V=7V and I =7 mA. In order to achieve this operating point, deter-
mine the value of resistors Ry and R¢. The transistor has Vg = 0.65 V and B = 120.

SoLUTION
Using KVL we can obtain the following equation:

VCC =ICRC +VCE =7X1073XRc+7=16V
Then,

Rc = 16"2 =1285.71Q
7%x10

The value of I; can be calculated as

-3
= 2 7X107 o a3 10 A
B 120
1V, =16V
Ry Rc
T

FIGURE 7.10  Fixed bias amplifier circuit for Example 7.3.
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and KVL will provide the relationship to calculate R; as

VCC :IBRB +VBE :5‘83X10_5XRB+0.65 :16V

and

_ 16-0.65

B

7.3.2 Aurto Bias

Auto bias is also known as self-bias, potential divider bias, or emitter bias. The auto
bias circuit consists of four resistors and a voltage source as shown in Figure 7.11.
This circuit is more stable and most frequently used than the fixed biasing circuit.
The necessary steady voltage at the base is provided by the potential divider formed
by resistors R, and R,. It uses more resistors but it provides a more stable operating
point.

The analysis of this circuit is made easier if we reduce R, R,, and V,_, to obtain
an equivalent circuit using the Thevenin theorem. The resulting circuit is shown in
Figure 7.12.

Applying KVL to the right-hand side (RHS) loop we can write

VCC = ICRC + VCE + IERE (74)

Also applying KVL to the left-hand side (LHS) loop we can write

RZVCC — RIRZ
R,+R, R;+R,

+Ve
R, Re
Ic
Iy
—
Ig
L] R2 RE
1

FIGURE 7.11 Auto bias circuit.
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RiRy/(R, +Ry) 1

|
L e |
— IE
V Ry/(R; + Ry)
-‘- )
— i

FIGURE 7.12 Equivalent circuit of an auto bias circuit.
Rearranging

R,V, R;R
2VeC v IR, = 2
R1+R2 R1+R2

Iy

Now the collector current is almost the same value as the emitter current:
Iz =1
and
I = BIB

Replacing Ij; and I in the equation above we have

R,V RR I
i_VBE_ICRE: _ MR 1 2C
R,+R, R,+R, /B

or
RiVee _y _y [p o RiR2 |1
R,+R, R +R, /B

and

_ R, Ve /(R +R;) — Vi
R +RR,/[(R; +R,;)B]

(7.5)

C

The collector current can be independent of B if Ry, is larger than R,R/[(R, + R,)[3]
to provide a stable Q. This is the same as to consider I larger than Ij.
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EXAMPLE 7.4

An auto bias biasing circuit was designed as shown in Figure 7.13 for an oper-
ating point Q (I, V). Other values for this circuit are R, =20 kQ, R, =10 k€,
Rc=2 kQ, and Ry =1 kQ. Calculate the operation point V¢ and I for a transistor
with B =100. Also calculate the variation of Q for changes at § = 50 and 150.

SoLuTION

We can assume that the transistor was fabricated in silicon then Vy =0.65 V.
Replacing the values of the resistors, § and source we can obtain I and V;
required by operating point Q. For B =100 we have

_ RoVee/(Ri+Ry)— Ve 10k x15/(20k +10k)—0.65

= = =4.078 mA
Re +RR,/(Ry+R,)B Tk + 20k x 10k/(20k +10k)100 m

C

From Ve = IcR¢ + V¢ + IiR; the value of V can be calculated as
Ver = Vee —=Re = 1cRc = 15-4.078 X107 x1x10° = 4.125x 107 x2x10° =2.672 V

Table 7.2 shows the calculated Q values for the different values of B.
We can see that the variation of I and V is small, given a stable operating point.

EXAMPLE 7.5

For the circuit shown in Figure 7.14, determine the values of I, I, o, I, V¢, and
Vie. The transistor has a value of f =225 and a Vg =0.65 V.

SoLuTION

The base current I is the same current passing through the resistance Ry, then the
base current is

ls = Eo— Ve _ 320.65 _ 75,5 HA

Ry  8.6x10°

+15V

Rl 2 kQ

1kQ

FIGURE 7.13  Auto bias circuit diagram for numerical Example 7.4.
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TABLE 7.2

Calculated Q Values for
Different Values of {3

p I. (mA) Vee (V)
100 4.078 2.672
150 4214 2.358
50 3.9 33

Note: Auto bias circuit.

+V, =24V
320 Q
Ry Iy
1
T
8.6 kQ
I
Ey 0= 3V F
—

FIGURE 7.14 Circuit diagram for Example 7.5.

and
lc =Blg =225%273.23x107° =61.48 mA
o= B _ 225 _ 44956
B+1 225+1
= lc 2 OLABIMAL o oo A
o 0.9956
By KVL
Ver = Vee —IcRc =24 -61.48x107° x320=4.326 V
and

Vec = Ver — Vae =4.326V-0.65=3.676 V
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7.3.3 CoLLecTor-FEeDBACK BiAs

The collector-feedback bias is also economical to build with two resistors and a
voltage source as shown in Figure 7.15. In this biasing circuit if § increases, which
can be due to temperature change, then the collector current increases and the volt-
age across the resistor R increases, but the voltage across the resistor Ry decreases
to keep the voltage V. constant. As a consequence of the reduction of voltage across
Rp the base current is reduced and I reduces. The result is an I stable and Q stable.

The advantage of the negative feedback connection provides a stable Q point by
reducing the effect of variations in § and is simple in terms of components required.

Using Kirchhoff laws, equations for I and V required to determine the opera-
tion point can be deduced. Applying KVL to the close circuit that include R, R,
Ve, and V.. we can write

Vee = IcR¢e + 1gRp + Ve (7.6)

Rearranging an expression for the base current can be written as

1y - Yeo TTeRe= Ve a7
B

But I; = I/p and Equation 7.7 becomes

IR,

+ ICRC = VCC - VBE (7.8)

and finally we can write an expression for I as

_ Vcc - VBE
(Rp/B)+Rc

(79

C

FIGURE 7.15 Collector-feedback bias circuit.
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Applying KVL to the close circuit that include R, V, and V.. we can write
Vee =1cRe + Vg (7.10)
or
Vee = Vee —1IcRe

Equations 7.9 and 7.10 provide expressions to calculate the operating point Q.

EXAMPLE 7.6
Calculate Q for the circuit shown in Figure 7.16 for B 100, 150, and 50

SoLuTioN
For =100
From Equation 7.9
.= Vee — Vie
(Rg/B)+Rc
= 102065 _gcia
(100 K/100)+10 K

Vee = Vee =R =10-0.85x107° x10x10° =1.5V

As in the case of auto bias the variation of I and V is small for this circuit pro-
viding a stable operating point (Table 7.3).

FIGURE 7.16  Circuit for collector-feedback bias example.
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TABLE 7.3
Q Collector-Feedback Bias for
Different Values of

B I. (mA) Ve (V)
100 0.850 1.50
150 0.8812 1.1875
50 0.7833 2.16

7.3.4 Two SOURCES

Using two sources is more commonly used in IC, where the two sources allow
the use of more complicated biasing circuit such as creating current sources and
current mirrors as load. Two sources also provide the possibility to design flex-
ible differential amplifiers. Two sources will be used in more detail in Chapters
18 and 19.

In Figure 7.17 an example of biasing a transistor with two sources is shown.

As before, we can use Kirchhoff’s laws to obtain relationships for voltages and
currents. These relationships will lead to equations to determine the operating point
of the transistor. These relationships will help to select the external components to
fix the required operating point.

Applying KVL to the close circuit that include R, Vg, and V. we can write

Vee =IcRe + Ve

_Vdd

FIGURE 7.17 Two-source biasing.
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Also from close circuit including components R, R, V., and the voltage between
base and emitter V. by KVL we can write

VCC = ICRC + RIIB + VBE (711)

Also from close circuit including components R,, V,,, and the voltage between
base and emitter V. by KVL we can write

R,Ig = Vi + Vie (7.12)

The above relationships will help to select the external components to fix the
required operating point.

7.4 KEY POINTS

» For a fix resistor at the collector, V. and I can be varied and this gives a
linear relationship creating what is called the load line.

* The operating point, Q, establishes the voltage between collector and emit-
ter and the collector current where the transistor will operate. This can be
achieved by connecting external components to the transistor to select the
point of operation.

* Making the transistor operate at the Q point is biasing a transistor. This
makes the transistor work in a desired region, according to the application
required.

e The current gain parameter of a transistor § varies from transistor to tran-
sistor and P also varies in a particular transistor with Vg, I, and tempera-
ture. One of the aims of biasing is to use a circuit that reduces or eliminates
the influence of any variation of .

» Fixed bias is very economical as it requires only two resistors and dc source.
Auto bias makes the operation more stable as well as collector feedback
bias. Using two sources for biasing increases the flexibility of the circuit,
but the two sources increase the requirements in an application.



8 Modeling Transistors

8.1 INTRODUCTION

The property of any two-port or four-terminal network may be specified by the rela-
tionship between the currents and voltages at its terminals. Figure 8.1 shows a gen-
eral four-terminal network with its input and output voltages and currents, where i, is
the input current, v, the input voltage, v, the output voltage, and i, the output current.

There are six ways in which two quantities may be chosen from four. This pro-
vides six possible pairs of equations and six sets of parameters to characterize this
network. These sets of parameters are chosen according to how well they describe
the network to be analyzed in terms of the function of the network. For example,
there are G parameters that provide a good characterization of communication net-
works, Y parameters to analyze transfer functions, A parameters that provide a good
way of analyzing transmission systems. The h parameters and T parameters are usu-
ally used to analyze analog systems containing transistors. In this chapter, we will
describe some of the models used based on these parameters. In Chapter 9 these
models will be used to analyze transistors as part of amplifiers.

8.2 HYBRID h PARAMETERS

Taking i, and v, as independent variables and v, and i, as dependent variables we can
write the following set of equations for the two-port network:

V= hllil + h12V2 (81)
i, = hyyi; +hyv, 8.2)

This creates the “hybrid” or h parameters. They are termed as hybrid because
they are not all alike dimensionally. The h parameters used to model a transistor are
labeled as follows:

hy=h; hy =h; hp=h hy=h,

These parameters are normally specified on a manufacturer’s data sheet. The four
basic h parameters are as follows:

h; = input resistance (€2)

h, = voltage feedback ratio (dimensionless)
h, = forward current gain (dimensionless)

h, = output conductance (Siemen = 1/Ohms)

145
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Four-terminal
network

FIGURE 8.1 Block diagram for a general two-port network.

8.2.1 h ParAMETERS COMMON EMITTER CONFIGURATION

An extra letter is added for transistors used in different configuration. For example,
in a common emitter configuration the h parameters are as follows: h,, h,., hg, h,,,
and hfe (: B)

Figure 8.2 shows a transistor as common emitter configuration.

For the common emitter configuration shown in Figure 8.2, an equivalent circuit
in terms of its h parameters is shown in Figure 8.3.

Similarly, equivalent circuits and equations can be obtained for the other configu-
rations, common collector, and common base. They will have the same equivalent
circuit but the actual values for the h parameters will vary.

The h parameters are usually given by the manufacturers; they can also be
obtained from the static characteristics of transistors. For example, for a common
emitter transistor the h;, can be obtained as

re’

OV

- 6~ ‘ VCEconstant
1

h;, (8.3)

where OV ,/diy denotes partial derivative of Vg with respect to ip. Similarly, other
h parameters can be obtained in the same way

-——=q--=n

S eh
o— — o

<
=]
™
—
-
(vs]
S
<
(@)
™

C

0

VBE hrcVCE T % lhfeiB l/hoc VCE
0
E

FIGURE 8.3 Common emitter configuration equivalent circuit using h parameters.

AS
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hre = SVBE iBconstant (8'4)
dVep
i

Bie = o Nercmn 8.5)
dip
dic

hoe = i . 86
SVCE Bconstant ( )

Experimentally they can be obtained using the experimental setup shown in
Figure 8.4.

Once the input and output characteristics of a transistor are obtained then the h
parameters can be deduced from the curves as indicated in Figure 8.5.

Then, h,, can be obtained as

_ AVBE

ie . VCEconstant
Aig

: A\
i —
R, 5
Le— )
Voltmeter -~
Ve

FIGURE 8.4 Experimental setup to obtain the h parameters of a BJT.

iB VCEconstant
<

Aig

AV

VBE

FIGURE 8.5 Input or base characteristic for BIT common emitter.
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L
@y
A e QO&{
1c Ic Q’){
Aic
Ve ip = Constant
B~ .
Ai
C
Aig
I Sz Sz
Vee B

FIGURE 8.6 Output or collector characteristic for a BJT common emitter.

and from the output characteristics of a BJT the h,, and h;, can be obtained. Figure
8.6 shows the output characteristics for a BJT common emitter configuration.
Then, h,, can be obtained as

h,, = Aic

- and hfe = lic
A\]CE

iBconstant AI VCEconstant
B

8.3 ADMITTANCE Y PARAMETERS

The Y parameters are useful for analyzing a circuit at high frequency. It is used in
telecommunications and also to analyze response behavior of amplifiers at high fre-
quency. Figure 8.7 shows a general equivalent circuit using the Y parameters.

These parameters have the unit of admittance Siemens (S). The set of equations
that define the Y parameters are

Iin = YiVin + YrVO (87)
Io = Yf\]in + YOVO (88)
where

Y, is short circuit input admittance (S)
Y, forward transfer admittance (S)

I I

in
0—> <€
Vin Yi Yrvolé % lYfVin YO VO
0

o

=}

4
o

FIGURE 8.7 General Y parameters equivalent circuit for a transistor.
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Y,

T

Y,

o

short reverse transfer admittance (S)
short circuit output admittance (S)

Y, is usually relatively small and can in many cases be neglected.

8.4 GENERAL THREE-PARAMETER MODEL

In some cases it is useful to use a general three-parameter model to analyze an
amplifier. Figure 8.8 shows an equivalent circuit using the three-parameter model,
where R is the output resistance, R;, the input resistance, and A, is the open circuit
voltage gain.

A, is the gain when the circuit is open (load connected equal to infinitive) then the
output current is equal to zero and

Ay =-2 (8.9)

The input and output resistance can be measured to create this model.

8.5 T-EQUIVALENT TWO-PARAMETER MODEL

8.5.1 AC-SimpLE T-PARAMETERS TRANSISTOR MODEL

This is a very simple model for a transistor that holds well for IC planar technology
transistors and small currents. Figure 8.9 shows the T-equivalent circuit for the com-
mon emitter configuration and how the parameters relate to the structure of the tran-
sistor. The resistor r, represents the forward-biased base—emitter junction resistance
and the current source represents the current gain of the transistor.

The emitter—base p—n junction results in a diode relationship expressed as

I[=1,"*"-1) (8.10)

where [ is the saturation current, V the junction voltage, k the Boltzmann constant,
T the temperature in Kelvin, and q the electronic charge as indicated in Chapter 4.
This equation can be written in terms of “thermal voltage,” V.

Iin Ro Io
[ F—0°

Y

Vi Rin TAvVin Vo

0

FIGURE 8.8 General equivalent circuit three parameters for a transistor.
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C C

Vp=— 8.11)

V has the dimension of a voltage and it depends on the temperature. At a tempera-
ture of 300°K, usually taken as room temperature, then V. is approximately 25 mV.
Then, Equation 8.10 can be written in terms of V-

I=1,""" -1) (8.12)

8.5.2  EMITTER RESISTANCE, r, (SMALL SIGNAL)

The emitter—base junction is forward biased and presents a resistance that varies
with dc. This resistance can be obtained as the first derivative of the current in the
forward direction with respect to the voltage applied and is given by

i - % - %us(ew -1 (8.13)

This gives
i: VLTISeWVT (8.14)

or
11

e 8.15)

Then, r, is
N (8.16)
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and at room temperature r, can be written as

_25mV

8.17
I Q 8.17)

I

The resistor r, represents the forward-biased base—emitter junction, which is
obtained from the slope of the I against Vi plot. For a transistor, the r, parameter
can be calculated as

_25mV
lg

(53

as before.

Thus, the T equivalent circuit reduces to two components, the resistance of the
forward-biased base—emitter junction r, and a current generator Bi, to represent the
collector current, which is generated when base current flows.

8.6 MUTUAL CONDUCTANCE MODEL

For small signals at low frequency and modest collector loads we can ignore h,, and
h,. in the h parameters. Then, the equivalent circuit is reduced to a two-parameter
model as shown in Figure 8.10.

The mutual conductance parameter, g,,, is defined as

Sl

Mutual conductance = g,, = SV
BE

‘Vcg =constant (8 . 1 8)

This is the reciprocal of the emitter resistance parameter, r,, then

s Les

gy=— = ="C (8.19)

g,, at room temperature, 300°K, can be expressed as

Ic

Em

——{ }
gl b,

FIGURE 8.10 Equivalent circuit for two h parameters model.
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J S
V.
Vin @l 8mVin Vo

FIGURE 8.11 Equivalent circuit for the mutual conductance model.

Now, from circuit shown in Figure 8.10 we can write

and the mutual conductance model can be created based on the two h parameter as
shown in Figure 8.11, where g, is the mutual conductance of the transistor and h,, is

hfeib = hfe ;/li = ngin (821)

ie

the h parameter representing the input resistance.

8.7

KEY POINTS

Different transistor models may be specified by the relationships between
the currents and voltages at its terminals.

These sets of parameters to model a transistor are chosen according to how
well they describe the network to be analyzed.

G parameters provide a good characterization of communication networks.
Y parameters can be used to analyze transfer functions.

A parameters provide a good way of analyzing transmission systems.

The h parameters and T parameters are usually used to analyze analog
systems containing transistors at small signal.

Manufacturers provide some value of parameters to model a transistor.
Parameters for a model can be obtained from experimental result of the
characteristics of a transistor.



9 Small-Signal Analysis
of an Amplifier under
Different Models

9.1 INTRODUCTION

Transistors are usually used to amplify ac signals. The biasing of a transistor uses
dc voltages and currents to determine the operating point, Q. The amplification of
ac signal is achieved by superimposing the ac signal on the biasing dc currents. It
means that the operating point, Q, will change along with the ac variations of the
input signal.

A capacitor plays an important function in blocking a dc current and allowing
ac signals to pass through it. The impedance of a capacitor is inversely propor-
tional to the frequency. As we saw in Chapter 3, the reactance of a capacitor can
be expressed as

1
2n fC

Xc

For low frequencies the reactance will be large, in the limit at a frequency equal
to zero (dc) the reactance will be infinity, that is, open circuit to dc signal. On the
other hand if the frequency is high, the reactance will be small, in the limit at a
frequency equal to infinitive, the reactance will be zero, that is, a short circuit to
ac signal. Then capacitors are used to separate the dc biasing of a transistor and the
amplification of an ac signal.

In this chapter, we will see models of transistor that are investigated in Chapter 8
as part of an amplifier and deduce the characteristic of these amplifiers.

9.2 ANALYSIS OF TRANSISTOR AMPLIFIERS
USING h PARAMETERS

In general, an amplifier can consist of a transistor and external components to bias
this transistor. Coupling capacitors can couple the input signal to be amplified and
the output signal to the load. At the frequency range of operation of an amplifier, the
impedance of the coupling capacitors can be taken as negligible. Then, a general
equivalent ac circuit for an amplifier, using h parameter, can be represented as in
Figure 9.1. In later sections of this chapter, an analysis of the different biasing tech-
niques is presented.
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Transistor
C E i
' L
heip | [1/hoet | Ve 2

.........................................

FIGURE 9.1 Basic CE amplifier equivalent circuit using h parameters.

Figure 9.1 shows a basic common emitter (CE) amplifier circuit using an h param-
eters model for the transistor.

In this equivalent, circuit Ry is the resistance of the voltage source and Z,; repre-
sents the load impedance.

9.2.1 Current GANN, G;

The current gain is given as the ratio of the output current to the input current, from
Figure 9.1 we can write the current gain as

G = Output current _ i _ _;C ©.1)

Input current i, ip
Applying KCL at node C we can write
ic = hfeib + hoch (92)

and
Ve=-1Z, 9.3)
Hence, replacing V, from Equation 9.3 into Equation 9.2 we have
ic = heip —heelcZy
or rearranging

lc(l + herL) = hfeib

and
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and finally, the current gain can be expressed as

e 9.4
1y ib 1+ hDeZL ( )

Now h, has a value of the order of 107 S. It is not uncommon to have h,.Z, , very
small, that can be neglected, then

G; = —h,, 9.5)
That is why the parameter h;, provides the current gain.

9.2.2  INPUT IMPEDANCE, Z;

The input impedance is the ratio of the input voltage to the input current, from Figure
9.1 we can write Z; as

7, = Input voltage _ & 9.6)
Input current 1,

But applying KVL at the input of circuit shown in Figure 9.1 we can write
Vp = hiip +h V. 9.7)
But from Equation 9.1 we can write i, in terms of the current gain G; as
—i. = Giliy
Replacing i, into Equation 9.3 the voltage at the collector V, becomes
V. =-iZ, =Gji,Z,
Hence, replacing V, into Equation 9.7 we have
Vb = hielp, +h GiipZy =1y (hie +h,.GiZy)

and finally, the input impedance Z, can be expressed as

7= & =h,+h.G,Z, =h, — heeheZy

9.8
ip 1+h,Z; 8
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Note that the input impedance is a function of load impedance Z, . Typical val-
ues of h parameters will give a value for h,h.Z, /(1 + h,.Z,) much smaller than h;

e

provided that Z; in not very large, then the input impedance can be approximated to

Z; =h, 9.9)

9.2.3 Vourace Ga, G,

The voltage gain is given as the ratio of the output voltage to the input voltage, from
Figure 9.1 we can write the gain as

G, = Output voltage _ Ve ©9.10)
Input voltage 'V,

The output voltage can be expressed as
V.=iZ; =-i.Z; =Gji,Z,
and the input voltage can be expressed as
Vy = Ziiy,

and replacing the expression of V_ and V, in terms of G; and Z; into Equation 9.10 we
can obtain the voltage gain G, as

_ Ve _GZiby _GZy __ heZ, ©.11)

G,
Vo Ziiy, Z; (1+heZ )(hie = (hheZ; /1+hoZ,)

Using the previous approximations G; = —h,, and Z; = h;, we can obtain an approx-
imation for G, as

_ herL

G, =
h

9.12)

ie

9.2.4 Output IMPEDANCE, Z

The output impedance, Z, can be calculated as a combination of the impedances at
the output circuit of Figure 9.1, that is, RHS circuit of Figure 9.1. The output imped-
ance at point C will be the parallel combination of current source’s impedance and
1/h,.. The impedance of the current source, Z .., can be obtained as the voltage
across the source, V,, divided by the current passing through it, hgi,. Then,

Ve
hfeib

ZSOUI'CC =
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and adding the impedance, 1/h, and Z,,.. in parallel we can obtain an expression of
the reciprocal of the output impedance, 1/Z as

R U S —._ ©.13)
Zo 1/hoc Vc/hfclb Vc

Applying a short circuit at the input, to deduce the output impedance, we can
calculate the current i, with v, short circuited as

_ h.V,
h;, +Rg

©.14)

ib=

The negative sign is due to direction of current polarity of voltage.
Replacing i, from Equation 9.14 into Equation 9.13 we have

i _ h _ hfehre
Zy " hi+Rg

The output impedance Z, is the reciprocal of the above expression

1
Z,= 9.15
hoc - (hfchrc /hic + RS) ( )

When the transistor is driven from a high-impedance source R, then Z can be
approximated as

1
Zy=— 9.16
h 9.16)
9.2.5 Powr GaN, G,
The power gain can be written as
Gr =G,G; 9.17)

Using the expression for the current gain G; = —h;, from Equation 9.5, and the
voltage gain G, = —h.Z, /h,,, Equation 9.12, an approximation of the power can be
obtained as

(9.18)
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The h parameters provide the main characteristics of a transistor. They are easy
to measure and are quoted by manufacturers.

9.3 SMALL-SIGNAL PRACTICAL CE AMPLIFIER
UNDER h-PARAMETER MODEL

For small signal the h-parameter h,, can almost always be neglected while to neglect
the parameter h,, will depend on the value of Z, .

We will use the h-parameter model neglecting h,, to represent a CE transistor as
shown in Figure 9.2. This model will be used in the following section to analyze
amplifiers circuits, that is, transistor plus bias resistor plus coupling capacitors.

9.3.1 Fixep BiAs AMPLIFIER

Figure 9.3 shows a fixed bias amplifier including the biasing and capacitor C, to
block the dc voltage at the input and C_, blocking dc at the output. C,, permits the
ac signal trough and C_, allows ac signal out, which is collected across the load
resistor R, .

The input ac signal voltage causes the base voltage to vary above and below its dc
bias level. The variation in base current creates a big variation in the collector cur-
rent since the current gain transistor is usually high. This variation of the collector
current creates a variation of the voltage across the resistor R, and then the voltage
between collector—emitter, V., also varies to keep the same V.

Figure 9.4 shows an ac equivalent circuit for this amplifier using the h-parameter
model for the transistor. It is assumed that at the working frequencies, medium

Transistor

by, Uhe Vo

FIGURE 9.2 Practical h parameter model for a transistor in CE configuration.

RB RC CCZ

Ccl
eT:[r Ry vV,
-

FIGURE 9.3 Circuit for fixed bias amplifier.

cc
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Transistor

FIGURE 9.4 Fixed biased amplifier ac equivalent circuit at medium frequencies.

frequencies, the impedance for the capacitors is very small that can be neglected.
Also note that the impedance of the dc source can be considered a short circuit due
to its low impedance to ac.

Under medium frequencies, the impedance of coupling capacitor C,, is assumed
to be zero, then the resistor R; will appear in the ac equivalent circuit as connected
between collector and ground. The resistor at the collector R also appears to be con-
nected between collector and ground as the impedance of the V,, source under ac is
considered zero. Then, in the ac equivalent circuit of this amplifier R, and R appear
in parallel between collector and emitter (ground). At the input the bias resistor at
the base Ry (under ac medium frequencies equivalent circuit) will appear connected
between base and emitter (ground).

The ac analysis of the fix bias amplifier is the same for an fixed bias amplifier
circuit as the equivalent circuit will have identical form. The value of the compo-
nents may be different but the two equivalent circuits can be reduced to have the
same format. The analysis done for the auto bias amplifier will be valid for the fixed
bias amplifier using the appropriate value of resistors for these amplifiers. In the next
section, we will analyze the auto bias amplifier. This analysis is also valid for the
fixed bias amplifier with the appropriate values of components.

9.3.2 Auto Bias AMPLIFIER

Figure 9.5 shows an auto bias amplifier including the biasing and coupling capacitor
C,, and C,,. The resistor Ry, is required by the dc bias circuit but on ac R reduces the
gain, then Cg is used to bypass Ry, at ac.

C

c2
— Ve
RL Vo
CE

FIGURE 9.5 Auto biased amplifier circuit.
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Transistor

FIGURE 9.6 Auto biased amplifier ac equivalent circuit at medium frequencies.

Figure 9.6 shows the equivalent circuit for the auto bias amplifier using the
h-parameter model for the transistor under ac. It is assumed, as before, that at medium
frequencies, the impedance for the capacitors is very small and can be neglected.
Note that the R, is not included in the ac equivalent circuit as it is by-passed by the
low impedance of capacitor Cg.

In this equivalent circuit, if the parallel resistors R, and R, are reduced to one
resistor then the auto biased and the fixed biased ac equivalent circuits have the
same circuit format. In both cases the bias resistor (R in fixed bias case or the par-
allel combination of R, and R, in the auto bias case) is always much larger than h,,
therefore they can be neglected (if they are not neglected, they can be replaced by
a resistor that is the combination in parallel of biasing resistors and h,, at the input).
Figure 9.7 shows the simplified version of the amplifier equivalent circuit, R is the
combined resistance of R and 1/h,, in parallel as

QL1 _ 1 _1+Rch,
R/C RC l/hoe 1{C * RC
So,
Rc
Rc=——"— 9.19
7 1+Rch,, ©19)

where R¢ is the combined resistance of R¢. and 1/h,, in parallel.

i,
iL
Vi he h.i, Rc R || [Ve

_'_I

Ry

FIGURE 9.7 Simplified equivalent circuit auto bias amplifier h parameter.
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This circuit can be simplified further by combining R¢ and R, in parallel into one
resistor Ry as

I _ 1,1 _ 1 I+Rche_Re+Ry(I+Rchy)
Ry R, R. R, Re R, R¢

and

_ R R¢
Rc+ Ry (1+Rchy,)

(9.20)

T

9.3.2.1 Voltage Gain
In Figure 9.7, considering the input circuit, the input voltage v, can be written as

A\ hieib (9.21)
and from the output circuit the output voltage v, can be written as

Vo = _hfeibRT (9.22)

and the voltage gain at medium frequency, G, can be written as

h
G, = Yo —_Tegp 9.23)

Vi ie

The voltage gain at medium frequencies, G,, can also be expressed in terms of h,,
R;, and R by replacing the expression for R;.

9.3.2.2 Current Gain

In the ac equivalent circuit for the auto bias amplifiers shown in Figure 9.7, the output
current i; can be deduced using Kirchhoff’s laws or the current divider rule at the
output of this equivalent circuit as

. R. .
ip == (hgi 9.24
L RE:+RL( felp) 9.24)

The negative sign is due to the opposite direction of the currents. The current gain
can be written as

G =lt-_ DeRe (9.25)
1y RC +RL
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The current gain at medium frequencies, G;, can also be expressed in terms of h,,
and R by replacing the expression for R¢.

9.3.2.3 Power Gain

As described earlier, the power gain can be expressed as the product of the voltage
and currents gains as

Gp = GiGV

or the power gain can be deduced from the ratio of the output power, P, = v2/R; to
the input power P, = vi/h;, as

P 2/R h;
GP=J=V‘;/ L-G2li
P, vi/hg, R,

(9.26)

It is also possible to obtain an expression for the power gain in terms of the cur-
rent gain.

EXAMPLE 9.1

For the amplifier shown in Figure 9.8, draw a mid-band frequency equivalent cir-
cuit using h parameters. Calculate the ac current, voltage, and power gains of the
amplifier. The transistor has h,, =2 kQ, h;, =45, h,.=30 uS, and h,=0.

SoLuTION

At mid-band frequency the coupling capacitors can be assumed to have zero
impedance. The ac mid-band equivalent circuit is shown in Figure 9.9.
The value of R¢ is the parallel combination of R. and 1/h,,, then

3
R = Rc A0 _970.870
1+Rchee  1+1x10°x30x10
and the current gain is
. hRC _  45x970.87 _ . oo

RC+R,  970.87+10x10°

+10V
Re 1kQ
R | lisoka Ce
CC
il
10kQ| IR
eTé L Vo

1
—4

FIGURE 9.8 Fixed bias amplifier circuit for Example 9.1.
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y
N

€ Ry hie hiy 1/h Re | Ry [Vo

oe

FIGURE 9.9 Equivalent circuit for amplifier of Example 9.1 using h parameters.

The voltage gain is given by

hfeRT
G, =——"—
hie
The value of R; is the parallel combination of R¢ and R, .

3 RiR¢ a 10x10° x1x10°
Rc +R(1+Rchye)  1x10° +10x10°(1+1x10*x30x107°)

Ry

Rt =884.96 Q

and the voltage gain G, is

Gy o MuRi __45x88496 o,
hge 2x10

For a more accurate calculation, the influence of Ry can be included by replac-
ing h,, with the parallel combination of h,, and Ry, which provide a value close
to hi.

The power gain is the product of the voltage gain and the current gain as

Gr =GG, =3.98x19.91=79.24

EXAMPLE 9.2

For the amplifier shown in Figure 9.10, draw a mid-band frequency equivalent
circuit using h parameters and calculate the ac current gain, voltage gain, power
gain, and the output voltage of the amplifier. The transistor has h,, =2 kQ, h,, = 45,
h,.=30uS, and h,,=0.

SoLuTioN

At mid-band frequency, the coupling capacitors can be assumed to have zero
impedance. The ac mid-band equivalent circuit is shown in Figure 9.11.

The value of R¢ is the parallel combination of R- and 1/h,,, then
3
Rt = —R¢ 2x10 =1886.79 Q

T 1+Rchy,  142x10°x30x10°
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V=18V
R 2kQ
Rl 20 kQ 2
-
Ccl
11
]
. T e Mo wiel & |y
1
8 mV 2 ) RE CE
1kQ
FIGURE 9.10 Auto bias amplifier circuit for Example 9.2.
iy, i,
eQ) &, R, hie l hyip /b, Re | R Yo

FIGURE 9.11 Equivalent circuit for amplifier of Example 9.2 using h parameters.

and the current gain is

__ hRE _ 45x1886.79
RC+R. 1886.79+40x10’

=-2.03

i

The voltage gain is given by

_ hfeRT
hie

G, =

The value of Ry is the parallel combination of R¢ and R.

_ RiRc B 40x10°x2x10°
Rc +R (1+Rchee) 2x10° +40x10°(1+2x10°x30%x107%)

T

Ry =1801.80 Q

and the voltage gain, G, is

G, = DiRr __45x1801.80 _ o,
hie 2x10
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For a more accurate calculation, the influence of R, and R, can be included by
replacing h;. with the parallel combination of h,, R,, and R, that provide a value
close to h;.

The power gain is the product of the voltage gain and the current gain as given
below:

G =GG, =2.03x40.54=82.30
and the output voltage, V,, can be obtained as

V, =G, xe=40.54x8x10" =324.32mV

9.4 ANALYSIS OF TRANSISTOR AMPLIFIERS
USING Y PARAMETERS

Figure 9.12 shows an equivalent circuit for the auto bias amplifier shown in Figure
9.5, using the Y parameters under medium frequencies. As before the Y,, parameter
has been neglected due to its small value and also biasing resistors R, and R, in par-
allel are much larger than Y,, in parallel.

The collector resistance and the load resistances are represented by its admittance
Y. and Y, respectively. The three admittances in parallel, Y,,, Y, and Y|, can be
reduced to one admittance, Y, by adding the three admittances in parallel as

YT = YOE+YC+YL
Figure 9.13 shows the equivalent circuit with Y.

Transistor

I

in

YeeV, Yoe i Ye v

FIGURE 9.12 Equivalent circuit auto bias amplifier using Y parameters.

Lin

Vig Yie \l/é Y Vi, Yo \A

FIGURE 9.13 Simplified equivalent circuit auto bias amplifier Y parameters.
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9.4.1 Vourace Ga, G

Then, from Figure 9.13 we can see that output voltage can be expressed in terms of
the current passing through the total admittance Y as

\%

Yt Vin
V,=——% 9.27)
Yr

The output voltage is in terms of the input voltage in Equation 9.27. Dividing
Equation 9.27 by the input voltage, we can deduce an expression for the voltage gain
as

Vo _ =YV /Yr _ Y 028)

G, =
Vi Vi Yr

Y includes the term of the admittance of collector and the load resistance.

9.4.2 CurrenT GAIN, G;

From the circuit shown in Figure 9.12 the output current, i, , can be written as
L=V, Y, 9.29)

and the input current, i;,, can be written as

n?

i = Vi Y, (9.30)

and the current gain can be obtained as the ratio of the output current to the input
current

G =i Yol GY 9.31)
Lin VinYie le

9.4.3 Powrr GaIN, G

P

As described earlier, the power gain can be expressed as the product of the voltage
and current gains as given below:

G, =G,G,

p

This can be written as a function of the voltage gain or the current gain
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G,=GG, =G? 1
Y

L

or as function of the voltage gain

G,=GG, = s
Y,

ie

EXAMPLE 9.3

167

9.32)

9.33)

For the amplifier shown in Figure 9.14, draw a mid-band frequency equivalent
circuit using Y parameters. Calculate the ac voltage, current, and power gains
of the amplifier. The transistor has Y,,=5x 105, Y. =3 mA/V, and Y,. =30 puS.

SoLUTION

At mid-band frequency the coupling capacitors can be assumed to have zero

impedance. The ac mid-band equivalent circuit is shown in Figure 9.15.
The admittance Y,
Y1, as given below:

1 1

Yr=Yoe + Yc + Y, =30x107° + ~+————=2.05%x107'S
8x10°  20x10
+12V
R
Ry [ |2k " [[#c,
Ccl
11
T(? " 20 kQ R, |V,
e

_L_

FIGURE 9.14 Fixed bias amplifier circuit for Example 9.3.

J/é Yfevin Yoe YC YL VO
|

Y
YT

FIGURE 9.15 Equivalent circuit for amplifier of Example 9.3 using Y parameters.

e Yo, and Y| can be reduced to one equivalent admittance,
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and the voltage gain for this amplifier is given by

Vo _ Y 3x107

Go=—t=—too_ 222 __1463
Vin Yr 2.05x10
and the current gain is given by
-5
G = GY. _14.63x5x10 —1.463

Y.  5x10™

For a more accurate calculation, the influence of Ry can be included by adding
its admittance 1/R; and Yy, in parallel instead of Y.

The power gain is the product of the voltage gain and the current gain as given
below:

Gr =GG, =1.463x14.63=21.40

9.5 ANALYSIS OF TRANSISTOR AMPLIFIERS USING
THE GENERAL THREE-PARAMETER MODEL

The general equivalent model for an amplifier can be represented as the circuit shown
in Figure 9.16. This circuit can be an equivalent circuit for a fixed bias or auto bias
amplifier. In this equivalent circuit R;, can be the combination of the input and bias-
ing resistors; and R; can also include the resistor at the collector plus load resistor. In
both cases we can arrive at a circuit as shown in Figure 9.16, where R, is the input
resistance of the amplifier, R, the output resistance, and A, is the open voltage gain
of the amplifier.

9.5.1 Voutace Ga, G,

The voltage gain can be obtained by examining the output circuit of Figure 9.16. The
output circuit loop contains expression for the input and output voltages. Applying

Amplifier

v'i

FIGURE 9.16 Equivalent circuit of an amplifier using the general three-parameter model.
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KVL to the output loop formed by the voltage source A,v,, voltage across R,, and
voltage across R, we can write

Avvi = io(Ro + RL)

Rearranging this equation we can obtain an expression for the input voltage as

_ io(Ro + RL)
Ay

Also, we can write an expression for the output voltage in terms of the output cur-

rent i, and the load resistor R, as

Vo = iol{L

Then, the overall gain G, is given as the ratio of the output voltage to the input
voltage as given below:

Vo iORL
(}V = ="
vi 1R +RL)/A,

and the voltage gain can be written as

AR,

= 7(1{0 TR (9.34)

v

9.5.2 Current GaIN, G;

As before, KVL at the output closed circuit of Figure 9.16 gives

Avvi = io(Ro + RL)
Then, the output current is

_ Avvi
(Ro+Ry)

1o

and from the input network of Figure 9.16 we can write an expression for the input
voltage as

Vin = 1Ry,
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or

The ratio of the output current to the input current will provide the current gain as

i, AWVi/(R,+Rp)

G ="
L Vi/Riy
and finally, the current gain is
i AR;
Gi==—tin 935)
i (Ry+Ryp)

Now if the R, is equal to zero, that is, short circuit at the output, then we can
obtain an expression for the short circuit current gain, A; as

i AR,
A =lo = S (9.36)
i R,
or
AR
A, = AR (9.37)
Rin

Replacing A, in the G, expression we obtain the current gain in terms of A; as

AiRo

TR+Ry) -

9.5.3 Powrr GaN, G,

The power gain can be expressed as the product of the voltage and current gains as
given below:

AvRin AVRL _ AsRLRin
(Ro+Rp) (R, +Ry) (R +Rp)

G, =GG, = (9.39)

Multiplying and dividing by R, allows the power gain to be arranged as

2
G,=| AR | Ri_g R (9.40)
(Ro + RL) Rin Rin
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Then the power gain can be expressed in term of the voltage gain G, as

G,=G: Rip (9.41)
RL
EXAMPLE 9.4

The equivalent circuit of an amplifier using the general three-parameter model
is shown in Figure 9.17. If the overall voltage gain, G, is equal to 4500 and the
overall current gain, G; is equal to 9000, calculate the values of R;, and R, for this
amplifier.

SoLUTION

The equivalent circuit of Figure 9.17 indicate a value for the open voltage gain, A,
equal to 5000. The overall voltage gain is

G, = ARL _ 5000 %500 = 4500
(Ro+R) R, +500

Solving this equation we find

R, =55.56 Q

Also, the overall current gain G; is given by

_ AR _ 5000 xR;, - 9000
(Ro+Ry)  55.56+500

and

Rin =1kQ

i; R, iy
Vi Rmi | %5000“ 500 Q | |RL Vo

FIGURE 9.17 Amplifier equivalent circuit using a general three-parameter model for
Example 9.4.
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9.6 ANALYSIS OF TRANSISTOR AMPLIFIERS USING
THE T-MODEL TWO-PARAMETERS

9.6.1 Vorrace Ga, G,

9.6.1.1 CE Amplifier Using T Parameters

The ac equivalent circuit for a CE amplifier using the T parameter model for the
transistor is shown in Figure 9.18.

The biasing resistances R, and R, are in practice much larger than r, and they can
be omitted from the ac equivalent circuit as almost all input current will go to the
base of the transistor. Then, the equivalent circuit for the amplifier can be simplified
as shown in Figure 9.19.

This circuit is valid for fixed biasing as well as auto biasing. In the case of fixed
bias Ry can be the combination in parallel of R, and R,. Also R, can be the collector
resistor or it can be combined with a load resistor.

The input voltage is equal to the voltage across r.. Applying KCL we can obtain
the current flowing through r, as the sum of currents i, and fBi,, the input voltage v,
can be expressed as

\ (ib + Blb )I‘e (9.42)

FIGURE 9.18  Ac equivalent circuit for an auto bias amplifier using the simplified T-model.

| 8@@

1
T .}

FIGURE 9.19 Simplified ac T-model equivalent circuit for an auto bias amplifier.
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and the output voltage, v,, is the voltage across R.. and it is given by

Vo, = _BibRC (943)

The negative sign follows the convention of the direction of current and voltage;
then the gain voltage G, is given, ratio of output voltage to input voltage, as

Vo _ _BibRC _ _BRC
vi (i +Biyr.  (1+P)r

G, = (9.44)

In practice, B is much larger than 1 then the voltage gain can be approximated to

G, =—— (9.45)

Therefore, the gain is dependent on the dc current as r, depends on I.

9.6.2 Current GAIN, G;

The current gain G; can be easily deduced as the input and output currents are indi-
cated in the equivalent circuit.
Input current i; = i, and output current i, = Bi,, then the current gain is

Gi=book Pb_g 946)

9.6.3 INPUT IMPEDANCE, Z;

The input impedance for a CE amplifier can be obtained from the equivalent circuit
including the biasing resistances R; and R, shown in Figure 9.20.

., (amplifier) , (transistor)

FIGURE 9.20 Auto bias amplifier equivalent circuit input impedance model.
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From the equivalent circuit shown in Figure 9.20 the input voltage v; can be
obtained as

Vi = L (p +Biy) = ipr (1+P)

The input impedance at the base of the transistor Z,, (transistor) is given by

. Vi
7, (transistor) = —
Ip

Replacing the value of v, into equation for Z, (transistor) we can obtain the input
impedance at the base of the transistor as

Z;,(transistor) = & = %

Iy 1y,

=(1+B)r, 9.47)
The amplifier input impedance of the total amplifier, Z,, (amplifier), includes R,
and R, and can be calculated by adding the three impedances in parallel as follows:

1 1 1 1
- =+ —+
Z,(amplifier) R, R, (1+P)r

(9.48)

The reciprocal of this expression will provide the total input impedance of the
amplifier.

9.6.4 Output IMPEDANCE, Z

The output impedance for a CE amplifier can be deduced from the simplified
T-parameter equivalent circuit shown in Figure 9.21.

The small-signal impedance of an ideal current generator is infinite so it behaves
as an open circuit. To calculate Z, (transistor) we have to include the impedance of

Z, (amplifier)

Z, (transistor)

FIGURE 9.21 Auto bias amplifier equivalent circuit input impedance T model.
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the current source Pi,, then ideally the impedance Z, (transistor) is infinitive and
behaves as an open circuit. This means that R is connected in parallel with an open
circuit. Therefore, the output impedance Z, (amplifier) is equal to R..

Z,(amplifier) = R¢ (9.49)

9.6.4.1 Effect of a Load Resistance

The output from an amplifier would be connected to a load that can be the input resis-
tance of the next stage. In the ac equivalent circuit this is represented by a resistance
R, that appears in parallel with the collector resistance R as indicated in Figure 9.22.

The voltage gain expression obtained in Equation 9.45 can be modified to replace
the resistor R, with the parallel combination of R and R, as given below

_ RcRy/(Rc+Ry) _ RcRp

G, -
I (RC + RL) I

(9.50)

In the case of the current gain G, the expression given in Equation 9.46 has to be
modified because, in this case, the output current is the current passing through the
load, ig;

The current iy, can be obtained using the current divider rule as follows:

Re

—Pi .51
Re+R, Piy 9.51)

IrL =

Then, the overall current gain is

IR _ ReBin/(Rc +Ry) _ Rp

Gi=-
1y, 1y, Rc+R;.

(9.52)

9.6.4.2 Effect of the Source Resistance

In practice the amplifier will be connected to a source that is not ideal or the previ-
ous stage will have an output resistance. Figure 9.23 shows the amplifier including a

source resistance Rg.
iRL N
I
i,
> Re Rf ||v

\A R, R, e

FIGURE 9.22 Ac auto bias amplifier equivalent circuit including load resistor R; .
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FIGURE 9.23  Ac auto bias amplifier equivalent circuit including source resistor Rg.

When voltage gain was calculated the series resistance Rq was assumed equal to
zero. Rg connected in series will reduce the input voltage by the potential drop across
R;. To calculate the new gain including the source resistance we can represent the
amplifier by its input impedance Z,;, (amplifier) as expressed in Equation 9.48. This
forms a potential divider as shown in Figure 9.24.

From the circuit shown in Figure 9.24 we can write an equation for v, as

_ Z;,(amplifier)
[R, + Z;, (amplifier)] |

in

but

VO 0

v
= then = v, = —
Vin Gv

G, =

Then, replacing the expression for v;, the voltage overall gain for the amplifier
from the voltage source to the load, G,(overall), is given by

G, (overall) = Yo = | Zm(@mplifier) (9.53)
v (R +Z;, (amplifier))

S

From this equation we can see that to minimize the effect of R, in the overall volt-
age gain it is desired to have an amplifier with large input resistance.

Z,, (amplifier)

.

FIGURE 9.24 Potential divider to calculate the voltage gain with a source resistor.
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9.6.5 Powrr GaN, G,

The power gain can be expressed as the product of the voltage and current gains as
given below:

G, =GG,

Excluding the effect of the load and source resistors the power gain can be
approximated to

BRc

G,=GG, = N

(9.54)

Therefore, the power gain is dependent on the dc current as r, depends on Ij..

EXAMPLE 9.5

For the amplifier shown in Figure 9.25, draw a mid-band frequency equivalent
circuit using the T-model two parameters and calculate the ac voltage gain, G, of
the amplifier. The transistor has B =200 and a collector current I = 8 mA.

SoLuTIoN
The parameter r, can be calculated as
- KT/q

e
Ie

As indicated in Chapter 8, assuming room temperature T =300°K the param-
eter r, can be approximated to

_25mV _25x107°

L T pxio0 —X100

e

V=24V

R, 100 kQ

¢ T R, 30 kQ

FIGURE 9.25 Auto bias amplifier circuit for Example 9.5.

120Q| R |y
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A
I
b RC [] RL []

FIGURE 9.26 Equivalent circuit for amplifier of Example 9.5 using a T-model two param-
eters for the transistor.

Yo

At mid-band frequency the coupling capacitors can be assumed to have zero
impedance. Then, the ac mid-band equivalent circuit, using the T-model two
parameters for the transistor is shown in Figure 9.26.

The voltage gain, G,, for the amplifier is given by

’
fo

G, =

where R in this case is the parallel combination of R and R,.
Then,

, _ RR. _8x10°x120

‘= = . =118.23
Rc+R,  8x10°+120
and the voltage gain is
G, =-Re 11823 _3; 45
o 3.125

9.7 KEY POINTS

e Amplification is a fundamental part of most electronic systems.

e Equivalent circuits allow us to model the behavior of an amplifier and sim-
plify circuit analysis.

e There are various models that can predict the behavior of a transistor.
Depending on the application, some models make it easier to analyze cer-
tain behaviors of amplifiers or any electronic system.

e The load resistance and the source resistance affect the gain in an amplifier.

e Power gain is the ratio of the power delivered to the load to that absorbed
at the input.



’I O Amplifiers Frequency
Response

10.1 INTRODUCTION

The components in an amplifier contain capacitors and may contain inductors as
well. Capacitors and inductors change their impedance as the frequency changes;
this will affect the gain of an amplifier.

The response of an amplifier, containing transistors, to frequency change will
in general behave as indicated in Figure 10.1. Voltage gains in modern electronic
amplifiers are often very high; it is often convenient to express the gain in logarith-
mic expressions. This is usually done in decibels, dB. Also because the frequency
response is indicated over a large range of frequencies the scale used to represent the
frequency is given in a logarithmic scale as indicated in Figure 10.1.

The voltage gain at low and high frequencies is usually small compared to
medium frequencies. There are two points where the power gain is reduced to half
the gain at medium frequencies. These particular frequencies are the low-frequency
cutoff, f; and the high-frequency cutoff, f,;. Between f| and f} is the mid-frequency
range. The bandwidth (BW) represents the range of frequencies between f; and f};
providing the range of frequencies over which an amplifier can be used.

10.2 HALF-POWER GAIN, CONCEPT OF 3 dB

Decibel notation of a power gain is expressed as

Power gain (dB) = IOIOg[l;"j (10.1)

1

where P, and P, are the output and input power, respectively.
We can calculate the number of decibels when the power gain is reduced to half as

IOIOg(I;"

1

)=1010g(;j=—10x0.3 =-3dB (10.2)

Therefore, we can specify the cutoff frequency at frequency point where the gain
is reduced by 3 dB. Now power gain is related to voltage gain as squared of voltage;
it is possible to express decibels in term of voltages as

) 2
Power gain(dB) = lOlog(l;?j = 1010g( X:’zéﬁj = 1010g(\\/;:] =20 log(\\i‘i’)

(10.3)

179
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Gain /}

dB

(dB) I Mid-band gain I
A
3 dB |

Bandwidth >|

(BW) I

} > Log f

fiy

FIGURE 10.1  General frequency response of an amplifier.

Resistors at the output and input are taken as equal; this expression is used even
if these resistors are different.
Then the decibel notation can be used in terms of voltages as

1dB =20 1og(z°j (10.4)

i

Then, f; and f}, can be found at the frequency where the voltage gain is reduced by
3 dB from the mid-frequencies as indicated in Figure 10.1. The BW of an amplifier
is the frequency region between f, and f,; and is usually the frequency range where
the amplifier is used.

The frequency cutoff can also be specified in terms of voltage gain. For exam-
ple, if we consider the low-frequency cutoff we can find the ratio of voltage gain
at low- and mid-frequency in terms of voltage gains. From absolute values the
difference between medium and low frequency will be 3 dB at cutoff, and then we
can write

2

2010g 2V = 1010g | SVer| — 3
VLF VLF
or
G 2
log Vil | — 0.3
Gvie
and
2

Gvip
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Inverting
Gvie ’ _ l
Gme 2
Finally,
Gvie _ 1 _ 1 (10.5)
vaf 2 \/5

Then, at cutoff the power gain has fallen by half or the voltage gain has dropped
by a factor of 1/ V2.

EXAMPLE 10.1

The voltage gain of an amplifier is 60 dB. This amplifier is connected to a load of
10 kQ. Calculate the output voltage and the power dissipated by the load when
the input voltage is 5 mV.

SoLuTioN
The voltage gain of the amplifier in decibels is

ZOlog[\\//Oj =60dB

Then,

Iog(v"j -0 3dB
V 20

or

(V5)=103=1000
Vi

and

V, =1000x V; =1000x5x107 =5V

The power dissipated by the load is

2 2
p_Vo_ 5

==~ =25mW
R, 10x10°
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10.3 CE AMPLIFIER AT LOW FREQUENCY

The coupling capacitors that are in series will reduce the gain at low frequency,
because their impedance increases as the frequency decreases. This creates a higher
voltage drop across the capacitor in series as a consequence of a loss in voltage gain.

10.3.1  Voutace GAIN AT Low FREQUENCY

In particular, the output capacitor in series will reduce the output signal. Figure 10.2a
shows a common emitter auto bias amplifier used in Chapter 9. Figure 10.2b shows
an equivalent circuit for a CE amplifier including the output coupling capacitor con-
nected to the load resistor R;. Figure 10.2b can be used to obtain a voltage gain at
low frequencies, Gv, z, where R¢ is the combined resistance of R and the parameter
1/h,, of the transistor in parallel.

Using the current divider rule the output current, i;, can be obtained as

. R& .
i=— hpi 10.6
"7 RC+RL+/joCy) (10.6)

and the output voltage, v,, is equal to the current i; multiplied by R; and can be
written as

Re

vo =Rpip =-

hyi, (10.7)

R
"RL+R, +1/joCy,

FIGURE 10.2 (a) CE amplifier and (b) an equivalent circuit of this amplifier at low
frequency.
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and v, the input voltage is
Vin = 1ph;e (10.8)

Then, with the input and output voltages we can obtain an expression for the
voltage gain at low frequency Gv, . as

G _ Vo _ _RL(RE/RE + RL + 1/jwccz)hfeib
Vip=— = .
Vin iph;e

Dividing numerator and denominator by (R¢ + R ) and rearranging Gv, s expres-
sion can be written as

Gvis :_hf{ RR,/(RE +Ry) }
(R

hie | RE+RL)/(RE+R)+1/joCer (RE+Ry)

But Re¢RL/(Re+Ry) is Ry the parallel combination of R¢ and Ry, then the
voltage gain at low frequency Gv,  can be written as

Gvyp = _he , Ry (10.9)
hi | 1+1/joCo(RC +Ry)

which can also be expressed in terms of the voltage gain at medium frequencies
GV = —heRy/hy) as

Gvyp= _ GV (10.10)
1+ (1/joCo (RE + R, )

We can see from this expression that as the frequency increases the low-frequency
voltage gain increases. Above the low frequency cutoff the voltage gain will reach
the mid-frequency voltage gain.

10.3.2 Low-FreQuency CUTOFF

Rearranging Equation 10.10 we can obtain a ratio of the voltage gain at low frequency
to the voltage gain at medium frequencies as

Gvig 1
Gme 1+ (l/JO)CCZ(RE; + RL))

and the low frequency cutoff, f| , can be obtained when the magnitude of the voltage
gain is reduced by a 1/4/2 factor; then,
L ! B !

V2 1+(1oCoRE+RL)| 12 +{(1j0Co(RE +R))

SAL 10.11)

Gme
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The parallel bar denotes absolute value. From Equation 10.11 we can deduce that

S S 1
wCr(Rc+Ry)

and the low-frequency cutoff, f,, can be expressed as

1

= (10.12)
2nCo(RA+R,)

L

10.3.3 PHAsE CHANGE AT Low FREQUENCY

Replacing f; from Equation 10.12 into Gv, ., Equation 10.10, we can calculate the
phase change at the frequency cutoff. At f; we have

Gme _ Gme

Gvir(f=1fy)= = 10.13
(=)= T = (10.13)
Gv,,; can be written in polar form as
Gvye = heRy Z£180°

and the denominator of Equation 10.13 can be written in polar form as
(1-j)=22-45°
Then, the voltage gain at the low-frequency cutoff can be expressed as

oo = GV _ [cRr/h| £180° _[heRy
TT-j T 2z-45° | ony

hfeRT

\/Ehie

Hence, the voltage gain at the low-frequency cutoff has a phase of 225°.

Z180°+45° =

£225°  (10.14)

10.3.3.1 Effect of the Other Capacitance on the Low-Frequency Response

The capacitor C,, is in series and it will affect the low-frequency response. If we
consider the total input resistance of the amplifier R, , then Figure 10.3 represents an
equivalent circuit for the input of the amplifier. This equivalent circuit can be used to
analyze the gain of the amplifier as the frequency is reduced.

As the frequency is reduced, the impedance of C,, is increased and the voltage
gain between v;, and v; is reduced. The combination series of C,, and R;, will pro-

duce a low-frequency cutoff, f |, equal to

s Lol»

1

= - 10.15
2nC Ry, ( )

ol
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Ccl

—

FIGURE 10.3 Circuit representing the first coupling capacitor response to low frequency.

The deduction of this equation and detailed analysis on this RC circuit is included
in Chapters 16 and 20.

The effect of the emitter capacitor C, in Figure 10.2 will also affect the frequency
response as the frequency is reduced. In this case, some feedback signal to the input
will occur. This is analyzed in Chapter 17.

In general, the higher low-frequency cutoff will have a larger influence on the
low-frequency response.

10.4 CE AMPLIFIER AT HIGH FREQUENCY

As the frequency increases the impedance of any capacitor decreases and small
capacitances in parallel, negligible at low frequency, can affect the gain at high fre-
quency. In particular, any capacitance in parallel to input or output will be likely to
reduce the gain. In a bipolar transistor the capacitance between the collector and base
will have a large effect on the gain at high frequency. The collector—base capacitance,
C,,, has an influence on the voltages in the input and output of an amplifier and can
be represented by the circuit shown in Figure 10.4, where G, is the amplifier voltage
gain, the multiplication of the C_ by G, at the input is known as the Miller effect.
When the input voltage is applied from a source with series impedance then the
capacitor G,C,, reduces the input voltage and the overall voltage gain. But if the volt-
age source has a very small or zero impedance, then the capacitor G,C,, only reduces

v>~cb
the input impedance and the capacitor at the output, C,,, reduces the voltage gain.

10.4.1 Vourace GAIN AT HIGH FREQUENCY

Considering the case with no source impedance in series at the input and adding
all parallel capacitances at the output to C, we can obtain an expression for the

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

o _l_ > < J_
Vin -|—GVCCb h,, lhfeiB 1/hye. _|_ch R,
(o}

FIGURE 10.4 High-frequency CE amplifier equivalent circuit.
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ip T
Vin by, lhfeiB R¢ —|- SRy Vo
o l

FIGURE 10.5 Simplified high-frequency CE amplifier equivalent circuit.

voltage gain at high frequency. Capacitances in parallel at the output will include
stray capacitance of wiring and capacitance of components. We can combine all the
capacitance in parallel at the output, including C_,, into one capacitance, C,, then the
equivalent circuit at high frequency simplifies to the circuit shown in Figure 10.5.

R, and R¢ can be combined in parallel into Ry as described earlier. Adding Ry in
parallel to the impedance, the capacitor Cp,, we can obtain an equivalent impedance,
Zr, at the output.

_ RyfjoCp Ry
R+ 1/joCp)) 14 joCpRy

(10.16)

TT

Zr will reduce all impedances in parallel at the output circuit shown in Figure 10.5.
Multiplying the Z;; impedance by the current hi, we can obtain the output voltage
as

. . R,
Vo = —hgiy X Zpp = —hgiy | —— L —— 10.17
felb TT fi b|:1+_](DCpRT:| ( )

The input voltage can be obtained from the input circuit of Figure 10.5 as

(10.18)

Vin = lbhie

Then, the voltage gain at high frequency, Gvyg, can be obtained as the ratio of the
output voltage to the input voltage as

Gy = Yo = “haebRe/(1+ jOCRO] _ e ( Ry j 10.19)

Vin iphie hie \ 1+ joCpRy

Gvyr can also be expressed in terms of the voltage gain at mid-frequency
Gv,,=-h R//h;, as

vaf
Gy =| — 2Vmi 10.20
Vi [1+ijPRTJ (1020)

At medium frequencies the term joC Ry will be smaller than 1 and the high-
frequency gain will reach Gv .
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10.4.2 HiGH-FReQUENCY CUTOFF

Rearranging Equation 10.20 we have

Gvyr 1

GV 1+ joCpRy
and the high-frequency cutoff, f};, can be obtained when the magnitude of the gain is
reduced by a 1/ V2 factor. Then,

1|
|

2

1 1

The parallel bar denotes absolute value. To satisfy this equation the term wC Ry,
at the frequency cutoff, must be equal to 1 and the high-frequency cutoff, f;;, can be
expressed as

1

=
T onCHR

(10.21)

10.4.3 PHAse CHANGE AT HiIGH FREQUENCY
Replacing f}; from Equation 10.21 into Gvy in Equation 10.20 we can calculate the
phase change at the frequency cutoff. At f,; we have
GVHF(at f = fH) = %
Gv,,; can be written in polar form as Gv,; = I(h;R/h,)|£180° and (1 + j) can be writ-

ten in polar form as (1+j) = V2245 and the phase at high-frequency cutoff can be
obtained as

hgR1/h; )| £180° .
Gvye(atf=1f;) = GVunr - ‘( fe T ) —‘hf RT‘

1+j V224452 | \2h,

Z(180°—45°)

hfeRT

\/Ehie

Therefore, the phase at the high-frequency cutoff is equal to 135°.

£135° (10.22)

10.5 TOTAL FREQUENCY RESPONSE

In general, the frequency response of amplifiers containing transistors will have the
behavior indicated in Figure 10.6.
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Gain Phase
(dB) , Slope: change
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Magnitude at .
225° d e e e N - = — =
low frequency 1
180" 1= === =% .
Y
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FIGURE 10.6 Amplifier magnitude and phase frequency response.

The fall in voltage gain at low frequency is mainly due to capacitances in series
with input and output, while the fall in voltage at high frequencies is mainly due to
capacitance in parallel increased by the Miller effect.

Table 10.1 includes a summary of expressions and values of different parameters

at different frequencies.

TABLE 10.1
Frequency Response Parameters and Expressions for a CE Amplifier
Voltage Gain Cutoff Frequency Phase at Cut off

Low f 225°

ow frequency S he R, . 1

T b [14+1/joCo(RE+R,) mCoRe +R1)

Medium S heRy - -

frequency Vit ==

135°

High fi
igh frequency hy, ( R, J 1

Gy =——te| 1 fy=o
e hi, \ 1+ joCpRy 2nCpR 1
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10.6 KEY POINTS

e Reactive components such as inductors and capacitors are affected by the
frequency variation of the applied signal while resistors are unaffected by
frequency variation.

» Since the characteristics of reactive components change with frequency, the
behavior of circuits using these components will also change.

e The way in which an amplifier or a circuit changes with frequency is termed
its frequency response. The frequency response considers the variations in
the magnitude of the gain and in the phase response.

* Inan amplifier, the gain is usually represented in decibels and the frequency
as logarithmic of frequency.

e Frequency cutoffs determine the low-, high-, and mid-frequency response
in an amplifier. The low- and high-frequency cutoffs are determined as the
points where the power gain is half the mid-frequency power gain. The low-
and high-frequency cutoffs can be determined at the frequency where the
voltage gain has reduced by 3 dB from the voltage gain at mid-frequency.

e A cutoff frequency can also be determined at the point where the voltage gain
has dropped by a factor of 1/+/2 from the voltage gain at mid-frequencies.

* In general, capacitors in series with inputs and outputs will affect the low-
frequency response and the capacitors in parallel with inputs and outputs
affect the high-frequency response.

* The BW represents the range of frequencies between the low-frequency
cutoff, f; and the high-frequency cutoff, f};. giving the range of frequencies
over which an amplifier can be used.
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’I ’I Common Collector
Amplifier/Emitter
Follower

The common collector configuration, also known as emitter follower, provides the
main applications of impedance matching and buffer amplifier. In this amplifier,
the output is almost identical to its input, but its input impedance is high and output
impedance is low.

11.1  VOLTAGE GAIN, Gv,

The collector terminal of a transistor can be made common to input and output.
Figure 11.1 shows a transistor used as a common collector amplifier.

Coupling capacitors act as a short circuit at medium and high frequencies. The
biasing source V. presents very low impedance to an ac signal making the collec-
tor common to input and output as indicated in Figure 11.2. In this configuration,
the emitter resistor Ry, is not bypassed by a capacitor and it appears in the medium-
frequency equivalent circuit.

The equivalent circuit at medium frequencies, shown in Figure 11.2, can be rear-
ranged as indicated in Figure 11.3 in order to analyze its behavior.

We can add the two resistors, R, and 1/h,, in parallel to create Ry as

_ RE /hoe _ RE
Rg +1/h,, 1+h,Rg

(11.1)

T

The current passing through Ry, i;, can be obtained by applying KCL at node E
in Figure 11.3 as

it =ip +heip (11.2)
Then, the output voltage, v,, can be obtained by multiplying i; and R as given below:

. R
Vo = Ryip = 13(1+hfe)ﬁ (11.3)
oeME
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+Ve
RB

Co C

L B

il Ce

Vin
VO
i -

FIGURE 11.1  Circuit diagram for a common collector amplifier.

Transistor
iin iB B C
by, \l/hfeiB Vhee
Vin Ry ‘-
S Eo
R, Vo

FIGURE 11.2  Ac medium frequencies equivalent circuit for a common collector amplifier.

i, (i + hgip)

in B iy —.E
I
hie
Vin RB Th

FIGURE 11.3 Rearranged version of Figure 11.2 for an equivalent circuit of a common
collector amplifier.

1/h,, R v

It
felp
C

\_'_I

Ry

From the equivalent circuit shown in Figure 11.3, the input voltage v,, can
be obtained using KVL in the close circuit that include v,,, the voltage across h;
and v,, as

€

Vin = hiCiB + Vo (11.4)

Replacing v, from Equation 11.3 into Equation 11.4, we have
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. .. Rg
Vin = hiig + Vg = hiig +ig(1+hg) ————— 11.5
B 0] B B( f)1+hoeRE ( )

and with v, (Equation 11.3) and v, (Equation 11.5) the voltage gain in common col-
lector configuration, Gv¢, can be written as

Vo i5(1+he)Rp/(+heRp)

GV =—= 11.6
C v iphe+ip(1+he)Re/(1+hoRp) (110

Multiplying numerator and denominator by (1 + h,R;) and cancelling iz, Gvc
can be expressed as

Reg(1+hg) _ 1
hie(l + hoeRE) + RE(l + hfe) 1+ hie(l + hoeRE)/RE(l + hfe)

GVCC = (1 17)

Now the term h,.(1 + h.Rg) is always much smaller than Rg(1 + h;,) and the ratio
h,(1 + h,Rp)/Rg(1 + hy,) can be neglected compared to 1 given an approximation for
Gvc as 1. Then,

GVCC =1 (118)

Therefore, one of the characteristics of a common collector configuration is that
the input and output are the same with no phase shift.

EXAMPLE 11.1

A semiconductor manufacturer provided the following h parameters data for a
general purpose transistor: h,=1kQ, h, =110, and h,, =80 puS. Calculate the
voltage gain of a common collector amplifier when the emitter resistor R; is 1 and
50 kQ.

SoLuTioN
At R; =1 kQ, the common collector gain is

1
T+ hie (14 hoeRe)/Re(1+ hee)

1 1
T 1+1x10%(1+80x107° x1x10°)/1000(1+110) ~ 1+1080/111000

GVCC =

and Gve=0.9904.
For Ry = 50 kQ, the common collector gain is

1
T 1+1x10%(1+80x107° x 50%10%)/50 x 10*(1+110)

GVCC

1
" 1+ 4000/5.55x10°

and Gve-=0.9993.
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The common collector amplifier provides a voltage gain of ~1, independent of
the value of R.

11.2  CURRENT GAIN, Gicc

The output current is the current passing through the resistor Ry as shown in Figure
11.3. This current can be obtained using the current divider rule as we know the
current i = (ig + hy, ig) enters the two resistors in parallel Rg and 1/h,,. Therefore,

. . Rg/h,. . .
1o =Igg = REW(IB +hip) (11.9)
E oe

Now the ac current through resistor Ry is very small and can be neglected. Then,
i, =1ip (11.10)

with the input and output currents we can obtain the gain for the common collector
configuration as

. ip _ige _ Rg(+hg)/h,e  Rp(1+hg)
Gigc="=-"= =
I, g Rg +1/h,, Rgh, +1

(11.11)

11.3 INPUT IMPEDANCE, Zi.

The input impedance, Zi, is the ratio of the input voltage to the input current. The
input voltage is given by Equation 11.4 and the input current is ig. Then,

Vin = hieig +vg
and
i;, = ip

The current through Ry is very small and can be neglected. With the input volt-
age, input current, and output voltage (Equation 11.3) we can obtain an expression
for the input impedance as under common collector configuration as

ch Y0 h 4+ (+h)—E (1112)

in 13 1p 1+h,Rg

Zice = Yin _ hiell? +Vo

Then, common collector configuration provides a large value of input
impedance.

In the common collector amplifier shown in Figures 11.1 and 11.3 there is no
emitter capacitor; hence, the emitter resistor is not bypassed by a capacitor. As a
consequence the input resistance is large.
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Now this input impedance Zi.. was calculated without the effect of Ry. To include
the effect of Ry then the total input impedance, Zi;, will be the parallel combination
of Ry and Zi¢ as

_ {hie + RE(l + hfe)/(l + hoeRE)}RB
Rg+hj + Rg(1+hg)/1+h, Rg

(11.13)

T

Ry is usually large, but it may reduce the overall input impedance as Zi. is much
larger.

The input impedance is high and the voltage gain is 1, this amplifier can be used
as buffer amplifier or as impedance matching.

11.4 POWER GAIN, Gpcc

The power gain can be expressed as the product of the voltage and current gains or
as the ratio of the output power to the input power. The power gain for a common
collector amplifier at medium frequencies can be expressed as

RE(1+hfe)}[ 1

(11.14)
Rehy, +1 || 1+ho(1+h R )/Re(1+hy)

Gpce = GiecGvee = [

But in a common collector configuration the voltage gain is almost 1, therefore
the power gain is approximately equal to the current gain

Gpec=— -~ (11.15)

An alternative biasing for a common collector amplifier is shown in Figure 11.4.

For this circuit the analysis to obtain the voltage and current gains, input and out-
put impedances, and power gain is the same. The only difference is that the resistor
Rj in the equivalent circuit shown in Figure 11.3 is replaced by the parallel combina-
tion of R, and R,.

+V

cc

C
- C
I
E C2
Vin RZ
Ry Vo
=

FIGURE 11.4 Potential divider common collector amplifier circuit.
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11.5 KEY POINTS

* The voltage gain in a common collector amplifier is almost 1.

e The common collector configuration is also known as emitter follower.

e In a common collector configuration the input voltage and output voltage
are in phase, that is, there is no phase shift.

e In a common collector configuration the input impedance is very high.

* Main application of common collector amplifier is as impedance matching
or as buffer amplifier.
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121 COMMON BASE AMPLIFIERS UNDER h PARAMETERS

The common base amplifier is sometimes used for matching impedances; it has
low-input impedance and high-output impedance. The circuit diagram of a com-
mon base amplifier is shown in Figure 12.1. The base is common to the input and
the output.

An ac equivalent circuit at medium frequency for the common base amplifier is
shown in Figure 12.2. The resistor Ry, is usually much larger than h;, and the parallel
combination of Ry and h,, can be approximated to h;, as indicated in Figure 12.2.
The equivalent circuit of Figure 12.2 is identical in form to the equivalent circuit
for a common emitter amplifier used in Chapter 10, but in this case the appropriate
parameters are the h base parameters. An expression for the voltage gain under com-
mon base configuration can be deduced in the same way as the voltage gain under
common emitter configuration.

From Figure 12.2, we can combine R and 1/h,, into one resistor, R¢. The com-
bined resistances of R and 1/h,, in parallel, R¢, becomes

1 1 1 1 1+Rchy,
—=—+ =—+hp=—-""
Rt Re 1/hy,  Re Re
Therefore,
R
Rt=— ¢ — (12.1)
1+ Rchg,

This circuit can be simplified further by combining Rt and R; in parallel into
one resistor Ry as

I _ 1,1 _ 1 1+Rchy _Rc+Re(l+Rchy)

R: R, R. R, R R,Re

and

_ R;R
Rc+Re(1+Rchy,)

Ry

(12.2)

197
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+V,
Rg Re
Ccl E C 2
— < :
Vin B RL Vo
[e,
FIGURE 12.1 Circuit diagram common base amplifier.
Transistor
s
N
| | 2
Vin Rp ! hy, \L hpi, Uhg | |Re | R [Yo
________________________________ I
L R¢ )
T
Ry

FIGURE 12.2 Common base amplifier medium frequency ac equivalent circuit using h
parameters.

12.2 VOLTAGE GAIN, Gv;

From the input of circuit shown in Figure 12.2 the input voltage, v,,, can be written as

Vin = hiple (12.3)
and from the output circuit of Figure 12.2 the output voltage, v,, can be written as
Vo = —hpi.Ry (12.4)

and the voltage gain of a common base amplifier at medium frequencies, Gvg, can
be expressed as

—hgpi.R h
Gvep = Y0 = “IbleRr __ O p (12.5)
A hyi, hyp

Here the common base parameter hy, typically has a value just under unity and is
negative. Typically, hy, =—0.98, therefore there is no phase shift.
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12.3 CURRENT GAIN, Gig

The output current passing through R;, i; can be deduced using Kirchhoff’s laws or
the current divider rule, between R; and R¢ as

’

. R& .
i, =— hpi. 12.6
L R’C+RL( mie) (12.6)

The negative sign is due to the opposite direction of the currents. The input cur-
rent is i, and the current gain under common base configuration at medium frequen-
cies can be expressed as

iy hpRe

Gigg=-"=- 12.7
T, Re+R, (127
The current gain, Gigg, can also be expressed in terms of h,, and R by replacing

the expression for into Equation 12.7.

12.4 POWER GAIN, Gp,

As indicated earlier the power gain can be expressed as the product of the voltage
and current gains or as the ratio of the output power to the input power. The power
gain for a common base amplifier at medium frequencies can be expressed as

. P V2 /RL 2 h'b
Gpcg = GigGveg = —> = — =Gv
Pcs csUVcp P Vizn Ihy CB R,

(12.8)

In the same way, it is possible to obtain an equivalent expression for the power
gain in terms of the current gain.

EXAMPLE 12.1

For the amplifier shown in Figure 12.3, draw a mid-band frequency equivalent
circuit using h parameters and calculate the ac voltage, current, and power gains
of the amplifier. The transistor has h;, =75 Q, hy, =-0.95, h,, =0, and h,, = 0.

+Vee
100 kQ R 2 kQ Re
iy Ca E C Ca i,
B
vin 3 kQ RL VO

o

FIGURE 12.3 Circuit diagram of a common base amplifier for Example 12.1
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Lin Io

Vin RE hib l% hfbie RC RL Vo
l_'_l

Ry

FIGURE 12.4 Equivalent circuit for amplifier of Example 12.1 using h, parameters.

SoLuTioN

At mid-band frequency, the coupling capacitors can be assumed to have zero
impedance. As h,, =0 and h,, =0, the ac mid-band equivalent circuit is shown
in Figure 12.4.
As R; is much larger than hy, it can be neglected, or alternatively, it can be
combined in parallel with h;,, which provides a value approximate to that of hy,.
The value of Ry, in this case, is the parallel combination of R: and R,. Therefore,

_RixRe _ 2x10°x3x10°

Rr= = 3 7 =1.2kQ
R.+Rc  2x10°+3x10
and the voltage gain is
Gveg = -2 = Ry =— 7994 5107 =152
Vin hip 5

The current gain in this case is given by

: _ 3
Gic3=,li=— hwRc =( 0.953)><2><1O3 ~0.38
fin Re+R.  2x10°+3x10

The power gain is the product of the voltage gain and the current gain as given by

GP = G|GV =15.2x0.38=5.78

12.5 KEY POINTS

e In acommon base configuration the input voltage and output voltage are in
phase, that is, there is no phase shift.

e In a common base configuration the input impedance is low.

e In a common base configuration the output impedance is high.

* One of the applications of common base is as impedance matching.

e Common base amplifiers have low input capacitance at high frequency.



13 Common Emitter
Amplifier in Cascade

13.1 INTRODUCTION

In many cases, a single-stage amplifier, such as the one seen in previous chapters,
does not provide all the gain required by a system. In some cases, if the overall gain
required is provided by a single stage it may produce too much distortion. A solution
to these problems can be to increase the gain by adding stages. The output of the
first stage becomes the input of the next stage to increase the overall gain; this is to
connect stages in cascade.

In this chapter, we attempt to see the effect of cascading on the overall gain and
on the frequency response.

13.2 OVERALL GAIN OF AMPLIFIERS IN CASCADE

A connection of n auto bias common emitter amplifier stages in cascade could be
represented as indicated in Figure 13.1. The input signal v, from the source through
Ry is amplified by transistor T1 of the first stage, the output signal of the first stage
v,; becomes the input signal of second stage and is amplified by transistor T2. The
process continues in each stage to amplify the previous output until the last n stage,
which provides its output, v,, to the load R, .

As before, we can obtain an ac equivalent circuit for all stages in cascade; this is
shown in Figure 13.2.

As in previous chapters, R¢ is the parallel combination of R and 1/h,, given by

Rt =Re/(1+Rchy,)

as deduced in Chapter 9 (Equation 9.19). The biasing resistors, R, and R,, have been
omitted as they are usually much larger than h,,.

The voltage gain of each stage will depend on the impedance connected as load.
The last stage has R, for load while the other stages will have the input impedance of
the next stage for load. Also, the first stage input is connected to a source with a series
resistance Rg. Then we have three different voltage gains: voltage gain from the last n
stage, voltage gain of all (n — 1) stages, and “voltage gain” due to the voltage source.

The general voltage gain for any stage, deduced in Chapter 9 (Equation 9.23), is
given as

hfe

G, =-
hie

Ry

where R; is the parallel combination of R¢ and the load resistor.

201
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......... Vee

A

n stages >

FIGURE 13.1  Circuit diagram of n stages common emitter amplifiers connected in cascade.

FIGURE 13.2 Ac equivalent circuit using h parameters for n stages common emitter ampli-
fiers connected in cascade.

13.2.1  VourtaGe GAIN OF THE LAST STAGE n

The voltage gain of the last stage Gv, has R, as load, then the total output resistance
Ry, will be

_ RiR¢
R, +R (1+R.h,)

Tn
as calculated in Chapter 9 (Equation 9.20) and the voltage gain for all the n stage
Gv, is given by

hfe
hie

GVn =- RTn

13.2.2 VortaGe GAIN FOR THE (n — 1) STAGES

The rest of the stages from 1 to (n — 1) have h,, from the next stage as load. An
expression for their gain can be obtained by replacing R, for h,,. In the voltage gain
expression we can use Ry, ;) as the parallel combination of R¢ and h;,. Then,

h,.R
Rygon = et 13.1)
Rc + hie(l + Rchoe)
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and the voltage gain for all the (n — 1) stages Gv,,_;, is given by

h fe
Gvypy = _hitRT(n—l) (13.2)

1€

13.2.3  “VoutaGe” GAIN OF THE SOURCE

Now, to obtain the overall voltage gain from the source input e to output v, we have
to include the attenuation voltage drop across the source resistance Rg. Figure 13.3
provides an equivalent circuit for the input voltage source connected to the first-stage
amplifier.

The input current i, can be obtained as

e
Lip = m (13.3)
Then, the input voltage v;, is
Vio = R:% (13.4)
and the “voltage gain” (attenuation) of the source can be written as
Vin h;e
e - m (13.5)

When stages are cascaded, the overall voltage gain is the product of all the stage’s
voltage gains. Due to the properties of logarithms the overall voltage gain of stages
in cascade is the sum of all the voltage gains in decibels. In our case, we have n
stages plus the source attenuation, and then the overall gain from the source e to the
voltage across R, can be expressed as

n—1
M hie h e h e
Gv(roraL) = ?O = {M} X {—thT(n_l)} X {—thTn} (13.6)
S ie i ie

The number of stages will depend on the overall gain required.

FIGURE 13.3 Input circuit of first stage of amplifiers n stages connected in cascade.
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EXAMPLE 13.1

A two-stage amplifier is shown in Figure 13.4. Draw a mid-band equivalent circuit
and calculate the overall voltage gain. Q1 and Q2 have h, =2 kQ, h,, =55, and
hee =25 uS.

SoLuTioN
We can assume that the capacitors have zero impedance at mid-frequency range.
An equivalent circuit can be represented as in Figure 13.5.
The total output resistance for the second stage, Ry,, is the parallel combination
of 1/h,., R¢,, and R, given by

RR¢, 50x10° x10x10°

R = =
" 7R, +R(1+Rchee)  10x10° +50x10°(1+10x10° X 25x10°°)

=6896.55Q

and the voltage gain of the second stage is given by

e Ry, = — 23 6896.55=—189.66

Gv, = —
V2= 2x10°

For the first stage Ry, neglecting R,; and R,,, is the parallel combination of
R¢y, and hy, given by

1/h

oe/

V=12V

Ry

Ce Vo2
l \ 50 kQ

Rg

Ry by, hlp 1/h,

FIGURE 13.5 Mid-frequency equivalent circuit of two common emitter amplifiers con-
nected in cascade for Example 13.1.
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B hiRc, a 2x10° x2x10°
Re, +hie(1+Rhee)  2X10° +2x10°(1+2x10° x25%107°)

=975.61Q

RT1

A more accurate value for the total output resistance of first stage will include
R,; and R,, in parallel with Ry, but as Ry, is much smaller than R,, or R,, their
influence will be very small.

And the voltage gain of the first stage is given by
hre 55

Rp=——>> x975.61=-26.83
he ' 2x10°

Gv, =-

The attenuation G of resistance Rg in series with the source e is given by

_ he _ 2x10°
Rs+h. 1x10°+2x10°

Gs =0.67

The overall voltage gain, G;, will be the product of the three gains as follows:

Gr =22 = Gy x Gy, X Gy, = 0.67 X (~26.83) x (~189.66) = 3409.35
e

13.3 FREQUENCY RESPONSE

As indicated in the previous section we have three types of different stages. Different
type of stages connected in cascade will have different frequency cutoff. The fre-
quency response will be affected by the dominant frequency cutoff. For the low-
frequency response the larger low-frequency cutoff will be the dominant. For the
high-frequency response the lower high-frequency cutoff will be the dominant cutoff.

13.3.1 Low-FreQuency CUTOFF

In general, a capacitance in series will reduce the gain at low frequencies. This will
affect the low-frequency cutoff. In cascading amplifiers we will couple stages, load,
and source with a series capacitor.

13.3.1.1  Frequency Cutoff of Last Stage
The coupling capacitor in series with the load R, will cause a reduction of gain in
the last stage. Figure 13.6 shows the equivalent circuit at low frequency for the output
last stage.

This is the same circuit analyzed in Chapter 10 where the low-frequency cutoff
was found to be given by Equation 10.12. Then, for the last stage n the low-frequency
cutoff f,  is

1

T 137
2nC.(RL+R,) (13.7)

Ln

This is a cutoff frequency generated by the last coupling capacitor and R; .
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CC
11
)

FIGURE 13.6 Equivalent circuit at low frequency for the output of the last n stage.

13.3.1.2  Frequency Cutoff for 1 to (n — 1) Stages

For the other (n — 1) stages the output circuit from each stage can be represented by
the equivalent circuit shown in Figure 13.7, where h,, from the next stage replaces the
resistor Ry, then the cutoff frequency of these stages f; ,, ;, is given by

1
flpop=—"7—"—" 13.8
H T 2nC, (RE + hye) (138

13.3.1.3 Frequency Cutoff Input Circuit First Stage

The first coupling capacitor at the input of the first amplifier and the source resis-
tance Ry in series with h;, will also produce a cutoff frequency f| ... This cutoff
frequency can be obtained in the same way as before using the equivalent circuit
shown in Figure 13.8.

CC
1l

I m |
hie hreiB R’C hie

FIGURE 13.7 Equivalent circuit at low-frequency output of any (n — 1) stage connected in

cascade.
Rg Cc
I
54:'—‘ T — 1l
€ hie % hreiB R,C hie

FIGURE 13.8 Equivalent circuit at low frequency for the source stage of n amplifiers
connected in cascade.
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v

(dB)

log f

‘ ‘ : log f
fi [ 1’

FIGURE 13.10 Overall frequency response at low frequency of n stages connected in
cascade.

Now we have two resistors in series with the first coupling capacitor, Rq and h,,.
Then, the cutoff frequency due to the source plus input coupling capacitor is

1
f source = 13.9
HoUe) T o C. (Rs + hye ) (139

In general, these three cutoff frequencies will be different f7, f{”, and f{”, assum-
ing that f{ < f{"<f{” as indicated in Figure 13.9.

Adding the three different frequency responses at low frequency we can represent
the overall low-frequency response of the n stages. Figure 13.10 shows the overall
low-frequency response of the n stages in cascade.

The value of each frequency cutoff, f, f{’, and f{” will depend on the different
values of components affecting the cutoff frequency. The dominant frequency will
be the larger f|, then the dominant cutoff frequency will depend on the values of h,,

R;, or the value of the series source resistance Rg.

EXAMPLE 13.2

For Example 13.1, assume that all coupling capacitors have a value of 800 nF.
Calculate the low-frequency cutoff of the different stages.
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SoLuTioN
For the second stage, the parallel combination of R, and 1/h,, will produce R¢, as

Res 10%x10°

R, = =
“ T 14RGhe  1+10x10°x25x10°

=8kQ

and the frequency cutoff for the second stage, f,, is given by

1 1

= . = - ; - =3.43Hz
21C R +R) 2mx800x107°(8x10° +50x10°)

fL 2

For the first stage, the parallel combination of R¢; and 1/h,, will produce R¢; as

Re 2x10°

= = =1904.76Q
1+Rchee  1+2x10°x25%x107°

’
R&

and the frequency cutoff, f,;, for the first stage is given by

1 1

f = =
YT nC R +he)  2mx800x107°(1904.76 +2x10°)

=50.95Hz

and the low-frequency cutoff due to the series coupling capacitor between the
voltage source and the first stage is given by

1 1

= 5 5 ~=66.31Hz
21C Rs +he)  2nx800x107°(1x10° +2x10°)

fL(source) =

The larger dominant low-frequency cutoff is due to the input coupling capaci-
tor in this case.

13.3.2 HigH-FrReQUENCY CUTOFF

In general, coupling capacitors in parallel will cause drop in gain affecting the
high-frequency cutoff. As in the case of low-frequency cutoff in common emitter
amplifiers in cascade there are three different high-frequency cutoffs involved.

13.3.2.1 Frequency Cutoff of Last Stage

Figure 13.11 shows the equivalent circuit at high frequency for the output of the last
stage. The coupling capacitor in parallel Cg, represents the sum of all capacitances
in parallel at the output such as the capacitance between base and collector, the stray
capacitance of wiring, and capacitance of components connected at the output. All
output capacitance included in Cg, cause a reduction of gain in the last stage.
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ie hr B R,C —|— Csn

FIGURE 13.11 Equivalent circuit at high frequency for the output of the last n stage.

R,

This is the same circuit analyzed in Chapter 10 (Equation 10.20), then the high-
frequency cutoff for the last stage is

1

fg =————
t 21Cs, Ry

(13.10)

This cutoff frequency is created by the last parallel capacitor Cs,, R¢, and R;.

Ry, is the parallel combination of R¢ and R; .

n

13.3.2.2 High-Frequency Cutoff for 1 to (n — 1) Stages

For the other (n — 1) stages the output circuit from each stage can be represented as
Figure 13.12 where h,, from the next stage replaces the resistor R, then the cutoff
frequency of these stages fy, , is given by

1
P — 13.11
1 2 Cs R (13.1)

This cutoff frequency is generated by the parallel capacitor of Cs, ), R¢, and h,.
Ry, 1 is the parallel combination of R¢ and h,.

13.3.2.3 Frequency Cutoff Input Circuit First Stage

The first parallel capacitor at the input and the source resistance Rg in series with h;,
will also produce a cutoff frequency fy oy This cutoff frequency can be obtained
in the same way as before using the equivalent circuit shown in Figure 13.13.

The cutoff frequency due to the source plus input parallel capacitor Cg, is

1
fsouree) = s o 13.12
H( ) ZTCCisT(source) ( )

where R

T(source

, is the combination of Rg and h;, in parallel.

h, . ’ J_
IEI | éhrelg Re -I_CS(n—l) by,

FIGURE 13.12 Equivalent circuit at high frequency for any (n — 1) stage of n amplifiers
connected in cascade.
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FIGURE 13.13 Equivalent circuit at high frequency for the source stage.

124

The value of each frequency cutoff, fy, fif, and f;” will depend on the different
values of components affecting the cutoff frequency. The dominant frequency will
be the smaller f};, then the dominant cutoff frequency will depend on the values of
h,., R, or the value of the series source resistance Rg.

In general, these three cutoff frequencies will be different as indicated in Figure
13.14.

When added, assuming that fjj < fff < f{{”, they produce an overall response as
indicated in Figure 13.15.

The high-frequency cutoff will depend on the values of h;,, R, or the value of the

1€’
series source resistance R..

iy log f

FIGURE 13.14 Three different high-frequency cutoffs for stages in cascade.

f, fn fy logf

FIGURE 13.15 Opverall frequency response at high frequency for stages in cascade.
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EXAMPLE 13.3

For Example 13.1 assume that the addition of all capacitances in parallel due to
wiring and Miller effect can be represented by a capacitance C, and that this
capacitance produces a high-frequency cutoff in each stage. If C; has a value of
10 nF, determine the high-frequency cutoff of the different stages.

SoLuTIoN
For the second stage, the parallel combination of Rz, and R, will produce Ry, as

_ Rty xR, 8x10°x50%10°

= = =6896.55Q
R&, +R, 8x10°+50%x10°

RTZ

and the high-frequency cutoff, f,,,, for the second stage is given by

1 1

2nCR1;  2mx10x107° x6896.55

firz

For the first stage, the parallel combination of R¢; and h;, will produce Ry, as

’ . 3
_ R& X hie _ 1904.76><2><103 — 975610
R +hie 1904.76+2x10

R

and the high-frequency cutoff for the first stage, f,;, is given by

1 1
T 2GRy 2nx10x107 x975.61

=16,313.38 Hz

fi

and for the source stage the parallel combination of R and h,, will produce
RT(source) as

. 3 3
RT(source) = RSthe = 1X1O3 X2X103 :66666Q
RS+hie 1x10°+2x10

and the high-frequency cutoff due to the voltage source, fy e iS given by

1 1
2MCpR1s0uce) 28X T10%107° X 666.66

fH(source) -

=23,873.48Hz

Therefore, in this case the dominant high-frequency cutoff is the cut off due to
the parallel capacitance, C;, in the last stage.

In this example, we have simplified the calculations. In practice, the parallel
capacitance will be different at different stages and Miller effects will have different
influences at different stages.
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13.4 KEY POINTS

e Amplifiers can be cascaded to achieve a desired gain.

e Cascading amplifiers will affect the cutoff frequency.

e In a cascade of two or more amplifier stages; at low frequencies, there are
different low-frequency cutoffs; the larger low-frequency cutoff is the dom-
inant one.

* In a cascade of two or more amplifier stages at high frequencies, there are
different high-frequency cutoffs; the smaller high-frequency cutoff is the
dominant one.



14 Field Effect Transistor
Biasing

14.1 INTRODUCTION

As with the BJT, in order to use an FET as part of an electronic system it is necessary
to fix a proper operation point Q. The aim is to provide the appropriate dc gate to
source voltage in order to setup a desired value of drain current. A difference with
the bipolar transistors is that the FET has high input impedance that can be con-
sidered to be an open circuit in many cases. The examples included in this chapter
are based on an n-channel transistor. For the case of a p-channel transistor the bias-
ing circuits are the same but the polarities of applied voltages are reversed. In this
chapter, we will analyze certain types of biasing for the different types of field effect
transistors.

14.2  MOSFET BIASING

As we have seen in Chapter 6, there are two types of MOS; they can be enhancement
type and depletion type. The biasing for each of these two types of MOS transistor
is slightly different.

14.2.1 DepLerioN MOSFET

The depletion MOS will have a physical channel created at fabrication, that is, they
have a thin layer of semiconductor material of the same type as the drain and source
that connects them. As the channel is there, with no voltage applied to the gate, there
can be conduction between drain and source. This transistor will work with nega-
tive or positive voltage polarity at the gate with respect to the voltage at the source.
Figure 14.1 shows a biasing circuit with one resistor connected to the drain. R is not
part of the biasing, but isolates an ac signal from ground.

Rg is very large and its function is to isolate an ac signal from ground as there is
no dc current at the gate. Let us assume a dc voltage at the gate equal to zero with
respect to the source Vs = 0. Then I, is equal to the drain saturation current Ipg.

Applying KVL to the closed circuit consisting of the voltage across R, the volt-
age between source and drain, Vg and Vp, we can write their relationship as:

Vbp = Vps +IpRp (14.1)
and we can find the drain-to-source voltage, Vq, as
Vbs = Vpp —IpRp (14.2)

213
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+Vpp

Rp,

D
Ve=0V g
ID

S

-4
FIGURE 14.1 Depletion n-channel MOSFET biasing circuit.

This equation contains I, and V4 to select the operating point and determine the
value of Ry required, satisfying Q.

EXAMPLE 14.1

The FET shown in Figure 14.2 has a V5, = 3 V. Determine the value of Ry, required
in order to achieve a drain current I =16 mA.

SoLuTION
Applying KVL we can write

VDD:V05+|DRD:12:3+16X1073XRD

Then,
Rp =562.5 Q

14.2.2 ENHANCEMENT MOSFET

In the case of an enhancement MOS the channel is not physically present. It needs to
be created by applying a voltage to the gate. In order to bias an enhancement MOS

Vpp=12V

Ry

ID
TVDS

Rg| [10MQ

_I—_

FIGURE 14.2 Depletion MOSFET biasing circuit diagram for Example 14.1.



Field Effect Transistor Biasing 215

+Vpp

FIGURE 14.3 Enhancement n-channel MOSFET voltage divider bias circuit.

we need a voltage at the gate V4 greater than the threshold voltage, V. Applying
zero gate voltage, the channel does not exist and no current will circulate between
drain and source. Biasing this type of transistor will require a gate voltage more posi-
tive than the source and larger than V This voltage can be applied using a voltage
divider R, and R, dividing V,, as indicated in Figure 14.3.

The voltage between gate and source can be found from the voltage divider as

R,
Vgs = V 14.3
Gs ( R, 4R, ) D (14.3)

As in the case of the depletion FET applying KVL to the closed circuit consisting
of the voltage across Ry, the voltage between source and drain, Vg and V,,, we can
find V4 (Equation 14.2) as

Vbs = Vop —IpRp

and the drain current can be obtained from the I-V characteristic for an FET
(Equation 6.1) as

W Vi

Ins = 1Cos [(VGS — V1) Vos —% (14.4)

Here W, L, 1, and C, are constant at a particular temperature and they can be
represented by one constant K. Then in designing FET amplifier Ig usually can
be approximated to

Ips = K(Vgs — VT)2 (14.5)

EXAMPLE 14.2

For the enhancement MOSFET biasing circuit shown in Figure 14.4, calculate the
voltage between gate and source, V, and the voltage between drain and source,
Vps, When a drain current of 5 mA is achieved.
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Vpp = 14V

1.2 kQ

FIGURE 14.4 Enhancement MOSFET biasing circuit for Example 14.2.

SoLuTioN
By KVL we have
VDD :VDS +IDRD =14=VD5 +1.2X10+3 X5X1073

This gives
VDS = 8 V

The voltage V; is provided by the potential divider formed by R, and R,, then

R, 1.5x10°
Vgs = Vop = ———= 2 x14=2.47V
© [R1+R2j P 15 10° +7x10°

14.2.2.1 Drain-Feedback Bias
Alternative biasing for enhancement FET biasing is to use a feedback resistor at the
drain as shown in Figure 14.5.

For the drain-feedback bias circuit, R is large and the gate current is very small.
The gate current can be neglected and the voltage drop across R can be assumed
zero, then

VGS = VDS (146)
+Vpp
Rg Rp
1
1

FIGURE 14.5 Enhancement n-channel MOSFET drain-feedback bias circuit.
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Also, Equations 14.1 and 14.2 will apply for this drain-feedback biasing, then

Vbs = Vop —IpRp

14.3 JFET BIASING

There are two common types of biasing JFET amplifiers: self-bias and voltage
divider bias.

14.3.1  SeLr-Bias

To control the size of the depletion region, the self-bias JFET will require the gate—
source reverse biased. For an n-channel transistor this requires a negative voltage
at the gate Vg the inclusion of a resistor at the source will help to achieve this as
indicated in Figure 14.6.

R does not affect the biasing as there is essentially no voltage drop across it. The
gate voltage therefore remains at 0 V. R is large to isolate an ac signal from ground
to ac signals.

The voltage at the source terminal Vg with respect to ground is equal to the volt-
age across Rg as

Vs =IRg 14.7)
Here, Vj is positive with respect to ground and Ig = I}, then Vg can be written as
Vs =IpRg (14.8)

As the voltage at the gate is equal to zero Vg has the same magnitude as V,, but
with reverse polarity. Then,

VGS = _IDRS (14.9)

Applying KVL to the closed circuit consisting of the voltage across Ry, the volt-
age between source and drain Vg, the voltage across R, and V, we can write

VDD = IDRD + VDS + ISRS (14.10)

+Vpp
Ry
G D
S
Rg Ry
I
-

FIGURE 14.6 JFET self-bias circuit




218 Analog Electronics Applications

We can assume I, = I then the V5 can be expressed in terms of I, as
Vbs = Vpp —Ip(Rp +Rg) (14.11
Now the voltage at the drain terminal with respect to ground, Vy,, can be expressed as
Vb = Vps + IsRg (14.12)
or replacing V, into Equation 14.10 and rearranging we can write

VD = VDD - IDRD (1413)

EXAMPLE 14.3

For the self-biased circuit shown in Figure 14.7, calculate V53 and V5 when the
potential difference across Ry, is equal to 3.5 V.

SoLuTioN
The voltage across Ry is 3.5 V, then by Ohm’s law the drain current, I, is

Vo _ 3OV 5o A
R, 800Q

D

and by KVL

VDD = VRD +VD5+I5R5 :16: 3-5+VDS +300X4.375X1O_3
Then,
Vps =11.19 V

and by KVL
VRG — VGS + VRS

But the dc voltage at the gate with respect to ground is zero, then

Vgs = —Vks = —sRs = —4.375x107 x300 = -1.3125 V

+Vpp=16V

FIGURE 14.7  Self-bias biasing circuit diagram for Example 14.3.
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14.3.2 VourtAGe DIVIDER Bias

A voltage divider formed with R, and R, can be used to apply a voltage to the gate as
indicated in Figure 14.8. With the resistor at the source Ry and drain Ry, this circuit
bias a JFET in the same way as a BJT auto bias.
The voltage at the gate and source are positive, then the voltage at the source
needs to be larger than the voltage at the gate to produce a gate—source reverse bias.
The voltage at the source terminal with respect to ground Vy is equal to the volt-
age drop across Rg as

Vs =IpRg (14.14)

The gate voltage with respect to ground Vg is provided by voltage divider through
R, and R, as

R
VG=( +2 )VDD (14.15)

This is the voltage across the resistor R,.

Now applying KVL to the closed circuit consisting of the voltage across R, (Vy),
the voltage between gate and source (Vgg), and the voltage across Ry (Vs), we can
write

R,
Vbp = Vgs +IpR 14.16
(R|+R2j DD Gs T Ipks ( )
or
R,
Vgs = Vop — bR 14.17
GS (R,+R2) pp ~ IpKs ( )

Rearranging we can deduce an expression for the drain current I, as

_ VopR, /(R +R5) — Vs

Ip (14.18)

R

FIGURE 14.8 JFET voltage divider bias circuit.
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With equation for Vg and I, we can fix the operation point Q and determine values
of resistors to achieve this operating point.

EXAMPLE 14.4

For the biasing voltage divider circuit shown in Figure 14.9, if the operating point
is given by I, =1.2 mA and Vs =4V, calculate the voltage across Ry, R, voltage
Vo, and the voltage at the gate with respect to ground, V.

SoLuTION
By KVL

Voo =Rp XIp + Vps +1Rs = 4x10° x1.2x107 +4+1.5x10° x1.2x107°

and
VDD = 1 06 V

Vis =Rs xls =1.5x10° x1.2x10° =1.8 V
Vip =Rp XIpb =4x10°x1.2x10° =4.8V

and the voltage at the gate V; is provided by the potential divider formed by R,
R,, and Vpp. Then,

3
vo=( R, ijD 180 x10 x10.6 =2.81V

R, +R, T 180x10°+500x10°

14.4 KEY POINTS

e FET is biased to fix the operating point Q in a similar way as to BJT.
e The operating point Q in an FET is fixed by the voltage between drain and
source V|, and the drain current I,.

180 kQ

FIGURE 14.9 Voltage divider biasing circuit diagram for Example 14.4.
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e In a depletion MOS transistor the dc voltage at the gate can be assumed
equal to zero and R is very large to isolate an ac signal from ground.

e To bias an enhancement MOS transistor a voltage divider can be used to
make the gate voltage more positive than the source and larger than V.

e There are two common types of biasing for JFET transistors: self-bias and
voltage divider bias.
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’I 5 Field Effect Transistor
as Amplifiers

15.1 INTRODUCTION

FETs are used to amplify ac signals. The biasing of an FET using dc voltages
determines the operating point. Superimposed to the dc current an ac input signal
can be applied in order to be amplified. It means that the operating point, Q, will
change along with the ac voltage variations. FETs are used in the same way as
BJT to amplify voltages or currents. As in BJT, capacitors are used to separate
the dc biasing of a transistor and the amplification of an ac signal. In this chapter,
we will see the FET as part of an amplifier and deduce the characteristics of these
amplifiers.

15.2 COMMON SOURCE AMPLIFIER

Figure 15.1 shows a common source FET amplifier. The coupling capacitors C.
block the dc biasing at input and output and the Cq bypass Rg at ac to make the source
common to input and output.

15.2.1 AC VortaGe GAIN AT MEDIUM FREQUENCIES

Figure 15.2 shows an equivalent circuit for this amplifier using the mutual con-
ductance parameters model for the transistor under medium ac frequencies. It is
assumed that at the working frequencies, medium frequencies, the impedance for
the capacitors are very small and can be neglected. Also note that the resistor R is
represented as an open circuit. R is a very large resistor and in this type of transistor
the input impedance is very large as we have seen in previous chapters.

We can deduce the output voltage, v, by adding the two resistors r, and R, in
parallel to form R% as

R
f= D (15.1)
Rp+1y

and then, this equivalent resistor multiplied by the current from the source, g, Vg
will provide v, as

Rpry
Vo =———(g,Vv 15.2
o) Ry +1, (&mVes) ( )

223
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FIGURE 15.1  Circuit diagram for a MOSFET common source amplifier circuit.

G D

o

Vi l 8mVg Iq RD Vo
S

[,

FIGURE 15.2 FET common source amplifier ac equivalent circuit at medium frequencies.

The negative sign is due to the opposite direction of the currents. The input volt-
age is the voltage applied between gate and source. Therefore,

Vi = Vgs

and the voltage gain at medium frequencies, Gv,,;, can be expressed as the ratio of
output voltage to input voltage as

Gv, = Vo _ —(Rp1a/Rp +13)(8mVaes) __ Rpry . (15.3)

Vi Vgs Rp+14

In order to obtain a high gain, R, needs to be larger than r,.

EXAMPLE 15.1

The common source amplifier shown in Figure 15.3 has an FET with ry =100 kQ
and g,, =20 mS. Draw an equivalent circuit at medium frequencies and calculate
the voltage gain at mid-frequencies and the power dissipated in R, when the input
voltage is 25 mV.

SoLuTION

At medium frequencies an equivalent circuit, using mutual conductance model
for the transistor is shown in Figure 15.4.
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+Vpp
5kQ| [Rp
i

Cc I_I 1

}
22kQ [] Ry | Vo

Vi@ W5MQ | [Rg 0 Rg c
—_—

FIGURE 15.3 Common source amplifier for Example 15.1.

G D
Vi Rg lngG rq R, R, [Vo
S
(o,
S

FIGURE 15.4 Medium frequency equivalent circuit for the common source amplifier of
Example 15.1.

The resistors R and R, can be combined into one resistor, Rf, as

RoRL  5x10°x2.2x10°

Rh = = ; 5 =1527.78Q
Rp+R,  5x10°+2.2x10
and the voltage gain at medium frequencies is
’ 3
Gugy = Yo o ot 1527.78x100x10" 105304
Vi b+ry 1527.78+100x10

The output voltage is

Vo = Vi X GV =30.10x25% 107 =752.5 mV
and the power dissipated in R, is

_ V6 _(752.5x107)°

p, =9 —
TR, 22x10°

=0.2574 mW

EXAMPLE 15.2

The voltage divider amplifier shown in Figure 15.5 has an FET with ry=100 kQ
and g, =20 mS. Draw an equivalent circuit at medium frequencies for this ampli-
fier and calculate the current passing through R, when the input voltage is 30 mV.
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+12V

8 MQ Ry 8 kO R,
CC
C 11
< 11

|_|

A 4

Vi @ 1.8MQ| | R,

FIGURE 15.5 Amplifier circuit diagram of Example 15.2.

SoLuTION

At medium frequencies an equivalent circuit, using mutual conductance model
for the transistor is shown in Figure 15.6.
The resistors R and R, can be combined into one resistor, R as

, _ RoR.  8x10°x50x10°

h= = 5 ; =6.897 kQ
Rp+R.  8x10°+50x10
and the voltage gain at medium frequencies is
3 3
G,y _Vo __ Rorg g = 6.897 x10° x100x10 % 20%x10° =129.04

Vi Rp+r " 6.897%x10°+100x10°
The output voltage is
Vo = Vi X Gy =30x1072%129.04=3.87 V

and the current through R is

k=Yoo 387 g sa107 A
R, 50x10

FIGURE 15.6 Medium frequency equivalent circuit for the common source amplifier of
Example 15.2.
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15.2.2 AC VortaGe GAIN AT HIGH FREQUENCIES

At high frequencies Rg can still be neglected, but the capacitances between the gate
and source Cgg, between gate and drain Cgp, and between drain and source Cpg
will affect the voltage gain. Figure 15.7 shows an equivalent circuit for the common
source amplifier of Figure 15.1 at high frequencies including these interelectrodes
capacitances.

We can deduce the output voltage, v, by adding Rt (parallel combination of R},
and r,) to the impedance of Cp,q in parallel to equivalent impedance Z7 as

o _ RilljoCos _  Rj
T Ry +1/joCps 1+ joCpsRY

(15.4)

where Z7 is the parallel combination of the impedances Cpy, 1y, and Ry,.
The equivalent impedance Z1 multiplied by the current i, will provide the output
voltage v, as

Vo = _izz{r (15.5)

The negative sign is due to the opposite direction of the currents.
The input voltage is the voltage applied between gate and source, so

Vi = Vgs (156)

In order to obtain an expression for the voltage gain we need to find an expression
to relate i, to input and output voltages. Now if we apply KCL at the node formed by
currents iy, i,, and g, vgg we find the following relationship:

EmVas =11 +1p 15.7)

The current i, can be found by dividing the voltage across the capacitor Cgp, by
the impedance of Cg, capacitor. The voltage across Cgp, is (Vgs — Vo) and the current
i, can be found as

. VGS_VO .
1| =——=(Vgs — Vp)jOC 15.8
1 1/j0Cap (Vas = v0)j®Cap ( )

G Cep i iy
0 11 D
J— ) J_
-|- Cas \l/ gmVas rq -|- Cps  Rp Vo

FIGURE 15.7 FET common source amplifier ac equivalent circuit at high frequencies.
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Now replacing i, from Equation 15.5 and i, from Equation 15.8 into Equation
15.7, we get

. v . . v
2mVas = (Vas = Vo)jo0Cqp _7(,) =vgsjOCqp — Vo j®WCap _7(,)
ZT ZT
or
. . 1
Ves(JOCop — gm) = Vo (J(’)CGD + Z'j (15.9)
T

Equation 15.9 contains the input and output voltages, rearranging this equation
we find an expression for the voltage gain at high frequencies as

T(1—joCgqp/
GVHsziozvio:_gm T( : JO Gl? gm) (1510)
Vi  Vgs 1+ joCgpZt

If 1/g,, is much smaller than Z7, then the voltage gain at high frequency can be
approximated to

Gz V0o 8l EnR% (15.11)
Ny 14j0CepZt 1+ jORS(Cap +Cps) '

As the frequency increases, the voltage gain at high frequencies reduces accord-
ing to Equation 15.11.

15.2.3 INpUT IMPEDANCE AT HIGH FREQUENCY

The high frequencies equivalent circuit for the common source shown in Figure
15.7 allows us to obtain an expression for the input impedance at high frequency.
Applying KCL to the node formed by i,,, i,, and current through the capacitor Cgg,

n?

an expression for the input current can be obtained as

iip =1; +Vgs(JOCos) (15.12)

Now replacing i, from Equation 15.8 into Equation 15.12, we can write

iin = (Vgs = V0)j®Cqp + Vs (JOCos) (15.13)

From Figure 15.7, we can obtain the output voltage v, as

Vo = —Vgs EmZT (15.14)
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Replacing the expression of Z7 from Equation 15.4 the output voltage v, is

RI
0= —— G Em2T (15.15)
1+_](0CGDRT

Replacing v, from Equation 15.15 into Equation 15.13 and rearranging we can
write

. . . j(DCGngR,T
I, =V 0Cqs + joCqp + ———2—— 15.16
GS {J Gs TJOLgp 1+ joCapR’ } ( )

The term joCgpR7T is much less than 1 and Equation 15.16 can be approximated to
1in = Vas[JOCqs + JOCap + JOCop 2mRT] = Vasj{Cas + Cop(1+ gnRT)}  (15.17)

Now we can write that the input impedance Z,, as the input voltage, v,,, divided
by the input current, i;,, to be

n?

& _ VaGs _ 1
in  Vesj0{Cgss +Cop(I+g,RT)}  jo{Cgs +Cap(1+gnR7)}

Z, = (15.18)

From this expression for the input impedance we can deduce that the total input
capacitance, C;,, can be expressed as

n?

Cin ={Cgs +Cop(1+ gnRT)} (15.19)

The term multiplying the Cp indicates the Miller effect. The input impedance
can be written in terms of the input capacitance as

v; 1
Zypy=—"="—"—"— 15.20
Lin J(’)Cin ( )

The miller capacitance is large thereby reducing the gain at high frequency.

15.3 COMMON DRAIN (SOURCE FOLLOWER)

Figure 15.8 shows a common drain FET amplifier, the coupling capacitors C. block
the dc biasing at input and output.

There is no capacitor in parallel with Rq making the drain common to input and
output. As described earlier, Ry is very large for small ac signals resulting in an
almost open circuit.

15.3.1 AC Vortace GAIN AT MEDIUM FREQUENCY

Figure 15.9 shows an equivalent circuit for this amplifier using the mutual con-
ductance parameters model for the transistor under medium frequencies ac. Ry is
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+Vpp

FIGURE 15.8 MOSFET common drain amplifier circuit.

represented as an open circuit; Ry is a very large resistor and in this type of transistor
the input impedance is very large as we have seen in previous chapters.

From Figure 15.9 we can see that the output voltage v, can be expressed as the
current g, vgs multiplied by the parallel combination of ry and Rg [Rry/(ry + Ry)]

giving
Rgry
Vo =8,V 15.21
o0 = EZmVas I+ Ry ( )
G D
(a) o |
1
Vi ,I lngGs Iy
PR
1 0
|.I_| s
1 V,
| Rg 0
o 1
b U
(b) o G I
\A éTgvas Iy RS Vo
(e, 0
D

FIGURE 15.9 FET: (a) Common drain amplifier ac equivalent circuit at medium frequen-
cies including the gate resistance R;. (b) Simplified equivalent circuit for a common drain

amplifier ac equivalent circuit at medium frequencies.
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and the voltage between gate and source, v, relates input and output voltages as
Vgs = Vi — Vo (1522)
Replacing v from Equation 15.22 into v, in Equation 15.21, we get

Rgry Rgry Rty
%

Vo =gm(Vi—V =gnVi —Vo&m 15.23
0 = &ul O)rd+RS g & +Rs o I +Rs ( )
Rearranging, we have
R R
Vol 14 gn o0 |=gv; o0 (15.24)
1, + Ry 1, + Ry

and the voltage for a common drain amplifier at medium frequencies, Gvpy, can
be expressed as

GVepps = Vo _ ZuRsta/ (1 + Ry) (15.25)
™ v 1+ guRen/(1y +Rg) )

Now g, Rgr /(r, + Rg) > 1 and the gain for a common drain amplifier is almost
unity, then

GVepme =1 (15.26)

EXAMPLE 15.3

The common drain amplifier shown in Figure 15.10 has FET with ry=100 kQ and
gn =200 mS. Calculate the voltage gain at mid-frequencies.

+Vpp =10V

0

1 g CC‘:_o

i Rg| [10 MQ Rg 2kQ

’e}

qQ

FIGURE 15.10 Circuit diagram for the common drain amplifier of Example 15.3.
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SoLuTION

At medium frequencies, the voltage gain using mutual conductance model for the
transistor is

G Vo _ 8mRsla/(rg +Rs)
VCDmf—i——
Vi 14+8uRsta/(rg +Rs)
_20x107x2x10°x100x10°/(100x10° +2x10%)
1+20x107° x2x10° x100x10° /(100 x 10° + 2x 10%)

and the voltage gain is G, = 0.975.
Therefore, the voltage gain of a common drain amplifier can be approximated
to 1.

15.3.2 AC Vourace GAIN AT HiGH FREQUENCY

At high frequencies R can still be neglected, but the capacitances between the gate
and source Cgg, between gate and drain Cgp, and between drain and source Cpg will
affect the gain. Figure 15.11 shows an equivalent circuit at high frequencies includ-
ing these interelectrodes capacitances.

Note that the voltage between gate and source vgg is not the input voltage. The
output voltage v, can be written as

Vo =(&mVas T 11)Zr = Z1gmVas + Zri (15.27)

where Z; is the parallel combination of the impedances: r,;, 1/jwCpg, and Rg. The
voltage across gate and source, vgg, can be written as

i

Vgs = Vi—Vo = (15.28)
joCgs
or
ij = jwCgs(vi — Vo) (15.29)
iin G ClGS il S
o J_ il J_
Vi ‘|’ Cep TngGS Iy -|' Cps Ry Vo
(o, 0
D L J
Y
Zy

FIGURE 15.11 FET common drain amplifier ac equivalent circuit at high frequencies.
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Replacing vg and i, into Equation 15.27, we have
Vo = Zrgm(Vi = Vo) + ZrjoCqs(Vi = Vo) (15.30)
or
Vo = Z1gmVi — Z18mVo + Z1j0CqsVi — Z1joCasVo
or
Voll+Zr(gn + joCqs)] = Z1Vi(gm + j0Coqs)

and the voltage for a common drain amplifier at high frequencies, Gvp,, can be
expressed as

GVepy = 20 = Z1(gm +joCos) __ 8m* JoCgs
o Vi 1 + ZT(gm + ijGS) I/ZT + gm =+ j())CGs

(15.31)

Now, 1/Z; = 1/Rg + l/ry+ joCpg and the common drain voltage gain at high fre-
quency can be written as

+jwCss)R
GVepy = -2 = (&n +J0Cs)Rs (15.32)
Vi I4[gn + 1/ 4 jo(Cos + Cps)IRs
At low frequency in the limit @ = 0 and the voltage gain can be approximated to

ngS ~ gm
1+[gn +1/ry]Rg  gn+1/1y

Gvepr(@=0) = (15.33)

Therefore, the voltage gain at a low frequency is positive and less than 1.

15.3.3  INpuT IMPEDANCE AT HIGH FREQUENCY

In the equivalent circuit shown in Figure 15.11, we can apply KCL at the node
created by currents through capacitors Cgg, Cgp, and the input current to obtain an
expression for the input current i,, as

i =1 +v;jwCgp (15.34)

where i, is given in Equation 15.29 and v, = G,v,. Then, the input current can be
expressed as

ijn = jJOCqs(V; — Vo) + Vi jWCqp = JOCqs(Vi — GyVi) + vijCoqp
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or

i = Vi{joO[Cgp + Cgs(1-G,)]} (15.35)

and the input impedance at high frequency, Z, g, is then

V; 1
Livhg = — = — 15.36
", jolCap +Cos(1-Gy)] (13.36)

Therefore, the input capacitance is
Ci, =Cgp +Cgs(1-Gy) (15.37)

Due to typical values of common drain at high frequency the input capacitance
can be approximated to C;, = Cgp.

The input capacitance at high frequency is not increased by the Miller effect and
the common drain amplifier presents high input impedance and low input capacitance.

15.3.4 Outprut IMPEDANCE AT HIGH FREQUENCY

To obtain the output impedance we can set the input voltage to zero and apply a
voltage v, at the output. The short circuit at the input will then bypass the capacitor
Cgp- Figure 15.12 shows the equivalent circuit used to obtain the output impedance.

As the input is short circuited, the output voltage v, will be equal to the voltage
between gate and source:

Vgs =—VL = Vo (15.38)

The current source in the equivalent circuit will be g, v, with the direction indi-
cated in Figure 15.12. Applying KCL, the current i, can be expressed as

i() = ngO + Vo[l / I3 + j(‘oCDS + j('OCGS] = Vo[gm + 1 / Iy + j(’)(CDS + CGS)] (15.39)

i
1| N

— 1l

o ()T"L

<—-<—>0

T 8mVo Tq -|— Cps

. D
Short circuit

FIGURE 15.12  Equivalent circuit for a common drain amplifier with an input short circuited.
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The output impedance at high frequency, Zo,, is then given by

Vo 1

Zoy =—= 15.40
Ui Len 1/ j0(Cps +Cas)] (1540
At low frequencies, the dominant term is g,,. Then,
1
Zoy = — (15.41)

m

The common drain amplifier can be used as buffer amplifier.

15.4 KEY POINTS

e The FET transistor connected in common source mode has relative high
voltage gain.

e FET amplifier has high input impedance.

e The common source amplifier has a poor high-frequency response due to
high Miller effect capacitance.

¢ In the common drain amplifier, the gain approximate unity has low input
capacitance and high input impedance. It can be used as a buffer amplifier.
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’I 6 Transfer Function and
Bode Diagrams

16.1 INTRODUCTION

The relationship between the input and the output of a network provides information
about the behavior of electronic systems. The transfer function considers the ratio of out-
put to input in an electrical or electronic system. Electronic systems usually contain reac-
tive components, and the characteristics of these components change with frequency.
Bode diagrams provide graphical response of the magnitude and phase in an electronic
system as the frequency is varied. The use of idealized straight-line Bode plots provides
a quick frequency response of a system. Bode plots are quite commonly used in inves-
tigating frequency response of amplifiers and filters. This chapter deals with transfer
functions and graphical representation of their frequency response as a Bode diagram.

16.2 TRANSFER FUNCTIONS

A transfer function is the ratio between an output quantity and an input quantity. In
a passive or active system,

Output quantity

Transfer function = (16.1)

Input quantity

The quantity can be impedances, admittances, currents, voltages, powers, etc.
Our concern here is with voltages transfer functions.

A representation of an electronics system as a block is shown in Figure 16.1. The
electronic system can be an active or passive network.

The voltage transfer function (TF) in this case will be the ratio of the output volt-
age to the input voltage as

Transfer function = TF = Vo (16.2)
v

i

The ratio input value to output value is termed inverse TF.

16.2.1 ExampLes oF TRANSFER FUNCTIONS PAssIVE COMPONENTS

In various electronic systems, the transfer function presents certain forms of expres-
sions that are repeated. Some common examples are:

A constant value TF = K
First-order low-pass filter response TF = 1/(1 + j(f/f,))

237
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in o
o— . ) —<—o0
Active or passive
Vi network Yo
O—— o

FIGURE 16.1 Block diagram transfer function of an electronic system.

First-order high-pass filter response TF = 1/(1 + j(f,/f))
Straight-line TF = j2nf

This can be illustrated with examples.

16.2.2 FirsT-ORDER LOow-PAss TRANSFER FUNCTION

Consider the circuit shown in Figure 16.2 where the system is a series RC circuit and
the output is taken as the voltage across the capacitor.

The input voltage is given by
joC

v =il Lo
7 joC

poYo_ ifieC 1 1
vi i/(R+1[joC) 1+joRC 1+ j2nfRC

and the output voltage is

Then, the transfer function is

(16.3)

The term 1/2nCR has a dimension of frequency in Hertz. If we let f, be the fre-
quency cut-off given by

f = 16.4
P 2nCR (164)
i R
O 1 _L O
ViT TC Tvo
oO— —0

FIGURE 16.2 Circuit diagram of an RC passive network.
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then in Equation 16.3, the TF can be written as

1 1
F = =
1+ j(F/(1/2rCR)) ~ 1+ j(f/f,)

(16.5)

This is the usual form for analyzing frequency response of a single low-pass fre-
quency response.
In polar form this TF can be written as

TF=—— L/ tan (fj (16.6)
1+(f/f,) f,

and the magnitude and phase change as the frequency is varied. This behavior of the
transfer function with frequency can be analyzed graphically using what is known
as Bode plots.

16.2.3 FirsT-ORDER HIGH-PAss TRANSFER FUNCTION

Consider now the circuit shown in Figure 16.3, a series CR circuit and the output is
taken as the voltage across the resistor.

The input voltage is given by
\ 1 R+ L
joC

and the output voltage is
Vo = IR
Then, the transfer function is

TF = Vo _ iR _ 1
vi 1(R+14jwC) 1+ 1/joCR)

(16.7)

FIGURE 16.3 Circuit diagram for a CR passive network.
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If we let f, be the frequency cut-off given by

1

= 16.8
2nCR (16.8)

0

then the TF can be written as

- 1 1
1+ (1/joCR)  1—j(f,/f )

(16.9)

or in polar form

TF =

U (£, /) (16.10)
1+ (£, /f)?

and the magnitude and phase change can be analyzed as the frequency is varied.
By combining passive components it is possible to obtain transfer functions with a
variety of behaviors.

EXAMPLE 16.1

For the circuit shown in Figure 16.4, obtain a transfer function between input, v;,
and output, v,.

By using KVL, the input voltage can be expressed in terms of the voltages
across the inductor and resistance as

vi = joLi+Ri

and the output voltage is the voltage across the resistance as given below:

VO:Ri

Then, the transfer function for this circuit is

TF:V—O— Ri R 1

== = (16.11)
Vi joLi+Ri  joL+R T1+jol/R

FIGURE 16.4 LR circuit diagram for Example 16.1.
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This transfer function also provides a single-pole response.

If
1
f= (16.12)
2nL/R
then Equation 16.11 can be written as
1
TF=—r— (16.13)

1+j(f/f.)

This transfer function also provides a low-pass frequency response.

EXAMPLE 16.2

For the circuit shown in Figure 16.5, obtain a transfer function between input, v;,
and output, v,.

By using KVL, the input voltage can be expressed in terms of the voltages
across the resistance and inductor as

v; =Ri+ joli
and the output voltage is the voltage across the inductor as given below:
Vo = J(DIJ

Then the transfer function, TF, for this circuit is

vo _ joLi _ jeoL 1 _ 1
vi Ri+joLi R+jolL 1+R/fjoL 1+(l/jolL/R)

TF = (16.14)

This transfer function also provides a high-pass frequency response.

EXAMPLE 16.3

For the circuit shown in Figure 16.6, obtain a transfer function between input, v;,
and output, v,.

By using KVL, the input voltage can be expressed in terms of the voltages
across the capacitor and the two resistances as

i R
LT O

O
ViT L A
O

FIGURE 16.5 RL circuit diagram for Example 16.2.
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FIGURE 16.6 Two resistors and a capacitor circuit diagram for Example 16.3.

Vi =Rji+Ri+——
joC

and the output voltage is the voltage across the resistor R, as given below:

Vo = Rzl

Then the transfer function, TF, for this circuit is

TE=Yo _ Rai _ R, _ Ry/(Ri +Ry)
Vi  Ri+R,i+(i/joC) Ry+Ry)+(V/jwC) 1+ (1/jwCR;+R3))

(16.15)

This transfer function also provides a high-pass frequency response plus a con-
stant response.

EXAMPLE 16.4

For the circuit shown in Figure 16.7, obtain a transfer function between input, v;,
and output, v,.

By using KVL, the input voltage can be expressed in terms of the voltages
across the resistor, inductor, and capacitor as

R i
Vi =Rji+joli+—
joC
and the output voltage is the voltage across the capacitor as follows:

i
Vo

i R L
viT C'|' Vo
o, O

FIGURE 16.7 RLC circuit diagram for Example 16.4.
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Then the transfer function, TF, for this circuit is

TF Yo _ i/joC ~ 1/joC e

= = 16.16
vi  Rji+joLi+(i/joC) R;+joL+(1/joC) R+ jwlL-1/wC) ( )

This transfer function provides a straight-line due to the function of the numera-
tor and low-pass-type frequency response due to the denominator. The overall
frequency response is the combination of these two responses.

16.3 BODE PLOTS

The frequency response of network is indicated by plotting two curves: the magni-
tude of the transfer voltage gain as a function of frequency and the phase-lead angle
as a function of frequency. These characteristics are called Bode plots. The magni-
tude is plotted as 20 log |G,| dB versus logarithmic of frequency and the phase as
phase-shift angle in degrees versus logarithmic of frequency.

For a single low-pass frequency response, the expression for the transfer function
was found as indicated in Equation 16.5 or Equation 16.6 as

1+ j(f/,)

or in polar form

1

J1+ (/)

16.3.1 MacNITUDE BoDE PLOT

TF = Z—tan”\(f/£,)

We can express the magnitude of the transfer function in decibel as

Gv(f) =20log % — 2010g(1)—20 1og(,/1 T (f/fp)z)
1+ (F/f)

p

As 20 log (1) =0 we can write an expression for magnitude of the transfer func-
tion in decibels as a function of the frequency as given below:

Gv(D)] ==20log {1+ (F/£,)? (16.17)

For the phase Bode diagram we use the phase angle in degrees. From the expres-
sion of the transfer function the phase angle will be

Phase-shift angle 6 = —tan_l(f/fp) (16.18)

Using Equations 16.17 and 16.18 we can vary the frequency to obtain a Bode plot
of the magnitude and phase. These are shown in Figure 16.8.
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Gain
(dB) A |
0 = 1
1
1
1
1
T T i NN
1 "
1 i
1 1
1 i
-20 i —> Log f
0.1 fp fp 10 fp
t —> Log f
0.1 fp fp 10 fp

FIGURE 16.8 Bode plot of a single low-pass frequency response.

The input signal is amplified from zero frequency up to the cut-off frequency,

f,. As the frequency increases above cut off the gain decreases linearly at a rate of
—20 dB/decade.
There are other transfer functions with simple Bode plot construction.

16.3.2 TrANSFER FUNCTION = TF = K (CONSTANT)

As the constant does not change with variation of frequency, the magnitude will be a
constant value. If the transfer constant is a constant value K (constant), then

TF=K (16.19)

The Bode plot of its magnitude is a horizontal line and the phase will be 0° or
—180° at all frequencies. Therefore, the magnitude Bode plot is given by

Magnitude of TF = ITFI = 20log(K) (16.20)

and
Phase of TF = Z(TF) = 0° = if K positive (16.21)
or

= Z(TF) =-180° if K negative
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16.3.3 Transrer FunctioN = TF = j2nf

In this case, the transfer function changes linearly with variation of frequency
TF = j2nf (16.22)
The magnitude Bode plot is given by

Magnitude of TF = |TF| = 20log(2xf) (16.23)

Then, this function will provide, as magnitude, a straight-line with 20 dB/decade for
slope. In this case, the real part of the TF is zero, then the phase angle for the TF is

Phase of TF = Z(TF) = tan™'(2nf/0) = 90° (16.24)

16.3.4 TraNsrer FUNcTION =TF = (1 + jf/fp)

This function is the reciprocal of the pole function. Due to the property of logarithms
where log (1/Z) = —log (Z) the response is the same as the pole, but with negative
values. The phase response is the negative of the pole phase response and it proceeds
from 0 at low frequencies to +90° at high frequencies. More complex transfer func-
tions can be constructed combining simple transfer functions using the properties of
logarithms.

16.4 IDEALIZED BODE PLOTS

The Bode curves can be approximated by straight linear regions. These intercon-
nected straight-line characteristics are referred to as idealized Bode plots (or linear
Bode plot, or asymptotic curves Bode plot).

16.4.1 MAGNITUDE ASYMPTOTIC

The expression for the magnitude of a single low-pass TF is shown in Equation 16.17.

2
Gv(f)|=—20log| , |1+ [ff)

p

When the frequency is small compared to f, then (f/f)*< 1 and the gain
becomes |Gv(f)| =-20 log(1) =0 a constant straight-line. Now at high frequencies
with respect to f,, (f/f,)* > 1 and the gain becomes |Gv(h)| =-20 log(f/f,) a straight-
line whose slope is —20 dB/decade. That is, the gain magnitude decreases by 20 dB
every decade, for example, at f = 10f the gain becomes

10f
Gv(f =10f,)|= —2010g[ - D J =-201og(10) = —20dB

P
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These two asymptotic lines are drawn in Figure 16.9a together with the actual
Bode plot. Note that the two asymptotic lines intersect at f = f,. This point is called
the corner frequency or the 3 dB frequency as the Bode plot and the idealized Bode
plot differ by 3 dB at this point; therefore, it is the cut-off frequency.

16.4.2 BoDE PLOT ASYMPTOTIC PHASE

For the single low-pass TF we found that the phase is given by Equation 16.18 as
given below:

Phase-shift angle 6 = —tan™' (f/f,)

If frequencies are much less than the cut-off frequency f < f then the phase

6=0°

If frequencies are much larger than the cut-off frequency f > f then the phase
6 =-90°.

If frequencies are equal to the cut-off frequency f=f, then the phase
0 =—45°.

The idealized phase Bode plot is constructed as follows: one horizontal line
for 0 < f/fp < 0.1 ©=0° one horizontal line for f/fp >0 0=-90° These two lines
are joined by a straight-line of slope —45°/decade passing through 6 =-45° at f, as
shown in Figure 16.9b.

(a) Gain
(dB) A
0 \l/SdB

-10

T > LOg f
0.1f f 10 fP

(b) Phase
angle 4

L s
LR ]
0
N

—45

0.1 fp fP 10 fP

-90

> Log f

FIGURE 16.9 Single pole idealized Bode plot. (a) Asymptotic magnitude of a low-pass
response and (b) asymptotic phase of a single low-pass response.
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16.5 CONSTRUCTION OF BODE PLOTS

Bode plots of complex frequency response functions are constructed by summing
the magnitude and phase angle contributions of each term in the transfer function.
This is due to the property of logarithms. The idealized Bode plots are often suffi-
cient to analyze the frequency response of a transfer function. If more accurate plots
are desired, errors introduced by the asymptotic approximations may be determined
at selected frequencies.

An example for a transfer function terms with different cut-off frequencies is
represented by the following equation

k(1+ jfo /D) + jf, /f)

Gv(f) = : : (16.25)
(I+jf/£,)(1+ jf/f,5)
The magnitude is given by
fol foZ
20 log‘Gv(f)‘ =20log(k)+20log|| 1+ ra +20log|| 1+ ra
+201log S +201log b (16.26)
(1+£/f,) (1+£/f,,) '

and the phase

<Gv(f)=<[k+< {Hf"'} < [1+f°2}+ < {1} < {1} (16.27)
f f (A+1/5,) (1+1/£,,)

16.6 BODE PLOT EXAMPLE

We want to draw an idealized (asymptotic) Bode plot for the transfer function of the
circuit shown in Figure 16.10.

i R, =475kQ
O—>— } O

R, = 25 kQ

in

_|_ C =1/20m nF
e, O

FIGURE 16.10 Circuit diagram for idealized Bode plot example.
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The current i can be expressed as

. Vin
1=
R, +R, +1/joC

Then, the output voltage can be written as the current i times the impedance at
the output as

Vin _ Vip(I+joCR;)
R, +R, +1/joC 1+joC(R; +R,)

Vo = (R2 + 1/]0)C)

Then the transfer function voltage gain for this network is

Vo _  (I+joCRy) (16.28)
Vi 14 j0C(R, +R,) '
Now, if

1
"7 2nC(R, +R,)

and

1
~ 2nCR,

f

replacing f, and f, the voltage gain becomes

1+ j(f/f,
Yo _ 1+ )t/)) (16.29)
Vin (14 j(E/4))
Using the values of resistors and capacitance of this example the values of f; and
f, can be calculated as

fi= ry ! 3 —=20kHz
2m(1077/20m)(475x10° +25%107)
1
f, =400kHz

T 21(10°/20m) x 25 10°

()

and the bode plot for the magnitude is

+201log

20log|Gv(f)|=201log

1
aA+£/f)
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A Gv K
(dB) 2
ol 20 dB/decade‘.‘nL (1+joCR,)
‘0
‘0
*
1k 10k 20k 100k 400k 1 M 10M
0 1 A L PAM } Logf
f, if (Hz)
~104+
—20 dB/decade
Total
20T /\/ response
P "~
_30+ 1/[1 + joC(R; + Ry)] /@”

-
.

FIGURE 16.11 Asymptotic magnitudes Bode diagram for the transfer function of the net-
work shown in Figure 16.10. Bode plot example.

Figure 16.11 shows the idealized Bode plot of this circuit voltage transfer function.

For the 1/[1 +joC(R, + R,)] term the magnitude response is 0 dB until f| then as
the frequency increases above f, the amplitude decreases linearly at a 20 dB/decade
rate. For the (1 +jwCR,) term response, the voltage gain magnitude is 0 dB until f,
then as the frequency increase above f, the amplitude increases linearly at a 20 dB/
decade rate. The combined total response can be obtained by adding the responses
of 1/[1+joC(R,+R,)] and (I +jwCR,). Figure 16.11 shows the response of 1/
[1+joC(R, +R,)] and (1 +jwCR,) plus the total response of the network. We can
see from the overall frequency response that from 0 Hz until f, there is contribution
from 1/[1 + joC(R, + R,)] only; above f, there are contribution from (1 + jowCR,) and
1/[1 +joC(R, + R,)], the response is a constant value from f, as the responses from
(I +joCR,) and 1/[1 +joC(R, +R,)] are at the same rate but in opposite direction.

The phase response for the network shown in Figure 16.10 is given by

1

f
<Gv(f)_<(1+j+<(1+f/fl)

f

Figure 16.12 shows the idealized Bode plot phase response for (1 +j®wCR,) and
1/[1 +joC(R, + R,)] as well as the total phase response for this example.

In general, Bode diagrams present an easy and quick assessment of the frequency
response of a network. For this example, the phase changes as the frequency increases;
for the function on 1/[1 + joC(R; + R,)] the phase angle is O from 0 Hz (dc) to about
a decade less than f, frequency. As the frequency increases, the phase decreases at a
rate of 45°decade reaching —45° at a frequency of 20 kHz; when the phase reaches
—90° the phase does not decrease and remains at —90°. The response of the functions
on (1 +joCR,) provides a phase equal to 0 until about one decade less than the cut-off
frequency, f,, then the phase gradually increases at a rate of 45°decade reaching 45°
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FIGURE 16.12 Asymptotic phase Bode diagram for the Bode plot example.

at the f, frequency of 400 kHz. When the phase reaches 90° it does not increase any
further and the phase remains at 90°. Combining the two responses we obtain the total

response as indicated in Figure 16.12.

16.7 KEY POINTS

A transfer function is the ratio between an output quantity and an input quantity.
The frequency response of network is indicated by plotting two curves: the
magnitude of the transfer gain and the phase-lead angle as a function of
frequency. These characteristics are called Bode plots. The magnitude is
plotted as 20 log IG,| dB versus logarithmic of frequency and the phase as
phase-shift angle degree versus logarithmic of frequency.

Bode diagrams provide a graphical response of the magnitude and phase in
an electronic system as the frequency is varied.

The use of idealized straight-line Bode plots provides a quick frequency
response of a system.

Bode plots are quite commonly used in investigating frequency responses
of amplifiers and filters.

Bode plots of complex frequency response functions are constructed by
summing the magnitude and phase-angle contributions of standard Bode
functions such as poles and zeros (or pair of complex poles or zeros).



’I 7 Feedback in Amplifiers

17.1 INTRODUCTION

A system with feedback, FB, is a circuit where part of the output signal is added to
the input signal. For example, if an amplifier has FB the input becomes dependent
on the signal at the output. Part of the output signal can be added as in the following:
(1) to reduce the input; then such FB is called negative feedback (NFB) (other names
for NFB are inverse FB, degenerative FB, or anti-phase FB); or (ii) to increase the
input signal; this is called positive FB (other names for positive FB are regenerative
FB and in-phase FB).

To illustrate how FB affects a system, let us consider the block diagram of a
system with FB as indicated in Figure 17.1, where G is the gain of the original system
without FB and B is the gain of the FB network. A signal sample from the output
X, is taken to be added or subtracted from the input X,. The FB signal BX, is added
(positive FB) or subtracted (NFB) from the input signal X, and then amplified by G.
Then, output with FB is

X2 = G(X] i BXz) = GX] i GBX2
or

GX, =X,(1¥GB)

Then, the overall gain with FB is

X G (17.1)
X, (3GB)

The sign of F indicates whether there is NFB (+) or positive FB (-).
In this chapter, we will concentrate on the effect of NFB in amplifiers.

17.2 NEGATIVE FEEDBACK

For the NFB case, the output signal is taken from the input signal and the overall
gain then becomes

e L - 17.2
X, (1+GB) (7.9

251
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FIGURE 17.1 Block diagram of a system with FB.

If the gain G is large, which is usually the case, then GB > 1 and the overall gain
can be approximated to

X, 1
22 .~ 173
X, "B (17.3)

and the overall gain is now independent of G, the gain of the system without feed-
back. This is a system whose overall gain is no longer defined by the actual gain of
the internal amplifier, but only by the FB path. If the FB path is constructed of pas-
sive components, and if these components are chosen to be very stable types, then
the amplifier overall gain can also be very stable. Therefore NFB produces a gain
stability, which is a useful property of FB.

The sample signal to be used as feedback can be a current or a voltage. Figure 17.2
shows a general block diagram of an amplifier with gain G and NFB gain B.

The output may be a voltage or a current. At the input the FB signal can combine
voltages (series FB) or can combine currents (parallel FB).

Voltages or currents can be used as feedback in series or parallel. We then have
four possible different FB systems:

e Series voltage NFB
e Series current NFB
e Parallel voltage NFB
¢ Parallel current NFB

In the following sections it is assumed that the amplifier is a non-inverter ampli-
fier. In this amplifier, there is no phase change between output and input.

v, Voorig

FIGURE 17.2 General block diagram of a system with NFB.
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17.2.1  Series VoLtace NFB

Figure 17.3 shows a block diagram of series voltage NFB. A sample of the output
voltage is fed back as a voltage in series with the input voltage.

An example of the FB network can be a simple voltage divider as shown in
Figure 17.4.

The “gain” or transfer function for this FB voltage divider circuit is

R
B=——"— (17.4)
R, +R,

Representing the amplifier by a general three-parameter model an equivalent cir-
cuit can be drawn to show the network including the feedback as shown in Figure 17.5,

Vin V‘T Gv Tv o

B J
T

BVOT B

(@]

FIGURE 17.3 Block diagram of a system with series voltage NFB.

FIGURE 17.4 Diagram of the feedback circuit for a series voltage NFB.

Amplifier
iin Zo
o—>— °
VinT viT Z; GV, IVO
N o
Bvo l
Rl
RZ

Feedback network

FIGURE 17.5 Circuit diagram of an amplifier with series voltage NFB.
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where G, is the open voltage gain of the amplifier alone, Z; and Z, are the input and
output impedances, respectively, of the amplifier without NFB.

17.2.1.1 Series Voltage NFB Voltage Gain
For series voltage NFB we have the input to the amplifier, v,

i°

is equal to
Vi =V, — BVO (175)
But v, = v/G, replacing v, into Equation 17.5, we have
Vo = GV(Vin - BVO) = vain - GVBVO
Rearranging, we have
VO(l + GVB) = GvVin
and the overall voltage gain for series voltage NFB can be written as

G
Gvpg = 20 = (17.6)
VA

The voltage gain of the overall system had been reduced by a factor (1 + G,B)
when series voltage NFB is applied.

17.2.1.2 Series Voltage NFB Effects on Input Impedance

The input impedance can be calculated using Equation 17.5. Rearranging this equa-
tion, we can write

A\
Vin = Vi +BVO =V (1+Boj
Vi

The overall input impedance Zig; when series voltage NFB is applied, can be
obtained as

Vi

in 1 Lin

Ziv Vi _Will+ B _ v [H(VO )B}

But Gv = v/v; and the input impedance of the amplifier without FB is Z; = v//i;,
then Zig can be expressed as

Zips = Z,(1+ G,B) 7.7

That is, the input impedance with series voltage NFB is increased by a factor of
1+ G,B).
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17.2.1.3 Series Voltage NFB Effects on Output Impedance

To find the output impedance with feedback we short circuit the input (v,, = 0), apply

a voltage v, at the output, and calculate the output current, 1. Figure 17.6 shows the

circuit of the amplifier with NFB with the input replaced by a short circuit.
Applying KVL at the output of the circuit shown in Figure 17.6, we have

vo—-Gyv; =1,Z, (17.8)

and applying KVL at the input (v,, = 0), we can write

v; =—Bvg (17.9)
Replacing v, from Equation 17.9 into Equation 17.8, we have
vo(1+G,B)=1,Z,
and the output impedance with series voltage NFB Zog,, can be written as

Vo Zo

Zop=-2=— 0
"7, (1+G,B)

(17.10)

The output impedance with series voltage NFB is reduced to a (1 + G,B) factor.

17.2.1.4 Series Voltage NFB Effects on Frequency Response
At high frequency, the voltage gain was found to be (Equation 10.20, Chapter 10)

Gvyr = 7.vaf
1+ ](DCPRT

or
Gy =[SV (17.11)
1+ jf /iy
Z, I,
—3—0
(%i Gv; IVO
B

FIGURE 17.6  Circuit diagram of the amplifier with NFB with a short circuit at the input to
calculate output impedance.
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where

1

fy=—
" 2nCHR,

with series voltage NFB the voltage gain at high frequency, Gvyg g, Will be

Gvur
G = 17.12
VHF.FB 1+ BGvyy ( )

and replacing Gvy from Equation 17.11, we have

Gy /(1 + /) GV
1+ BGv, /(1 + jf ) (1+ jf /i) + BGV g

GVurrs =

Rearranging this equation, we have the voltage gain at high frequency with series
voltage NFB, GV g, as

G /(1+ if /)

Gv = 17.13
T (14 BGvye)[1+ jf /(14 BGv )] (17.13)
That can be written as
GVgg
G =— 17.14
VHE.FB ( 14§ /By p J ( )

where Gvyy is the voltage gain with series voltage NFB at medium frequency and

frrs = fu(1+ BGvyr) (17.15)

is the new frequency cut-off at high frequency with series voltage NFB.

That is, the high frequency cut-off is increased by a factor of (1 + BGv,,;) when
series voltage NFB is applied.

Similarly, the low-frequency cut-off can be obtained as

f.

RIS e (17.16)

fL.FB

The low-frequency cut-off is reduced by (1 + G,B).
The bandwidth BW = f; — f; = f}; is increased to

BWygs = fH.FB _fL.FB = fH.FB (17.17)
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Therefore, the bandwidth is increased by (1 + G,B).
Note that the product gain times bandwidth is constant.

17.2.1.5 Series Voltage NFB Effects on Internal Distortion

Output stages with large voltages swing may no longer have linear characteristics.
This may introduce harmonic distortions D, then the output voltage will be

Vo = vai +D (1718)

where D is the distortion signal.
The distortion D will depend on the magnitude of v,,. The input voltage with NFB
including the distortion D will be

Vi =V — B(GVVi + D)

or
v;(1+BG,)=v;,, —BD
Then,
n—BD
=D (17.19)
(1+BG,)
Replacing v, from Equation 17.19 into Equation 17.18, we have
Vo = Gv(Vin_BD)+D: Gyvi, G,BD + (1+BGV)D (17.20)
1+BG, 1+BG, 1+BG, (1+BG,)
and the output voltage with series voltage NFB is
GV in D
Vo= —WVin_ (17.21)

"~ 1+BG, 1+BG,

The distortion D is reduced by (1 + BG,), but v, is also reduced by (1 + BG,). If
the input signal can be amplified by (1 + BG,) without introducing more distortion
then the original distortion D is reduced.

17.2.1.6 Series Voltage NFB Current Gain

Without NFB we found in Chapter 9 that the current gain (Equation 9.35) and volt-
age gain (Equation 9.34), written in terms of Z, and Z,, are

_ Ain
Z,+Ry

and G, = ARy
Z,+R.

i

where R, is a load connected at the output



258 Analog Electronics Applications
Now with NFB we have

Vo _ ViG,/(1+BG,)

ip = R, R, (17.22)
and
Vin = 1inZigg = 1;,Zi(1+ BG,)
Therefore,
I = m (17.23)

With output current, iy, from Equation 17.22 and the input current, i,,, from Equation
17.23, we can write the current gain with NFB as

Gi _lo _ (viG,/A+BG\)R. _ZG, _ Zi | ARL
T Vin/Z;(14+BG,) R, R |Z,+R,
and the current gain with NFB can be written as

. AVZ;
Gipp = =G; (17.24)
Z.+R,

The current gain with series voltage NFB is unchanged.

Thus, applying series voltage NFB offers a few advantages in improving the effi-
ciency of an amplifier. It reduces the voltage gain but the gain is more stable and
can be controlled by external FB components. It increases the input impedance. It
reduces the low-frequency cut-off, hence increases the bandwidth of the amplifier
making a better overall amplifier.

17.2.2  Series CURReNT NFB

A sample of the output current can be picked up by the FB network and feedback
as indicated in Figure 17.7 where a block diagram of series current NFB is shown.
An example of realization of series current NFB circuit is a resistor R, connected
as indicated in Figure 17.8. The amplifier is represented by its three-parameter model
equivalent circuit; Figure 17.8 includes the FB circuit and load R; .
Now the FB sample taken by the FB network is

iLRf = BVO (17.25)
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in
Vin Vi/]\ Gv
Bvg L
BVO\L B

FIGURE 17.7 Block diagram of a system with series current NFB.

and the transfer function for this FB voltage divider circuit is

_Re

B=
Ry

(17.26)

17.2.2.1 Series Current NFB Voltage Gain

Examining the equivalent circuit shown in Figure 17.8 and applying KVL we can
write an expression for the input voltage v, at the amplifier as

v; =v;, +Bvg (17.27)

and the voltage gain of the amplifier is

G, =-2 (17.28)

o ——>9
<
]
\
=
=

Feedback network

FIGURE 17.8 Circuit diagram of an amplifier with series current NFB.
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v
-0 =Vin + BVO

v

Rearranging this equation, the voltage gain for the amplifier with series current
NFB can be written as

Gvpg =-2 = (17.29)

In this type of series current NFB the voltage gain is reduced by (1 — BG,).

17.2.2.2 Series Current NFB Current Gain

As it is a series current FB, the current at the output is the same with feedback. The
input current is also the same; therefore, the current gain remains unchanged:

Gigs = Gi (17.30)

17.2.2.3 Series Current NFB Effects on Input Impedance

The input impedance is given by the ratio of the input voltage v, to the input current
I;, as given below:

Then, the input impedance with series current NFB is
Zirg =(1-BG,)Z; (17.31)
The input impedance with series current NFB is increased by (1 — BG,).

17.2.2.4 Series Current NFB Effects on Output Impedance
Similarly, the output impedance can be obtained as

Zops =(1-BG,)Z, (17.32)

The output impedance with series current NFB is increased by (1 — BG,).
Note that the application of series current NFB increases both the input and out-
put impedances.

17.2.3 ParALLEL VoLTAGE NFB

This time the output voltage is sampled through the FB network as shown in
Figure 17.9 for parallel voltage NFB.
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|

FIGURE 17.9 Block diagram of a system with parallel voltage NFB.

Amplifier

\ o8

Vo R,

(-]

Feedback network

FIGURE 17.10  Circuit diagram of an amplifier with parallel voltage NFB.

An example of realization of parallel voltage NFB circuit is the resistor R;
connected as indicated in Figure 17.10. Representing the amplifier by its equivalent
circuit we can have the circuit shown in Figure 17.10 including the FB circuit and
load where the output current can circulate.

The transfer function for this FB voltage divider circuit is

_Ry
R;

B (17.33)

17.2.3.1 Parallel Voltage NFB Voltage Gain

As it is a parallel voltage FB the voltage at the output is the same with feedback. The
input voltage is also the same, then the voltage gain remains unchanged:

Gvgg = Gv (17.34)

17.2.3.2 Parallel Voltage NFB Current Gain
The FB current is i; = Bi, and the current gain without feedback is G; = i/i;. Now the
input current can be obtained applying KCL as

i, =1;—1; =1; = Big (17.35)
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Then, the current gain for parallel voltage NFB is

G o __io _ ol
FB — . — . . . .
1in li—Blo I—Blo/li

and the current gain with parallel voltage NFB becomes

.o G;
Gipg=—=
. T 1-BG,

(17.36)

The current gain with parallel voltage NFB is reduced by (1 — BG)).

17.2.3.3 Parallel Voltage NFB Effects on Input Impedance
The FB voltage, v,,, is the same as the voltage without feedback v,

mn?>

Vin =V

and the impedance without feedback is given by

Then, the input impedance with parallel voltage NFB is

T = Vin _ Vin  _ Vin /i
FB — . - . . . .
Iin  1;,—Big 1-Big/i;

and the input impedance with parallel voltage NFB becomes

. in Zi
Zipy = V0 — (17.37)
lA .

The input impedance with parallel voltage NFB is reduced by (1 — BG,).

17.2.3.4 Parallel Voltage NFB Effects on Output Impedance

Similarly, it can be demonstrated that the output impedance with parallel voltage
NFB becomes

Z,

Z0pp

The output impedance with parallel voltage NFB is decreased by (1 — BG,).
Note that the application of parallel (or shunt) voltage NFB decreases both the
input and output impedances.
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17.2.4 ParALLEL CURRENT NFB

Figure 17.11 shows a block diagram of parallel current NFB. A current sample is
taken from the output and fed in parallel to the input as current.

An example of realization of parallel current NFB circuit is the resistor R; con-
nected as shown in Figure 17.12. The amplifier is represented by its three-parameter
model equivalent circuit; Figure 17.12 includes the FB circuit and load R; where the
output current can circulate.

17.2.4.1 Parallel Current NFB Current Gain
The FB signal is a current i; given as

if = Big (17.39)
Examining Figure 17.12 applying KCL we can find the input current i; as
i =i, +ig (17.40)

From the current gain expression we can find the output current as i, = Gji; replacing
i, from Equation 17.40 into the equation for iy, we have

io = G;(ij, +ip)

iin i '0
- 7
Vin i viT Gv R¢ Tvo
B

FIGURE 17.11 Block diagram of a system with parallel current NFB.

Amplifier
Vin I vﬂ ziﬂ @G‘ii QZO Vo E]RL

Feedback network

FIGURE 17.12  Circuit diagram of an amplifier with parallel voltage NFB.
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and replacing i; from Equation 17.39 into the expression for i, we have
io = Gi(ij, + Bio)
or

io(1-BG;) = Giij,
Rearranging we can obtain the current gain for this parallel current NFB as

io G;
Gip ="

i = 7(1 “BG) (17.41)

when we apply parallel current NFB the current gain is reduced by a factor (1 — BG;)
but stabilized.

17.2.4.2 Parallel Current NFB Effects on Input Impedance
Examining Figure 17.12, the input voltage v,, can be expressed as

Vin = Zi (i +i¢) = Z;i(is, + Bio) = Ziiy, + Z;Big

where Z, is the input impedance without feedback.
But i, = Gji; and v,, = Z;i, then the input voltage v,, can be written as

Vin = Zii; = Ziiy, + Z:BGii; = Ziiy, +vi,BG;
Rearranging, we obtain an expression in terms of input voltage and current as
Vin(1-BG) = Zii;,
and the input impedance with parallel current NFB can be obtained as

Vin _ Z;
i, (1-BGy)

Zipg = (17.42)

Parallel current NFB reduces the input impedance by factor (1 — BG)).

17.2.4.3 Parallel Current NFB Effects on Output Impedance

To calculate the output impedance let us short circuit the input and apply a voltage v,
at the output. This is shown in the equivalent circuit in Figure 17.13.
The output current is

io = Gii; + ;—0 (17.43)

where Z, is the output impedance without feedback.
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FIGURE 17.13  Circuit diagram to calculate the output impedance with parallel current NFB.

As we have applied a short circuit at the input, the input current i,, is zero and at
the input we only have the FB current i,. Hence,

i; =i; = Big (17.44)

Replacing i; in Equation 17.43, it becomes

. . Vo
ip = G;Big+ =
0 ot

o
or

. v
io(1-GB) = Z%

This equation contains the output voltage and current required to obtain an
expression for the output impedance with parallel current NFB as

Zowm =" =Z,(1-G;B) (17.45)
1o
Parallel current NFB increases the output impedance by factor (1 — BG)).

17.2.4.4 Parallel Current NFB Voltage Gain

From Figure 17.12 the output voltage v, can be expressed as the output current times
the load resistor R; as

Vo =ioRL (17.46)

The output current i, can also be expressed in terms of the current gain with
NFB as

ip = Gjpplin =[G;i/(1-BG))]i;,
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Replacing i, into Equation 17.46, we have

Gi . iin
vo =R |:(1—BGi)j|1in =R.G; |:(1—BG,):| (17.47)

But from Equation 17.37 for the input impedance, the term [i;,/(1 — BG,)] can be
replaced by v,,/Z,; as

Vin Lin

7. (1-BG)

Replacing [i,,/(1 — BG,)] into Equation 17.47, we can write an expression for the
output voltage gain in terms of the input impedance and the current as

_ Ry Givi,

Vo
Z;

Then, the voltage gain for parallel current NFB is

GV'FB:V&:RLiGi:

G, 17.48
Vin Z; ( )

The voltage gain is unchanged by parallel current NFB.

17.2.4.4.1  NFB on Amplifiers Summary

Table 17.1 summarizes the effects of NFB on voltage and current gain plus effects on
input and output impedances.

TABLE 17.1
Summary of NFB to Amplifiers
Voltage Current Output Input
Gain Gain Impedance Impedance
Type of NFB Gvynrg Giygg Zoysg Zinyg,
Series voltage Gy Unchanged Zo Z(1+GB)
1+GB Gixe =Gy 1+GB
Series current Gy Unchanged Z,(1 -GB) Z,(1 -GB)
1-GB G =Gy
Parallel voltage Unchanged Gy Zo Z
Guars = Gy 1-GB 1-GB 1-GB
Parallel current Unchanged Gy Zo(1 —GB) 7

Gynrs =Gy 1-GB 1-GB
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\ 100 Vo Vin 500 > Vo

0.1 0.06

FIGURE 17.14 Two electronic systems showing feedback for Example 17.1 (a) showing
negative FB and (b) showing positive FB.

EXAMPLE 17.1

For the negative FB and positive FB networks shown in Figure 17.4, calculate the
new voltage gains with feedback.

SoLuTION

For the FB system (a) the voltage gain without feedback is 100, the gain including
feedback is given by

G ="0= G - 100 g
vin 1+G,B 1+100x0.1

and the new gain with feedback for system (b) shows

GVFB(b):Vio: G = >00 =-17.24
vi, 1-G,B 1-500x0.06

EXAMPLE 17.2

An amplifier has a gain of 8000 NFB that is applied to achieve an overall gain with
feedback of 600. Determine the FB ratio required to obtain the required voltage
gain.

SoLuTION

The FB system has a voltage gain without feedback of 8000; the voltage gain of
600 including feedback is given by

G, 8000

600 = GVFB = =
1+G,B 1+8000xB

Then the FB ratio, B, required to achieve an overall voltage gain of 600 is

_8000-600

- =1.54%x107
8000 x 600

EXAMPLE 17.3

A two-stage amplifier has a voltage gain of [50/(1 +jf/f.)]>. This amplifier has a
value of f- =2 kHz and a NFB of B =3 x 10-. Calculate the magnitude and phase
angle of the voltage gain with NFB at 6 kHz.
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SoLuTION
The total voltage gain without feedback is

2 2
vV = - 5? 3 ={ >0 } =250.04£-143.14°
1+j6x10°/2x10 3.162£71.57°

and the voltage gain after NFB is

G, 250.04£-143.14° 250.04£-143.14°

GVir = = =
e 1+GB  1+(250.04£-143.14°)x3x 107 1+(0.75£—-143.14°)

250.04£-143.14°  250.04£-143.14°

Gvrg = - -
1+(=0.60 - j0.45) 0.40-j0.45

_250.04£-143.14°
0.6£-48.36°

=416.73£-94.78°

Then, the magnitude of the voltage gain with feedback is 416.73 and the phase
angle of the voltage gain with feedback is —94.78°.

EXAMPLE 17.4
An amplifier without feedback has a voltage gain of 40 dB. Calculate the new gain

if 0.03 of the output is fed back into the input in opposition to the input signal.

SOLUTION
The voltage gain without feedback is

Gy =40dB = 20|og(\\//o)

Then,

GV=VO =10°=100
Vi

i

After feedback is applied the gain becomes

G, 100

= =25=27.959dB
1+GB 1+100x0.03

Gvgg =

and the voltage gain with feedback is reduced from 40 to 27.959 dB.
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17.3 KEY POINTS

e A system with feedback has part of the output signal added to the input signal.

e There are two types of feedback: NFB and positive FB. NFB is likely to
reduce the input signal; positive FB tends to increase the input.

* Applying series voltage NFB: the voltage gain is reduced but stabilized,
the input impedance is increased, the output impedance is reduced, the
bandwidth is increased, the internal noise is reduced, and the current gain
remains unchanged.

* Applying series current NFB: the voltage gain is reduced but stabilized, the
current gain is unchanged, the input impedance is increased, and the output
impedance is increased.

* Applying parallel voltage NFB: the voltage gain is unchanged, the current
gain is reduced, the input impedance is reduced, and the output impedance
is reduced.

* Applying parallel current NFB: the voltage gain is unchanged, the current
gain is reduced, the input impedance is reduced, and the output impedance
is increased.
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18 Differential Amplifiers

18.1 INTRODUCTION

In previous chapters we discussed the biasing, behaviors, and design of a common
emitter amplifier. The main structure that provided amplification was based on a
transistor and resistors at the emitter and collector, as indicated in Figure 18.1.

The input signal is applied to the base and the output is taken at the collector. Now
it is possible to share the emitter resistor R with another basic transistor to produce
two amplifiers, as shown in Figure 18.2.

We can assume that the two transistors and the collector resistances are identi-
cal. This can be achieved as this circuit is usually fabricated in IC form; hence the
components are fabricated at the same time with the same conditions. In this com-
bination we have two inputs and two outputs, but we can also obtain another output
between the outputs A and B of each amplifier. Then this is a differential amplifier.
This is also known as long-tailed pair or long-pair amplifier and today is widely used
in designing linear ICs. In terms of biasing in IC form, it usually uses two dc sources,
one with negative polarity and one with positive polarity.

18.2 SINGLE INPUT VOLTAGE

Let us consider the case when we apply a voltage at input v;, and zero voltage to
input v;, (connected to ground). This will create a single input voltage v, amplifier.
Figure 18.3 shows the applied voltage v, in this single input voltage.

Using the simplified T-model two parameters equivalent circuit for the transistor,
as shown in Figure 18.4, we can obtain an ac equivalent circuit small signal for this
differential amplifier with a single input voltage.

Now the resistor R is very large and for the ac small signal input almost no
current will circulate through it, then

(B+Dig, = —(B+Diy,

and
ip = —1y (18.1)
Then the output voltages v, and vy are
va = —BiyRc (18.2)
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vV

cc

FIGURE 18.1

FIGURE 18.2

FIGURE 18.3 Differential amplifier with single input voltage.
vg = +Bi,Re (18.3)

As Rg is very large, for ac it is as an open circuit. Neglecting signal current
through Ry, we can apply KVL at the loop created by the input voltage v, and the
two r, resistors to obtain the input voltage as

V; = (B +Di2r, (18.4)

Then, the single-ended output voltage gain at A, G, is
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FIGURE 18.4 Ac small-signal equivalent circuit of differential amplifier with a single input
voltage.

_&__ BisRc _ BRc
Ga= V., B+Di2.  (B+D2L (18.5)

As usually > 1 then the voltage gain at A can be approximated to

R
G =~——% (18.6)
2r,

Then the single-ended output voltage gain at B, Gy is

G,=Ye_ BisRe . BRc (18.7)

vi  (B+Diy2r,  (B+1D2r

B > 1 then the voltage gain at B can be approximated to

R
Gp=_— (18.8)
2r,
or using h parameters these two single output voltage gains can be written as
RChfe
Gy=—"T— 18.9
A oh,, (18.9)
and
RChfe
Gg=——" 18.10
5= o, (18.10)

In this amplifier, it is possible to have two outputs one inverting and the other
non-inverting output voltage.
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18.3 DIFFERENTIAL-MODE VOLTAGE GAIN

This amplifier also gives you the option of selecting an output voltage between ter-
minals A and B; this is the differential voltage gain.
The differential output voltage gain at A—B can be obtained as

Grp = Va~Ve _ Vap _ —BisRc _.BibRC _ _2Bil?RC 18.11)
2 \ (B + Diy2r, B+ Diy2r,

As indicated earlier, 3 is usually much larger than 1 and we can approximate the
differential voltage gain as

R
Gap=——5 (18.12)

€

or expressing this differential voltage gains in terms of h parameters, we can write

RChfe

GAB T hie

(18.13)

As there are no coupling capacitors at the input or output we can have a large gain
at low frequency including dc.

18.4 COMMON MODE VOLTAGE GAIN: EFFECT ON NOISE

Suppose we have a signal containing noise, the signal will then have an extra noise
voltage v,. This noise will be picked up at both inputs and hence the same voltage v,
will appear at both inputs. Figure 18.5 shows a differential amplifier with a signal at
one input plus a noise source at the two inputs.

Now let us apply the same noise voltage v, at the two inputs, as indicated in the
equivalent circuit for this differential amplifier shown in Figure 18.6.

Signal
source

FIGURE 18.5 Differential amplifier with a noise source at both inputs.
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FIGURE 18.6 Ac small-signal equivalent circuit of differential amplifier common mode
with a noise voltage, V,, at both inputs.

Applying KVL at the input closed circuit created by noise voltage, V,, voltage
across r, and voltage across Ry, we can write

Vo =B+ Dipr, +2(B + DiyRg = (B + Dip[r. +2RE] (18.14)

In this case, the current passing through both R is in the same direction, so the
output voltage at A and B will have the same polarity. Then, the output voltage at A
and B will be

va =—Bi,R¢ (18.15)
vg = —Pi,Rc (18.16)
and the output voltage between A and B is
VaAB = VA —Vp = _BibRC - (_BibR) =0
and the common mode voltage gain in this case is

- 0
Gup=2"Y8_" _9 (18.17)

Vi Vi

The common mode amplifies the difference of the inputs. In this case, both noise
signal inputs are the same so the voltage gain is zero. The common mode noise is
eliminated in the output A—B.

The voltage gain at one output is

_ _Va _ Ve _ —BiRc _ —BR¢
On=Go==1, " B+Disln+2Ry) B+ Din+2Ry) 1)
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As B> 1 and Rg; > r, then we can approximate the gain as

G,=Gg ==~ —Rc
2Ry

(18.19)

Then the noise signal will be rejected. The single input will be amplified if taken
at a single output.

18.5 COMMON MODE REJECTION RATIO

The component of voltage, which is identical at the two inputs, is usually an unwanted
signal; therefore, the common mode gain is made as small as possible. The param-
eter used to express this quality of an amplifier is the common mode rejection ratio
(CMRR). CMRR is defined as

CMRR = Signal gain (differential output)

18.20
Common mode noise gain ( )

For the circuit shown in Figure 18.5, for the differential outputs the CMRR is

Signal gain (differential output) — R¢/2r, o o

CMRR = (18.21)

Common mode noise gain 0

The CMRR is infinitive.
For the single-ended output the CMRR is

CMRR = Signal gain (differential output.) _ R¢/21, _ Re (18.22)
Single-ended output voltage gain  R¢/2Rg

To maximize the CMRR we need a large Rg, without affecting the bias of the
transistor. A possible solution is the circuit shown in Figure 18.7.

The emitter resistor is replaced by a circuit with a transistor, T; biased by three
resistors and the connection of the collector of T, replaces the emitter resistor Rp.
This circuit behaves as a current source, where the current required to bias the tran-
sistor T, and T, is set as the collector current of transistor T;. In this circuit, any
fluctuation of voltage at the collector of T; will not affect the biasing current. For
the fluctuation of signal voltage we have what is effectively an infinite resistance Rp.
This will increase the CMRR without affecting the bias for T, and T,.

Then we have an amplifier with high CMRR, high gain, and amplification from
dc to high frequencies. All these characteristics form the basis for an ideal amplifier,
which can be implemented as a unit in integrated form and create an operational
amplifier (Op-Amp) to be studied in Chapter 19.
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Replacement for R

FIGURE 18.7 Differential amplifier with emitter resistance replaced by a current source.

EXAMPLE 18.1

For the differential amplifier shown in Figure 18.8, calculate the output voltage at
A, Vo, output voltage at B, V5, and the voltage between A and B, V,;, when an
input voltage of 10 mV is applied and the emitter current is 4 mA. If a small noise
signal is contained in the input signal, and it is applied to both inputs, calculate
the CMRR for a single ended output of this amplifier. State any assumption made.

SoLUTION

We can assume that both transistors are identical, > 1 and the amplifier is used
at room temperature of 300° K. The emitter resistance, r, can be determined as

-3 -3
:25><1O VvV 25x10 V=6.259

e =
le 4x107° A

V-

FIGURE 18.8 Circuit diagram for a long pair amplifier use in Example 18.1.
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and the voltage gain for the single output at A is

Re ___ 520 _ 46

GVA =- =- =
2r, 2x6.25

Then, the output voltage at output A is
Vo, = -Gva X Vi, = —41.6x10x 107 = —416 mV

and the voltage gain for the single output at B is

GVB=R—C= >20 =41.6
2ry  2x6.25

Then the output voltage at output B is

Vog =+416 mV

and the voltage gain between A and B, Gv,g is

GVAB = ﬁ = —ﬁ =-83.2
Te 6.25

Then, the output voltage between A and B, Vo, is

Voug = —GVag X Vin = —83.2x10x 107> =832 mV

If noise is introduced into both inputs, the CMRR for the single-ended output is

CMRR = S.ignal gain(differential output.)
Single ended output voltage gain

R/, 520/2x6.25 416

= = = =1600
R./2Re  520/2x10x10° 0.026

A high rejection in response to noise.

18.6 KEY POINTS

» Differential amplifiers are very versatile amplifiers, they can provide high
gain.

* A differential amplifier can provide gain as single-ended output by taking
the output from any of the two outputs or as common mode by taking the
output as the difference of the two single-ended outputs.
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e A parameter used to express noise reduction in an amplifier is the CMRR.
CMRR is an indication of how well an amplifier can reduce or eliminate
noise.

e Differential amplifiers have a very high CMRR.

¢ Differential amplifiers can amplify a signal from a large range of frequen-
cies from dc to high frequency.

e Differential amplifiers form the basis for an Op-Amp.



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


http://taylorandfrancis.com

’I 9 Operational Amplifiers

19.1 INTRODUCTION

A further improvement of the differential amplifier shown in Figure 18.7, Chapter
18, will be to replace the resistor connected to collector R.. by a piece of circuitry
including two transistors as seen in Figure 19.1.

Transistors T, and T connected as indicated in Figure 19.1 act as the collector
load for the differential amplifier. They form what is known as a current mirror and
in this circuit behave as a dynamic load. This dynamic load increases the voltage
gain of the differential amplifier. It also provides the same biasing current for T, and
T,. One advantage of the differential amplifier is that they can be directly coupled
without capacitors.

A further improvement in creating an amplifier that is nearer to ideal is to reduce
the output impedance. This can be achieved by connecting another stage of a com-
mon collector amplifier as indicated in Figure 19.2. The circuit shown in Figure
19.2 is a directed coupled version of a common collector amplifier. In this common
collector, as in the case of the long pair amplifier, the emitter resistance has been
replaced by a current source that replaces Rg.

By adding stages we gradually achieve the characteristics similar to an ideal
amplifier. The differential amplifier will provide high voltage gain, very high rejec-
tion to noise, amplification from dc to high frequency, and options for inputs and
outputs. Adding stages in cascade of common emitter amplifiers will provide a very
large voltage gain of several thousand. A final stage can be a common collector
amplifier to decrease the output impedance.

Due to the advances of semiconductor technologies thousands or millions of tran-
sistors can be fabricated at the same time in integrated form. IC allows complex
electronics systems to be fabricated as a unit that can be used as a component.

The operational amplifier (Op-Amp) is the unit that meets all the requirements of
a near ideal amplifier.

Operational amplifiers (Op-Amps) are among the most widely used components
for the construction of analog electronic circuits. They are used by specialist elec-
tronic engineers in complex systems and also to implement simple electronic circuits.

Op-Amps were first designed in the 1970s. An Op-Amp consists of an electronic
system based on three main functions: (1) an input stage that provides high-input
impedance, differential inputs, and large CMRR; (2) a high gain stage to include
large amplification from dc to relatively high frequencies; and (3) an output stage to
provide low-output impedance and some output power. Figure 19.3 shows a block
diagram of a simple basic Op-Amp.

The modern Op-Amp system also includes circuitry to compensate for offset
voltage, compensation of frequency response, and compensation of temperature
change. Biasing of transistor in an Op-Amp is achieved using circuitries that behave
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V+
Replacement for R
T, T, | Dynamic load
TIA B T,
VuT T Via
T
R
T,

R, R,

Vo

Replacement for Ry

FIGURE 19.1

Differential amplifier with the collector load resistor R replaced by a current
mirror.

FIGURE 19.2 Circuit diagram for a dc-coupled common collector amplifier circuit.

Input stage Output stage
-Long-tailed pair Amplification stage -Emitter or source
Input amplifier -Common emitter or follower amplifier Output
—> -High-input impedance et .o amplifiers ——1 -Low-output impedance [—3»
-Input from de -Current source biasing -dc levelling
-High CMRR -Dynamic load
-Current source biasing -Current source biasing

FIGURE 19.3 Block diagram of a simple basic Op-Amp component.

as current sources and dynamic loads. A modern Op-Amp can include more than a
hundred transistors.
Modern Op-Amps can include more transistors to improve its characteristics.

They can involve a mix of technologies to make use of the advantages of FET and
BJT to get even closer to an ideal amplifier.
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19.2 OP-AMPS CHARACTERISTICS

Originally, the Op-Amp was developed to perform mathematical operations in ana-
log computing, hence the name. There are a variety of Op-Amps manufactured with
different specifications. One of the most common is the general purpose Op-Amp,
the 741. The Op-Amp is a highly adaptable device. With suitable external connec-
tions and a few extra components it is possible to construct ac and dc amplifiers. It
can be used to create complex waveform generators, integrators and differentiators,
and a vast number of other applications. Op-Amps are among the most widely used
building blocks in electronics. They are ICs often DIL (dual in line) or SMT (surface
mount) components as shown in Figure 19.4.

The circuit symbol for an Op-Amp is shown in Figure 19.5, where V- is the
inverting input terminal. For a positive input signal connected to the inverting ter-
minal the Op-Amp produces a negative output. The V+ is the noninverting input
terminal. The input connected to the noninverting input produces an output signal
that has the same polarity (or phase) to its input.

Most Op-Amps are biased using two dc power supplies. Connections to these
power supplies are usually not included in circuit diagrams.

The pin connections of a general 741 Op-Amp are indicated in Figure 19.6.

Typical biasing supply voltage arrangement uses voltages of +15 and —15 V. The
741 can use voltages in the range £5 to £18 V. Some Op-Amps allow biasing volt-
ages up to £30 V or low-biasing voltages of £1.5 V. Single voltage supply operation
typically uses biasing voltages between 4 and 30 V.

FIGURE 19.4 IC Op-Amp packages: (a) DIL and (b) SMT.

FIGURE 19.5 Op-Amp circuit symbol.
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[l [ [ [6]

—1
E I P I E I Y

FIGURE 19.6 741 Op-Amp pin connections. Pin 1: offset null, Pin 2: inverting input, Pin 3:
noninverting input, Pin 4: bias voltage (negative), Pin 5: offset null, Pin 6: output, Pin 7: bias
voltage (positive), and Pin 8: ground.

The ideal operational amplifier characteristics:

1. An infinite input impedance, so that it does not affect the source that is
providing the input signal (typical value for a general purpose 741 the input
impedance is 2 MQ or higher).

2. Zero output impedance, so that variations in load impedance do not affect
the operation of the Op-Amp. The output from the Op-Amp will thus
change by a negligible amount when current flows (typical value for the 741
the output impedance is 75 € or less).

3. The Op-Amp must have an extremely high inherent voltage gain in order
to maximize the stability and performance of the amplifier ideally equal to
infinitive (typical value for voltage gain of an Op-Amp 741 is in the range
of 10°-10°. High gain devices might have a gain of 108).

4. With no input signals applied, the output voltage should be zero (in practice
there is a very small output voltage with zero input voltage, Op-Amp has an
offset null circuit to eliminate this unwanted output).

5. An infinite bandwidth (typical at open-loop gain 1, the bandwidth is 1 MHz
from dc).

6. Infinite CMRR (CMRR are in the range 80-120 dB. Typical 741 has a
CMRR of about 90 dB).

7. Infinite slew rate (typical value 0.5 V/us).

This is not a full list of parameters of an Op-Amp; manufacturers usually provide
a full set of parameters.

19.2.1  Ofrrser NuLL Circuit

In a practical circuit with no input signal applied there is usually a very small
voltage difference at the inputs due to internal circuit noise. This is known as the
“input offset voltage.” As a result, the output will drift away from earth potential
by an amount equal to this offset voltage multiplied by the closed-loop gain of the
Op-Amp.
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19.2.2 CoMPENSATION CIrRcuIT

Capacitances or resistors can be used to compensate the original frequency response.
Usually the Op-Amp has integrated a compensation circuit.

19.2.3 Siew RATE

The capacitance in the amplifier has to be charged and discharged every cycle. With
a limited current available there is a maximum rate for this change. The maximum
possible rate of change of the output voltage is the slew rate provided in volts per
microseconds.

19.3 OP-AMP GAIN

The Op-Amp is a special differential amplifier. The output V, is proportional to the
difference between its two inputs

Vo =G [V(H)-V(=)] (19.1)

where G is the voltage gain of the Op-Amp alone (strictly called the open-loop gain, G).

19.4 INVERTING AMPLIFIER

When feedback is applied, the characteristic of the Op-Amp is determined largely by
the feedback network. NFB may be applied very easily to an Op-Amp by feeding a
proportion of the output back to the input.

Figure 19.7 shows the Op-Amp connected as an inverting amplifier, the input sig-
nal is connected through the R;, resistor to the inverting () terminal of the Op-Amp.
G is the voltage gain of the Op-Amp alone (open-loop gain), R, the feedback resistor
connected between the input and the output, and R, is the input resistance connected
to the input inverting terminal of the Op-Amp.

19.4.1 INVERTING AMPLIFIER VOLTAGE GAIN

The gain of the Op-Amp G can be expressed in terms of the input and output volt-
ages of the Op-Amp alone from Figure 19.7 as

G=-2 (19.2)

FIGURE 19.7 Circuit diagram for Op-Amp inverting amplifier.
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where V. is the voltage at the input of the Op-Amp between inverting and noninvert-
ing terminals. The input current I,, can be obtained as the voltage across R;, divided
by the resistor R;,. Then,

[, =—n v (19.3)

Replacing V. from Equation 19.2, I, can be written as

> ~1n

L= Va=Vo/G
mn Rm

Similarly, the feedback current I; can be obtained as

Vo=Vie _ Vo=VolG _ Vo/G =V

I =
TR R; R;

(19.4)

Now the current going in the inverting terminal of the Op-Amp, I, is almost zero
and can be neglected compared to I; and I, then we can write

n?

I, =-I; (19.5)

Therefore,

Vio = Vo/G _ Vo/G -V,

Rin Rf
Rearranging
vol Lot v [R)( R Vo

G Ri, R, /) G

or

o[ LR )]y (Re
G Ry, /G R;,

and the overall gain of the inverting amplifier, Gv_, is

Gv = Yo - —(Rfj{ ! } (19.6)
Vin Ri, JLI=/G)[1+ R /Ry, 1)
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The gain G of the Op-Amp G is very large, then 1/G is almost zero and we can
approximate the overall voltage gain of the inverting amplifier as

Gv.=vo__Re (19.7)
\/i Rin

The gain of this amplifier depends only on the external components R, and R,,.
Selecting appropriate values for R; and Ry, it is possible to obtain any required gain,
this make the design of an amplifier very easy.

19.4.2 VirTUAL EARTH

The voltage of point x in Figure 19.8 is not connected to ground, but behaves as a
virtual ground. Let us calculate the voltage at point x with respect to earth (ground).

Applying KVL around the loop that include voltage across Ry, V,, and V., we
can write

Ve = Vo —R¢l; (19.8)
but
Vo =GV,
Replacing V, into Equation 19.8 we have
V.. =GV, —R{I;
Rearranging leads to
V,.(1-G) =-R¢I;
and the voltage at point x with respect to ground is

1-G)

(19.9)

ve —

Now G = oo then V,, = 0. Therefore, the point x is at 0 V (earthed), but no current
circulate to earth. This is known as virtual earth. This characteristic of the Op-Amp
can be used to obtain the voltage gain for the inverting amplifier very easy.

FIGURE 19.8 Op-Amp inverting amplifier voltage at x, virtual ground.
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Iin Rm -1 Rf If
- o I
I
Vin Virtual earth Vo
° T

FIGURE 19.9 Equivalent circuit of inverting amplifier using the virtual ground concept.

We can use the concept of virtual earth to obtain an approximate equivalent cir-
cuit for the inverting amplifier as shown in Figure 19.9.
From Figure 19.9 we can get the voltages V, and V;, as

VO = RfIf = —RfI

and

Then the voltage gain is

as seen earlier.

EXAMPLE 19.1

For the amplifier shown in Figure 19.10, determine the value of R; that will produce
a voltage gain of —180.

SOLUTION
In this inverting amplifier the voltage gain is given by
Vo R¢

Gv_= =-—=-180
\/in Rin

then

Ri =Rin xGv_=3.5x10%x180 = 630 kQ

and a R;= 630 kQ will produce a voltage gain of 180.
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R¢
Rin
O}t
3.5 kQ
Vin VO

o

FIGURE 19.10 Circuit diagram of an inverting amplifier for Example 19.1.

EXAMPLE 19.2

Design an inverting amplifier based on an Op-Amp to obtain an output voltage of
255 mV with an input voltage of =3 mV.

SoLUTION

The solution can be achieved using the circuit diagram shown in Figure 19.10,
then the voltage gain is

Since it is the ratio of R; and R, that determine the voltage gain, we can select
a suitable value for one of the resistor and calculate the other one. Let us make
R;, =2k Q. Then

Ri =Rin xGv_=2x10*x85=170kQ

Therefore, using R;= 170 kQ and R;, =2 kQ an output voltage of 255 mV can
be obtained with an input voltage of =3 mV.

19.4.3 INPUT IMPEDANCE

The circuit for an inverting amplifier shown in Figure 19.8 can be used to determine
the input impedance.
Since V,, = 0 then V;, = R, I;, and the input impedance Z;;, can be obtained as

m-in

\VA )
Zipy = o0 =R, (19.10)

The input impedance of an inverting amplifier with NFB is equal to the resistance
connected to the inverting terminal of the Op-Amp.
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19.4.4 Output IMPEDANCE

The output impedance of an inverting amplifier is

Vo Z R
zo/p=I—O=G° (1+Rf] (19.11)

where Z, is the output impedance of the Op-Amp alone and G is the voltage gain of
the Op-Amp alone.

As G is very large, the output impedance of an inverting amplifier with NFB is
much less than the output impedance of the Op-Amp alone.

EXAMPLE 19.3

For the amplifier shown in Figure 19.11, determine the input impedance, output
impedance, and voltage gain. The manufacturer data sheet provides the following
information: Z,=2 MQ, Z,=70 Q, and G =3 x 10° for the Op-Amp.

SOLUTION

For the inverting amplifier the input impedance is equal to R;,
Therefore,

Zi/P = Rin = 5 kQ
and for the inverting amplifier the output impedance is equal to

3
Zop=Lof14 R)o 70 [ 180XT0T]_ 4 633 ma
G Ra) 3x10 5x10

and the voltage gain of this amplifier is

3
o= Vo_ Ri_ 180x10°
Vin Rin 5x10

19.4.5 Bias EQUALIZATION

The impedances to ground must be equal in order to equalize bias currents at input
terminals. A resistor Ry can be added to the noninverting terminal as shown in

Ry
R, 180 kQ
o— 1 —¢
5kQ
mn VO
- °

FIGURE 19.11 Circuit diagram of inverting amplifier for Example 19.3.
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Ry I
Iin Rin
gy T—
Vm RB Vo
-

FIGURE 19.12 Circuit diagram for an inverting amplifier with bias equalization resistance.

Figure 19.12. This Ry resistor will make the impedances to ground from both inputs
of the amplifier equal.

Assuming that the input voltage is direct coupled then the value of the resistance
required for equalization, Ry, is equal to the parallel of R; and R;,. Then

RfRin
Rp = R, 1R, (19.12)

Equalizing the bias impedances reduces an output error. If the voltage gain with
feedback is small, the error can be very small and can be neglected.

In practice, when designing an amplifier using Op-Amp we make sure to use
external components that limit the voltage gain of the amplifier to a value much less
than the open-loop gain of the Op-Amp. External resistors are small compared with
the input resistance and large compared with the output resistance of the Op-Amp.
Generally resistors in the ranges 1-100 kQ are used.

EXAMPLE 19.4

For Example 19.3 modify the circuit to include bias equalization. If the amplifier
shown in Example 19.3 has an input bias current of 10 nA at 35°C, determine the
output offset voltage due to this input bias current.

SoLuTioN

The input bias current will produce a voltage drop across the parallel combination

of R, and R;, which is the impedance that appears at the Op-Amp inverting input,
then the offset voltage produced by this input bias current is

) 3 3

RRin —10x10°° ><180><103 ><5><103

Rf +Ri, 180x10°+5%x10

Voiiser =10x107 x = 48.65 pV

and the circuit of Example 19.3 can be equalized by adding a bias equalizing
resistor Ry as

=4864.86 Q

R RRin _180%10°x5x10’
*TRi+R, 180x10’+5x10’

as indicated in Figure 19.13.
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Ry
R, 180 kQ
5kQ
Vin 4864.86 Q | | R, Vo

—_

FIGURE 19.13 Circuit for the amplifier of Example 19.3, including a bias equalizing resis-
tance, Ry.

19.5 NONINVERTING AMPLIFIER

In the noninverting amplifier the input voltage is applied to the noninverting termi-
nal (+) of the Op-Amp as shown in Figure 19.14.

A portion of the output is feedback to the inverting input through the feedback
resistor R;. The voltage connected to the inverter terminal is provided by a voltage
divider formed by R, and R;.

19.5.1 NONINVERTING AMPLIFIER VOLTAGE GAIN
The voltage across resistor R, can be obtained by applying KVL at the input loop as

Vin - Vve = RII (1913)

The current I can be obtained as

Vo

I:

(19.14)

Replacing I from Equation 19.14 into Equation 19.13 and using the expression for
V,. from Equation 19.2 we can write

FIGURE 19.14 Circuit diagram for a noninverter amplifier.
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Vo _gj=

Vin_i
G Ri+R¢

Rearranging, we have

N
Ri+R; G
Then the overall gain of the noninverter amplifier Gv, is

Vv, 1
Gv,=-2= (19.15)
Vio. 1G+R/(R;+R¢)

Now as the gain G for the Op-Amp alone is very large, then

1 R,
G (R;+Ryp)

and the overall voltage gain for a noninverter amplifier is

Vo _Ri+R; | Ry (19.16)

Vin R, R,

The voltage gain for a noninverter amplifier depends only on the external com-
ponents R; and R,.

Using Kirchhoff’s laws to obtain currents and voltages the input and output
impedances can be obtained for the noninverter amplifier.

EXAMPLE 19.5

For the noninverting amplifier shown in Figure 19.15, determine the value of the
feedback resistor, R;, required to obtain a voltage gain of 180 and calculate the
output voltage when the input voltage is 2 mV.

FIGURE 19.15 Circuit diagram for a noninverting amplifier of Example 19.5.
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SoLuTiION
For the noninverting amplifier the voltage gain is given by

Gv, = Vo 4R _qg0ogs R ;
\/in R1 6)(10
then
R, = 1.074 MQ

and the output voltage is

Vo =Gv, XV, =180x2x107 =360 mV

EXAMPLE 19.6
Design a noninverting amplifier containing an Op-Amp to achieve a voltage gain

of 60 dB and determine the input voltage to achieve an output voltage of 1.2 V.

SoLuTION

The solution can be based on a circuit for a noninverting amplifier shown in Figure
19.14. Then the voltage gain is

Gv, = 20log[\\/7j =60dB

then

Vo =1000
V,

Gv, =1+%=1000

1

The voltage gain depends on the ratio of R; and R;, we can choose a value for
one of these resistors and calculate the other. Let us make R, = 10 k€, then

L3=1000
10x10

Gv, =1+
which gives R;=9.99 MQ.
The input voltage can be determined from

Vi, = Vo _ 12 49y
Gv, 1000

The designed noninverting amplifier is shown in Figure 19.16.
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Vi, =12mV

FIGURE 19.16 Circuit diagram for the noninverting amplifier designed in Example 19.6.

19.5.2 INPUT IMPEDANCE

The ratio of the input voltage, V,,, to the input current, I, , will provide an expression

n?>

for the input impedance. The input impedance, Z;,,, for a noninverting amplifier is

Vin GR
Zijpe =—2=|1+ L7, (19.17)
L, R, +R;

where Z, is the input impedance of the Op-Amp and G is voltage gain for the
Op-Amp. As G is very large, the input impedance of this amplifier is much greater
than the input impedance of the Op-Amp alone.

Typical input resistance of a 741 Op-Amp is 2 MQ for devices based on bipolar
transistors. Op-Amps based on field-effect transistors (FETs) generally have a much
higher input resistance in the order of 10" Q.

19.5.3 Output IMPEDANCE

An expression for the output impedance of a noninverter amplifier can be developed
by applying Kirchhoff’s laws to the equivalent circuit of the amplifier. The output
impedance for the noninverter amplifier is

Vo _ Z,
I, 1+GR,/(R,+R;)

Zo/p+ =

(19.18)

where Z, is the output impedance of the Op-Amp and G is voltage gain for the
Op-Amp. As the Op-Amp gain G is very large, the output impedance of noninverter
amplifier is much less than the output impedance of the Op-Amp alone.

Typical output resistance of a 741 Op-Amp is around 75 Q. The maximum cur-
rent that an Op-Amp can deliver is usually an important parameter in the design of
an amplifier. The 741 supply around 20 mA; high-power devices may supply more
than 1 A.
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in

4

FIGURE 19.17  Circuit diagram for a voltage follower amplifier.

19.5.4 VortAGe FoLLOWER

The voltage follower is a special case of the noninverting amplifier where R; is equal
to zero (short circuit) and R, is infinitive (open circuit). The circuit for a voltage fol-
lower amplifier is shown in Figure 19.17.

In this case

Vin - Vve = VO

or

Rearranging

1
Vin = VO (1+G)

Therefore, the gain of a voltage follower amplifier is

V, 1
Gv,=—2=— (19.19)
V., (1+1/G)
AsG>1
Gv, =1 (19.20)

Their main use is to isolate circuits to avoid reaction between driving and driven
stages.

19.6 THE DIFFERENTIAL AMPLIFIER

It is also possible to create a differential amplifier using an Op-Amp. Figure 19.18
shows a circuit of a differential amplifier.
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FIGURE 19.18 Op-Amp differential amplifier.

In this amplifier we have inputs signal to the inverter terminal V, and noninverter
terminal V, of the Op-Amp.

19.6.1 DIFreReNTIAL AMPLIFIER VOLTAGE GAIN

The inputs to the Op-Amp V,,, and V,,, for common mode voltages are equal

Vioa = Vaoa
At the input V, we have
L= 7\/12"0/* =1 = 7\/10% ; Yo (19.21)
Rearranging this equation for V, we have
Vo = Vioa (1 + l;j) -V (ll:j (19.22)

At the input V, we can calculate the input to the noninverting terminal of the
Op-Amp as

R,
Voor = ———V. 19.23
20A R,+R, 2 ( )

As Vo, and V,, for common mode voltage are equal we can replace V,,, from
Equation 19.23 for V4, in Equation 19.22. Then

V=R v, 14 Re -V, Re
R, +R, R; R;

o
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Rearranging, we have

Vo=V, RiR, + RR, -Vi Re
Ri(R;+R;) Ri(R;+Ry) R;

or

_olR | R+R; ] o (Re
VO_V{RJ[(R1+R2 )} V{Rij (19.24)

This equation provides the gain for inputs V, and V,. If we select the resistor
R, =R, and R, =R, then expression for the output voltage given by Equation 19.24
becomes

R
Vo = Ef(Vz -V (19.25)

and the differential amplifier amplifies the difference of input voltages V, and V,.

EXAMPLE 19.7

For the differential amplifier shown in Figure 19.19, calculate the output volt-
age when V, =80 mV and V, =40 mV. If we change the value of the resistors
Ri=R,=R; =R, =R, calculate the new output voltage.

SoLuTioN
The output voltage is given by

v R [ Ri#+R ] (Re
VO_V{Ri H(len] V{Ri)

R Ry
L% 1 J
2 kQ 10 kQ

_L_

FIGURE 19.19 Differential amplifier circuit for Example 19.7.
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-3 3 3 3
Vo = 40x 107 8><1073 2><1O3+10><1(1 —80x10° 10><1(1
2x10 (3x10°+8x10°) 2x10

Vo = 40x107[4][1.0909] - 80 x107(5) = =225.456 mV
If Ri=R, =R; =R, =R. The output voltage is

Vo =V, R || RER —V{R—jzvz—w=40mV—80mV=—40mV
R || R+R) R

The amplifier provides the difference between the two inputs with a change
of polarity.

19.6.1.1 Op-Amp as Comparator
A variation of the differential amplifier is to connect two signals directly to the input
terminals of an Op-Amp as shown in Figure 19.20.

The output voltage, V,, for this amplifier will depend on values of V, and V, as it
amplifies the difference between V, and V, as

Vo =G(V,-V))

where G is the voltage gain of the Op-Amp.

If V, >V, the output voltage is positive with a value close to +V_, (the voltage of the
positive power supply). This is because G in an Op-Amp is very large and any small dif-
ference in voltage at the input will be largely amplified taking the Op-Amp to saturation.

If V, <V, the output is negative with a value close to —V_ (the voltage of the nega-
tive power supply).

If V, =V, the difference is zero and V, = 0.

Then this amplifier can be used as comparator of the two input signals.

If V,>V, thenVy=+V,

If V,<V, thenVy=-V_
If V,=V, thenV,=0

O —
o

<
-
=<
—
|
s
|
O.
<
o

FIGURE 19.20 Circuit diagram showing an Op-Amp as comparator.
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19.6.1.2 The Summing Amplifier

A variation of the inverter amplifier is shown in Figure 19.21 where three input volt-
ages are applied to the noninverting input of the Op-Amp.
This circuit can be analyzed using the property of virtual earth at X (Section
19.4.2), then an equivalent circuit for this amplifier is shown in Figure 19.22.
Applying KCL at X we have

L=l +L+], (19.26)

Written in terms of their voltages, we have

Vo _ Vi V2, Vs

= (19.27)
Ry Ry Ry Ry
and the output voltage V, becomes
ViV, V.
Vo =—-R;| —-+—2+— (19.28)
R R, R;

FIGURE 19.21 Circuit diagram showing an Op-Amp as a summing amplifier.

Vo

FIGURE 19.22 Equivalent circuit for a summing amplifier using the virtual earth concept.
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FIGURE 19.23 Summing amplifier with four inputs used in Example 19.8.
If R, =R, =R, =R, Equation 19.28 becomes
Vo =—(Vi+V,+V;)

The output voltage will add the input voltages and change the total phase.
The summing amplifier can add two or more input voltages.

EXAMPLE 19.8

For the summing amplifier shown in Figure 19.23, calculate the output voltage, V.

SoLuTION

For this summing amplifier the output voltage is

Vo = -R; ﬁ+ﬁ+£+ﬁ
Ri Ry Ry Rs

Then

Vo =-30%10° 13+ 2 -+ 3 T+ 4 ~|=-24V
5x10° 10x10° 15x10° 20x10

19.7 OP-AMP FREQUENCY RESPONSE

The internal circuitry of an Op-Amp will contain various stages with differential,
common emitter, and common collector amplifiers with different frequency cutoffs.
Internal frequency compensation circuits make an Op-Amp to have a general fre-
quency response of a dominant single pole response. A typical frequency response
of an Op-Amp is indicated in Figure 19.24.

One of the main differences with the frequency response from a BJT or FET
amplifier is that the Op-Amp can amplify a signal from zero frequency (dc). The
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BW

—> Log f

FIGURE 19.24 Typical frequency response of an Op-Amp.

voltage gain remains constant until its high-frequency cutoff (f;). Increasing the
frequency above f}; the voltage gain decreases at 20 dB/decade rate. Therefore, the
BW is equal to fy,.

There are some special Op-Amps that have a faster rate of fall in frequencies, but
most Op-Amp will have this frequency response.

Manufacturers usually specify the high-frequency cutoff, f;;; the frequency at a
voltage gain equal to 1 (0 dB) or the product Gv times frequency when the voltage
gain is equal to 1.

The product voltage gain X BW is approximately constant. As NFB is applied
the gain reduces and the BW increases. Then by changing the voltage gain the high-
frequency cutoff can be changed and the BW can be changed.

EXAMPLE 19.9

Determine the bandwidth of the amplifier shown in Figure 19.25. The Op-Amp
used in this amplifier has a voltage gain of 120 dB and a unity-gain-BW of 8 MHz.

SoLuTION
The amplifier has a voltage gain, Gv, equal to

3
Gv, =1+&—1+95X10 =

R,  5x10®

FIGURE 19.25 Noninverting amplifier circuit for Example 19.9.
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Now the unity gain BW is equal to BW x G,
Then,

_ Unity gainBW _ 8x10°
G, 20

BW =400 kHz

and the bandwidth for this amplifier is 400 kHz.

19.8 KEY POINTS

* Op-Amps are extensively used components in analog electronic circuits.

e Op-Amps can be constructed using bipolar transistors, FETSs, or a combina-
tion of the two.

* Most bipolar Op-Amps use long-tailed pair differential amplifiers. While
the circuitry used in real Op-Amps is often fairly complex, many of the
stages used are relatively easy to analyze.

e Most Op-Amps operate using two power supplies. Connections to these
power supplies are usually not included in circuit diagrams.

¢ By combining the best features of bipolar and field effect technologies it is
possible to produce a very efficient Op-Amp.

e An ideal Op-Amp would have infinite voltage gain, infinite input resis-
tance, and zero output resistance. Real Op-Amps will have characteristics
close to ideal Op-Amps.

¢ With NFB the voltage gain is reduced in exchange for improvements in other
characteristics such as bandwidth, input resistance, and output resistance.
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20 Filters

20.1 INTRODUCTION

There are many occasions in which we would like to limit certain frequencies or a
range of frequencies. In order to do this, we need a filter of frequencies. As we have
seen in previous chapters, impedances of inductors and capacitors change with fre-
quencies. Combinations of inductors and capacitors in series and in parallel will then
produce a frequency response that will filter some frequencies. The use of passive
components, resistors, inductors, and capacitors can be used to create passive filters.
We have seen some examples of this behavior with frequency in Chapter 3, where we
investigated the response of some RC, CR, and RL series circuits.

In this chapter, we are interested in filters including Op-Amp as an active com-
ponent to create what is known as an active filter. We can have filters that amplify
frequencies up to a cutoff frequency and then attenuate frequencies larger than this
cutoff frequency. These filters are called low-pass filters. We can have high-pass
filters that amplify a signal only above the frequency cutoff. We can have filters that
amplify only a specific range of frequencies; these filters are the band-pass filters.
We can also have a filter that attenuates a range of frequencies; these filters are called
band-stop filters.

In Chapter 19 we saw the frequency response of an Op-Amp. It can be said that
the Op-Amp itself is a low-pass filter, where the frequencies above its cutoff fre-
quency f, are attenuated and frequencies from dc to f, are amplified.

It is possible to use the Op-Amp to create a filter. As the gain depends on the
external components and some components are frequency dependent, we can use an
arrangement of external components to adapt a frequency response of an electronic
system. An example of a filter can use an inverter amplifier containing an Op-Amp
circuit as shown in Figure 20.1. In this amplifier we had replaced the resistor R, and
R; for general impedance Z;, and Z; as the external components. Z;, and Z; can con-
tain capacitors, inductors, and resistors to select the frequency response of the filter.

In this case, the voltage gain can be expressed in terms of the impedances as

z
Gv=—o__Zr (20.1)
Vin Zin

Now, if Z; is an inductor, L, and Z,, a resistor, R, then the gain will be

Gv=—.£=—, ! (20.2)
joL joL/R

giving a frequency response with a decreasing voltage gain at a rate —20 dB/decade
slope passing to 0 dB at @ = R/L. Inductors are not usually used because they can be

305



306 Analog Electronics Applications

O

FIGURE 20.1 Circuit diagram of an inverting amplifier with impedances as external com-
ponents to form a filter.

bulky and expensive with limited frequency response. As an alternative, we can use
a capacitor C instead of the inductance as Z; and the voltage gain will be

Gv=-—" —_joCR (20.3)
1/joC

which will produce a voltage gain increasing with frequency at a rate of +20 dB/
decade passing 0 dB at @ = 1/RC.

We can increase the complexity of Z; and Z,, to achieve a desired frequency
response. For example, let us make Z; a resistor R and make Z;, a combination of a

capacitance C in series with another resistor R as indicated in Figure 20.2.
Here

Z.,=R
and
and the voltage gain is
Vo Z; R joCR

S S (20.4)
V. Z. (+joCR)joC 1+ joCR

R C :
vinT OTVO

FIGURE 20.2 Circuit diagram of inverting amplifier as high-pass filter.
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Plotting the magnitude of this voltage gain against frequency will provide a high-
pass filter response with a cutoff at ® = 1/RC.

The voltage gain or transfer function of the filter shown in Figure 20.2 is given
by the expression in Equation 20.4. This expression has at the denominator the term
JoOCR; plotting the magnitude of term jwCR will produce a magnitude that increases
in a straight-line with rate +20 dB/decade as the frequency increases. This is plotted
in Figure 20.3. The voltage gain for this filter given by the expression in Equation
20.4 has the term 1/(1 + jwCR) as part of the denominator; this term 1/(1 +joCR)
will produce a standard pole response with a cutoff at ® =2znf, = 1/RC. The pole
response will have 0 dB gain until f, then as the frequency increases the magnitude
decreases with a —20 dB/decade rate; as indicated in Figure 20.3. Adding these two
responses we can obtain the total response as shown in Figure 20.3; after the cutoff
frequency (f,) the pole response cancel the increase of the jwCR. The total response
is shown in Figure 20.3.

The frequency response then depends on the external components connected to
an Op-Amp to produce any filter required. In this example we have a filter that
attenuates signals with frequency below f, and allows signal with frequencies above
f,; then it works as a high-pass filter.

In the following section we look up some standard popular filter circuits com-
monly used with noninverter amplifiers.

A general active filter using a noninverter amplifier is shown in Figure 20.4.
The resistors R, and R, provide the gain of this filter amplifier and a network,
indicated as a block in Figure 20.4, determines the frequency response. The input
to the noninverting terminal of the Op-Amp includes input impedance as well as
some feedback.

The negative feedback voltage gain for this noninverter amplifier is

Gv:1+&
R,

and the transfer function of the frequency selective network will determine the filter
response.

Gv ’\ .
/ R
(dB) , joC
: Total
response

Logf

e 1/(1+joCR)

FIGURE 20.3 Frequency response for circuit of Figure 20.2.
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Frequency
V; O response
network

FIGURE 20.4 Generalized active filter using noninverter amplifier.

20.2 LOW-PASS FILTER RESPONSES

Figure 20.5 illustrates low-pass filter response idealized Bode plot curves with sev-
eral roll-off rates. The different roll-off rates can be obtained using different fre-
quency selective networks.

The real response of a first-order low-pass filter is shown in Figure 20.6, where the
cutoff is at 3 dB below the mid-frequency voltage gain.

The difference between this curve and the one indicated in Figure 20.5, for first-
order filter, is 3 dB at the corner break of the idealized Bode plot. The bandwidth in
this case is defined to be from dc (0 Hz) to the cutoff frequency f..

20.2.1 SINGLE FIRsT-ORDER Low-Pass FiLTER

In this example of a single first-order low-pass filter, the network to select frequen-
cies is a simple RC circuit as indicated in Figure 20.7.

The RC selective network can be included as part of an active filter. Figure 20.8
shows this selective frequency network as part of a low-pass filter.

Gv
1 (dB)

| First-order, one pole

/ —20 dB/decade

Second-order, two poles

—40 dB/decade

Third-order, three poles
—60 dB/decade

> Log f

Ah o ———— - -

FIGURE 20.5 Low-pass filter response for idealized Bode plot curves with several roll-off
rates.
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BW

Logf

FIGURE 20.6 Low-pass filter response of a single-pole circuit with —20 dB/decade roll-off
rate.

o R
1

T F

(o

FIGURE 20.7 RC selective frequency network to create a low-pass filter.

R

=
l

FIGURE 20.8 Circuit diagram of a single first-order low-pass RC filter.

This network was analyzed in Chapter 16. It was found that the transfer function
for this RC network (Equation 16.3) is

1+ joRC

with a cutoff frequency of

1
2nRC

C

and roll-off of 20 dB/decade.

The frequency response of this network is the one we have seen for a first-order
low-pass filter response in Chapter 16; it is indicated in Figure 20.9.

This low-pass filter will reject unwanted frequencies above f..
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Gain
(dB)
N \l/
S S ————— 3dB
/‘\ Slope
20 dB/decade
-10
1
1
i
-20 ¥ > Log f
01f, £, 10f,

FIGURE 20.9 Frequency response of a single first-order low-pass filter.

20.2.2 SecoND-ORDER Low-Pass FILTERS

It is possible to include reactive components in the input as well as in the feedback
path to improve the frequency response. Some designers have developed selective
networks to create filters that have become accepted as standard filters. One com-
monly used filter that uses capacitors and resistances in the frequency selective net-
work of a noninverter amplifier is the Sallen and Key filter (Sallen and Key 1955).
With two capacitors in the frequency selective network it is possible to create a filter
that has a faster roll-off frequency response, at a rate of 40 dB/decade second. This
filter is known as a second-order filter. It is also known as a two-pole filter.

20.2.3 SaLLeN AND Key Low-Pass FiLTer

Figure 20.10 shows a commonly used Sallen and Key second-order low-pass filter.
This Sallen and Key filter has the same gain determined by R, and R,

Gv=1+ Ry
R,
CA
R
B RA
v, o—t—J—t

1

FIGURE 20.10 Sallen and Key second-order low-pass active filter.
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and a cutoff frequency

1

fi= 20.5
27 /R\RCACp 205)

If the capacitors are chosen to be the same C, = Ci = C and the resistors are also
made the same R, = Ry =R then the cutoff frequency is the same as the first-order
low-pass filter

1
2nRC

C

But the roll-off will be in this case —40 dB/decade.

20.3 HIGH-PASS FILTER RESPONSE

Figure 20.11 illustrates a high-pass filter response idealized Bode plot curves with
several roll-off rates. The different roll-off rates can be obtained using different fre-
quency selecting networks.

The pass band in this case is defined to be from the cutoff frequency f, ideally to
infinite

20.3.1  FirsT-ORDER HIGH-PAss FiLTER

An example of a single-pole high-pass filter network to select frequencies is a simple
CR circuit as indicated in Figure 20.12. This circuit is similar to the low-pass filter,
but the components are swapped to become a CR network.

This CR selective frequency network is shown in Figure 20.13 as part of a high-
pass filter.

This network was analyzed in Chapter 16, the transfer function of this selective
frequency CR network is

F= L
1+1/joCR
A Gv First-order
(dB) 20 dB/decade

Second-order
40 dB/decade

Third-order

60 dB/decade
—> Log f

1
1
[}
1
1
fc

FIGURE 20.11 High-pass filter response idealized Bode plot curves with several roll-off
rates.
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o)
(e}

FIGURE 20.13 Circuit diagram of a single-pole high-pass RC filter.

This provides a high-pass filter response with a cutoff frequency equal to

1
" 27RC

C

with a roll-off of +20 dB/decade.

The frequency response of this network is the one we investigated for one-pole
circuit in Chapter 16; it is indicated in Figure 20.14.

This high-pass filter will reject unwanted frequencies below f..

20.3.2 SecoND-ORDER FILTERS

By adding reactance to the frequency-selecting network it is possible to create a
second-order filter. Alternatively, it is possible to use two identical first-order filters
to create a second-order filter as indicated in Figure 20.15.

Gain
(dB)
N
0 ; Y g
T
-10
1
1 1
-20 / ; iy Logf
N 1
0.1f, £, 10,

FIGURE 20.14 Frequency response of a first-order high-pass filter.
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Input First-order First-order Output
3 filter filter

Y

Second-order
filter

FIGURE 20.15 Block diagram of two identical first-order filters to create a second-order
filter.

20.3.3 SALLEN AND Key HiGH-Pass FiLTER

The circuit illustrated in Figure 20.16 shows a version of the Sallen and Key second-
order high-pass filter.

It is similar to the Sallen and Key low-pass filter, but with the resistors and
capacitances swapped. This Sallen and Key filter has the same gain determined by
R, and R,.

Gv=1+&
2

and a cutoff frequency (same as for a low-pass filter)

1

= —

As in the case of a low-pass filter if the capacitors are made the same C, = C; =C
and the resistors are also made the same R, = R; =R, then the cutoff frequency has
the same expression as the low-pass filter (or the first-order filter)

1
" 27RC

C

but in this case the roll-off is +40 dB/decade.

RA
CA |
CB
V. @ I |
i 11 1 ov,

Rl

RB
R2

FIGURE 20.16 Sallen and Key second-order high-pass filter.
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20.4 BAND-PASS FILTER RESPONSE

The band-pass filter will amplify frequencies in a range between a low-frequency
cutoff f,, and a high-frequency cutoff f,. The frequency response of a band-pass
filter is shown in Figure 20.17.

The bandwidth of a band-pass filter is given as the difference between the high-
and low-frequency cutoffs. In a band-pass filter is it usual to specify the middle fre-
quency of the filter, f, and a quality factor of a band pass is defined in terms of f as

fo
BW

Quality factor =Q = (20.6)

The quality factor provides an indication of the selectivity of the filter; it is clas-
sified as narrowband or wideband according to the value of Q. Then a narrowband
will have a Q > 10 and a wideband will have a Q < 10.

A band-pass filter can be created by cascading a low-pass filter and a high-pass
filter, as indicated in Figure 20.18.

Components are selected to provide the cutoffs and create the bandwidth required.

20.5 BAND-STOP RESPONSE

A band-stop filter will reduce the voltage gain of a range of frequencies and allow
the frequencies outside this range. Figure 20.19 shows the frequency response of a
band-stop filter.

The band-stop filter is also known as notch, band-reject, or band-elimination fil-
ter. As with a band-pass filter it is possible to use a low- and a high-pass filter to

> Log f
fcl fo fc2
FIGURE 20.17 Frequency response of a band-pass filter.
Input High-pass Low-pass | OQutput
—> filter > filter —
fcl ch

FIGURE 20.18 Block diagram of a low-pass filter and a high-pass filter to create a band-
pass filter.



Filters 315

Gain
A
(dB)

fcl

FIGURE 20.19 Frequency response of a band-stop filter.

Low-pass
filter

High-pass
V. filter v

FIGURE 20.20 Block diagram of a band-stop filter using low- and high-pass filters.

create a band-stop filter. These filters can be connected in parallel as indicated in
Figure 20.20.

As in the case of a band-pass filter, it is possible to define a bandwidth for this
filter. The bandwidth for this filter will be the difference in frequency of the two
cutoff frequencies as

BW = ch - fcl

20.6 FOURTH-ORDER RESPONSE

We can improve the frequency response of a filter by making the roll-off faster. A
fourth-order network can be obtained by cascading two second-order filters as indi-
cated in Figure 20.21.

If the filters that are cascaded have the same frequency cutoff, then this network
will create a fourth-order filter with a roll-off of 80 dB/decade. If the frequency
cutoffs are different, then they can be combined to create a band pass fourth-order
filters.

Input | Second-order Second-order Output
——  filter > filter
¢ f Four-order
C ¢ 1
filter

FIGURE 20.21 Two second-order filters cascaded to create a fourth-order filter.
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20.7 FILTER RESPONSE CHARACTERISTICS

A filter can be designed to have various response characteristics. Figure 20.22 shows
three general types of response characteristics.

The Chebyshev response gives oscillatory changes in amplitude as the frequen-
cies get closer to the cutoff frequency. If the ripple is small the roll-off can be very
fast. The Bessel response provides a more steady slow response around and beyond
the frequency cutoff. They have a linear phase response. The Butterworth response
provides a frequency response closer to one-pole response. They provide an almost
constant gain voltage before the cutoff frequency for the low-pass filter or above the
cutoff frequency for the high-pass filter. They present a roll-off frequency response
of 20 dB/decade/order. The roll-off response is negative for the low-pass filter and
positive for the high-pass filter.

20.8 FILTER DESIGN USING STANDARD TABLES

A designed network to select frequencies in a filter can have one of the characteristics
indicated in Section 20.7. By changing values of the components in the frequency
discrimination network and the amplifier gain, it is possible to obtain a Bessel,
Butterworth, or Chebyshev response. Based on practical experience some manufac-
turing companies and designers have produced tables indicating the different voltage
gain required by different cascaded sections, including correction factors to obtain
Bessel, Butterworth, or Chebyshev response (Karki 2002). The intention is to write a
standard form of the transfer function for a low or high filter. This transfer function
for the filter can be expressed as a series of polynomial terms, which includes com-
plex zeros where a polynomial is zero and complex poles where a polynomial term
tends to an infinitive value. Depending on the architecture of the filter coefficient can
be found to satisfy its response. As complex zero contains real and imaginary parts,
coefficient can be determined in terms of the real and imaginary parts of the com-
plex zeros. The Butterworth, Bessel, and Chevysheyv filters transfer functions of even
orders contain all poles in their expressions. Tables can be constructed by determin-
ing an expression of the transfer function of the network that selects the frequency,
determining the gain required in the different stages, and determining correction
factors for the desired response (Karki 2002). Table 20.1 shows a small sample table
based on second-order Sallen and Key filter architecture for Butterworth, Bessel,

s o /1— Chebyshev

~ )/\/ Butterworth
N\

g Bessel
\ f

FIGURE 20.22 Chebyshev, Bessel, and Butterworth filter response.
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TABLE 20.1

Sample of Sallen and Key Low-Pass Filter Design Parameter Table
Chebyshev

Filter Butterworth Bessel (Ripple Steps 2 dB)

Order Stage Gv Q Gv Kc Q Gv Kc Q

2 First 1.5858 07071 12677 1.2736  0.5773 2.1138 0907 1.1284

4 First 1.0839 05219 1.0839 14192 05219 19241 0471  0.9295

Second  2.2346 13065 1.7585 1.5912 0.8055 2.7817 0.964  4.5809

and Chevysheyv filters. In this table, Kc is the frequency cutoff correction factor and
Q is the quality factor for the filter. The table is for second-order Sallen and Key fil-
ters that can be cascaded for a fourth-order filter. It is possible to find tables that pro-
vide extensive lists of parameters for different numbers of poles, different values of
ripple increment in steps and correction factors, and voltage gains in different stages.

As we cascade filters to create higher orders, the voltage gain in filters will be
different. The Kc value in Table 20.1 is a correction factor for the frequency cutoff.

We can illustrate the use of Table 20.1 to design a Sallen and Key filter with an
example. The exercise will consist of designing three four-pole low-pass filters with
a cutoff frequency equal to 600 Hz to provide Butterworth, Chebyshev, and Bessel
responses.

The circuit to be used is the Sallen and Key filter where we have cascaded two
second-order filters to create a fourth-order Sallen and Key filter. To make this eas-
ier let us assume that capacitors and resistors of the selecting frequency network
are the same in each stage, that is, C,, = Cy, =C,, R,,; =Ry =R, C,, =C4,, =C,,
R,, =Ry, =R,. Then, this four-pole filter will have the circuit diagram as indicated
in Figure 20.23.

In general, for the Sallen and Key filter using the same capacitors and resistors in
each stage the low-frequency cutoff is given by

FIGURE 20.23 Sallen and Key fourth-order low-pass filter.
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and the gain for the noninverter amplifier, in each stage, is given by

Gv:1+&
R,

Depending on the characteristics of the design some filters will need different
gain in different stages. Some of them will also require a correction factor in differ-
ent stages. A solution to implement this design is to design two second-order sec-
tions. Let us design these three filters.

20.8.1 BEssEL

20.8.1.1 First Second-Order Filter
For the Bessel filter from Table 20.1, we see that this filter requires different gain and
correction factors in each section.

For the first stage of this Bessel filter there is a correction factor Kc = 1.4192 from
Table 20.1, then the cutoff frequency including Kc is

1

= —600Hz (20.7)
27R,C, (Kc)

cl

In designing this section we can decide to choose a value of resistance and cal-
culate the capacitor or vice versa. Let us make R, = 1 k€, then the capacitor will be
equal to

1 1
C2nR,(Ko)f,,  2mx1x10%(1.4192)600

=187 nF

1

The voltage gain of the first stage according to Table 20.1 is 1.084

Gv, =1+&=1.0839
R

12
If we make R, =20 kQ then we can calculate R,;, which gives R, = 1.678 kQ.

20.8.1.2 Second Second-Order Filter
We can repeat the calculations for the second section.

For the second stage Bessel filter there is a correction factor Kc = 1.5912 from
Table 20.1, then the cutoff frequency including Kc is

1

=————=600Hz (20.8)
2nR,C,(Kc)

c2
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187 nF 167 nF
Il 11

1kQ

p——O0
1.678 kQ 15.17 kQ

167 nF
20 kQ :I-_ 20 kQ

FIGURE 20.24 Fourth-order low-pass Sallen and Key filter design with calculated values
for a Bessel response.

Let us make R, = 1 kQ then the capacitor C, will be equal to

1 1

- = . ~167 nF
2MR,(Ko)f,  2mx1x10°(1.5912)600

2

The voltage gain of the second stage according to Table 20.1 is

Gv2:1+&:1.7585
R

22

If we make R,, =20 k€ then R,, can be calculated giving R,, = 15.17 kQ.
The four-pole low-pass Bessel filter designed is shown in Figure 20.24.

20.8.2 BUTTERWORTH

For the Butterworth filter the cutoff frequency does not have a correction factor in
any section and the gain varies according to Table 20.1.
For the first- and second-stage Butterworth filter the cutoff frequency is

1

= =600Hz
2nR,C,

fcl

Let us make R, =R, = 1 kQ. Then the capacitor will be equal to

1 1

= = 3 =~ 265 nF
2nR f,; 2mx1x10°600

C1=C2

The voltage gain of the first stage according to Table 20.1 is

Gv, — 1+ R 0839
R

12
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265 nF

1kQ 1kQ

p—O
24.692 kQ

265 nF
20 kQ :I-_ 20 kQ

FIGURE 20.25 Fourth-order low-pass Sallen and Key filter design with calculated values
for a Butterworth response.

If we make R, = 20 kQ then R, = 1.678 kQ.
Gain second second-order filter. The voltage gain of the second stage according
to Table 20.1 is

Gv, =1+ % =12.2346

22

If Ry, = 20 kQ then R,; = 24.692 kQ.
The fourth-order low-pass Butterworth filter designed is shown in Figure 20.25.

20.8.3 CHEBYSHEV

For the Chebyshev filter, the ripple presents an additional variable. There are tables
that contain more details of ripple including increments of 0.1 dB. Table 20.1 includes
ripple of 2 dB only for our design let assume that a ripple of 2 dB is adequate.

20.8.3.1 First Second-Order Filter
For the Chebyshev filter, we require different gain and correction factors in each
section.

For the first-stage Chebysheyv filter there is a correction factor Kc = 0.471 at 2 dB
ripple from Table 20.1, then the cutoff frequency including Kc is

1

=——————=600Hz
2nR,C,;(Kc)

cl

Let us make R, = 1 kQ then the capacitor C, will be equal to

1 1

= = 3 = 563 nF
2IRI(Ke),, 21 x1x10°(0.471)600

1
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The voltage gain of the first stage according to Table 20.1 is

Gv1=1+ﬁ=1.924
R

12

If we make R, =20 kQ then R,, = 18480 Q.

20.8.3.2 Second Second-Order Filter

We can repeat the calculations for the second section.
For the second-stage Chebyshev filter there is a correction factor Kc¢ = 0.964 from
Table 20.1, then the cutoff frequency including Kc is

1

= —600Hz
21R,C,(Kc)

c2

Let us make R, = 1 kQ then the capacitor will be equal to

1 1

- = - ~275nF
2R, (Ko)f,, 21 x 1% 10%(0.964)600

2

The voltage gain of the second stage according to Table 20.1 is

Gv, = 1R _ 789
R

22

If we make R,, =20 kQ then R,, = 35640 Q.

The fourth-order low-pass Chebyshev filter designed is shown in Figure 20.26.

These three design filters can be simulated to check that the desired response is
achieved or if they need to be modified to obtain a better response.

563 nF 275 nF

1kQ 1kQ

—0
18.48 kQ 35.64 kQ

275 nF
20 kQ :I-_ 20 kQ

FIGURE 20.26 Fourth-order low-pass Sallen and Key filter design with calculated values
for a Chebyshev response.
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20.9 KEY POINTS

e There are many occasions in which it is necessary to limit certain frequen-
cies or a range of frequencies. An electronic filter will provide the required
frequency response of an electronic system.

e Impedances of inductors and capacitors change with frequencies. Combi-
nations of inductors and capacitors will produce a frequency response that
will filter some frequencies. The use of passive components, resistor, induc-
tors, and capacitors can be used to create passive filters.

» Using passive components complemented with Op-Amp as active compo-
nents creates what is known as an active filter.

* Low-pass filters amplify frequencies up to a cutoff frequency and then
attenuate frequencies larger than this cutoff frequency.

» High-pass filters amplify a signal only above the frequency cutoff.

e Band-pass filters amplify only certain ranges of frequencies.

e Band-stop filters attenuate a range of frequencies and let the other frequen-
cies outside the range pass through.

e In an active filter the frequency response depends on the external compo-
nents connected to an amplifier to produce any filter required. It is possible
to include reactive components in the input as well as in the feedback path
to improve the frequency response.

* One commonly used filter that uses capacitors and resistors as feedback in
a noninverter amplifier is the Sallen and Key filter.

* Low- and high-pass filters can be cascaded to produce a band-pass filter.

o If the filter in the cascade has the same frequency cutoff then this network
will create a higher order filter.

e Filters with a roll-off of 20 dB/decade are known as first-order or one-pole
filters. Second-order filters have a roll-off of 40 dB/decade. Fourth-order
filters will produce a roll-off of 80 dB/decade.

e The Chebyshev response provides oscillatory changes in amplitude as
the frequencies get closer to the cutoff frequency. If the ripple is small
the roll-off can be very fast. The Bessel response provides a more steady
slow response around and beyond the frequency cutoff. The Butterworth
response provides a frequency response closer to one-pole response.

e Tables can be used to design filters. Some tables include an extensive list of
parameters for different order of filters, different values of ripple increment
in steps and correction factors, and gains in different stages.
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Analog Electronics

21.1 INTRODUCTION

There are many applications of analog systems. This chapter presents some simple
and common applications of analog systems. Simulation, building, and getting an
application to work for general design helps in the understanding of analog electron-
ics. In digital electronics, the realization of an application is based on connecting
regular devices in a structured way. In analog electronic applications, circuits may
have many choices and experience can play an important part in the success of a
project. A successful application might depend on the type of components and on
the placement and organization of components. Experienced and competent analog
engineers are few and the industry across the world needs them. Before committing
a circuit to production a good simulation is required to check all possible cases.
Circuits may not work at first attempt and require problem solving. Troubleshooting
can be made easier based on a good simulation where expected values of voltages,
currents, and electrical powers in different components and sections of a system are
known.

21.2 SIMULATION IN CIRCUIT APPLICATIONS

Computer-aided design (CAD) software to simulate circuits can make the analysis
of circuits easier, but it is always essential to have a comprehensive understanding of
the fundamental principles that govern currents and voltages in circuits. The circuit
designer ought to know what to expect from the simulator, and should always be able
to predict the signal response. The simulation package is then used to investigate the
operation in more detail for different component values or different variations of the
input. A circuit simulator package can investigate a worst-case analysis in which all
the components are varied according to their tolerances.

The performance of a network can be examined by the application of Kirchhoff’s
voltage and current laws in order to determine currents in the different nodes and
voltages on different closed circuits. Applying Kirchhoff’s laws it is possible to
express, in any circuit, the relationship of voltages and current as a general imped-
ance matrix as follows:

Vi=ZiL+Z L, + 2513+ Zysly + -+ 24,14,
Vo =Zoili + Zply + 231y + Zoyly + -+ 2,1,
Vi =Zyli + Z ]y + Zysls + Zyu 1y + -+ Zs, 1,

323
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@1.1)

Vn = anIl + ZnZIl + Zn312 + Zn4I4 teeet ZnnIrm

Many computer-aided programs for circuit simulation are based on Kirchhoff’s
laws. A matrix of the form indicated in Equation 21.1 can be created for any network
by following a set of rules based on Kirchhoff’s laws; these rules can be written as a
piece of software. The voltages and currents at different components or sections of
the network are then obtained by a piece of software that solves the matrix for volt-
ages and currents applying matrix algebra. Repetitive calculations are well suited to
computers, and a complete accurate response for a complex circuit can be obtained
in a matter of seconds.

The first computer simulator to solve circuits, known as Spice, was developed
in the early 1970s to examine the potential complexity of circuits in integrated
form. Spice was run in mainframe computers. As the personal computer (PC)
became popular, a version known as Pspice (Pspice is registered as a trademark of
MicroSim Corporation) was implemented for PC use. During the years, Pspice has
undergone many changes and improvements and now many other similar packages
are available.

Circuit analyzer packages usually consist of various subprograms including:

* A graphical circuit editor that captures the schematics of the circuit

* An analog and digital stimulus generation tool

* A utility to create semiconductor device models and subcircuit parts
definitions

* An analog, digital, and mixed-circuit simulator

* A graphical waveform analyzer used to view and manipulate simulation
results

The packages offer different investigations including dc, ac, and transient analysis.

21.3 SELECTION OF COMPONENTS AND CIRCUIT
ELEMENTS IN AN APPLICATION

Components are selected according to the different applications. Apart from the
defined value and characteristic of a component it is necessary to consider maximum
rating, size, and material used in fabrication. In terms of packaging, surface mount
(SM) components are small versions of pin-through-hole components. SM compo-
nents lend themselves for automatic population on printed circuit boards (PCBs). SM
components have short legs and are thin compared with pin-through-hole compo-
nents. Figure 21.1 shows standard and SM components.
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FIGURE 21.1 Standard (a) and SM (b) components.

21.3.1 TRANSISTORS

Transistors are selected making sure that the operating point is within the safe field
below their maximum values of voltage, current, and power. Frequency and tempera-
ture range to be used are also important factors to be considered. The physical size
of the transistor is usually related to the respective power dissipation. Manufacturer’s
data for any transistor usually clearly provides the following

e The safe maximum ratings allowed for the device
e The normal operating voltages, currents, and gains
* Some parameters for a model of the transistor

» Typical graphical characteristics

As the power dissipation is increased, the device heats up. Internal junctions of a
transistor, or any semiconductor device, can only undergo certain upper limit tem-
peratures before permanent damage occurs. The data provided by manufacturers
is normally for 25°C operation. High-power transistors may require a heat sink to
be added if the power dissipation is high. Manufacturers usually provide values for
the thermal resistances of junction-to-case and junction-to-ambient to determine the
thermal resistance of a heat sink if required.

21.3.2 RESISTORS

Resistors vary in size according to their power rating instead of their value; large
power resistance is generally physically large. There are considerable variations of
resistors that can be specified by

e The value of resistance

e The power rating

e The tolerance of the resistor
e The type of construction
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Resistors are only manufactured in certain npv. Specific values not included in
this npv can be obtained by a manufacturer at extra cost. Alternative resistors can be
combined to obtain the required value or a variable resistor can be used.

21.3.3 CAPACITORS

Capacitors vary in size according to their value. Large-value capacitors are generally
physically large. There are considerable variations of capacitors that can be specified
by

e The value of capacitance

e The voltage rating

¢ Tolerance of the capacitor and
e The type of construction

The voltage rating determines the thickness of the dielectric between capacitor
electrodes. The voltage rating will affect the size and the cost. Precision high-quality
capacitors are usually based on glass, plastic, or mica dielectrics that have relatively
low dielectric constant. Usually, high-frequency circuits do not require large-value
capacitors, and capacitors with plastic, mica, or glass can be used. Electrolytic
capacitors require the right polarity of voltage to be applied, other capacitors are
polarity independent. As in the case of resistors, manufacturers provide tables for
npv component values and make them available.

21.3.4 INDUCTORS

Inductors are fabricated on a coil of wire, usually wrapped round a ferromagnetic
material. Typical values of inductors are in the range of microhenrys and millihen-
rys. Inductors are usually used in telecommunication circuits, where they provide
frequency selectivity, or in oscillators. In integrated form a device known as gyrator
based on Op-Amps, resistors, and capacitors can behave like an inductor, avoiding
the fabricating of an inductor in IC form.

21.3.5 NOMINAL PREFERRED VALUES

Resistors and capacitors can be calculated to any value, but when manufactured in
quantities for ease of manufacture the values follow clearly defined progressions
known as nominal preferred values (npv). In many cases, values of components
obtained from a particular design calculation will not correspond with any npv.
A higher tolerance can be used in order to obtain the required value, or use a vari-
able component, but this will increase the production cost. In many cases, the nearest
npv could be used, but then it is necessary to verify whether the design specification
can still be satisfied. If a circuit is to be manufactured in large numbers, worst-case
analysis should be performed to ensure that design specifications are satisfied for all
values of each of the components.
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Tables from manufacturers are easily accessible for npv components fabricated
at different tolerances (e.g., EIA 2010, Electrical Engineering Community 2015).
Various manufacturers of semiconductor components provide all the character-
istics of a component and make the information freely available (e.g., Datasheet
2015).

21.4 BUILDING AND REALIZATION OF A CIRCUIT

Once the application has been designed, simulated, and components selected, it
can be built. There are “breadboards,” which consist of a two-dimensional array of
connectors where the connectors in columns are connected to each other. To make
a connection between columns a wire can be used as bridge. Components can be
plugged into the breadboard without soldering them allowing a quick realization.
Figure 21.2 shows an example of breadboard.

As the components are not soldered, these boards are useful only for a simple
circuit to quickly check the functioning of an application.

For a more permanent application, components can be soldered in “veroboard.”
These veroboards are similar to breadboard, but the components are soldered in the
board. Figure 21.3 shows a veroboard.

An application built on veroboard is more portable and can be boxed as a com-
plete unit.

For a better finish, reduced area, or for a large number of units to be built a printed
circuit board (PCB) can be used. PCBs have only the connection required by the
components as conducting material, usually copper, as a layout. Figure 21.4 shows
an example of PCB.

Components have to be soldered on the PCB. PCB lends itself for automatic
population of components and automatic soldering required for mass production of
applications.

FIGURE 21.2  Sample of breadboard.
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FIGURE 21.3 Sample of a veroboard.
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FIGURE 21.4 Example of PCB.

Soldering can be a cause for an application to fail. A bad solder can be unreliable
and can deteriorate with time or it may not even make a proper electrical connection.
To make a good solder requires practice. A summary of steps to follow in order to
solder components can be

e Make sure all parts are clean and free of any grease.

e Make sure the board is firm and place component in the right place securely.

* Apply a fairly small amount of solder on the tip of the hot solder iron and
clean the tip on a damp sponge.

* Heat the joint of the board and the component lead with the soldering iron
for about two seconds.

* Keep the soldering iron on the joint to continue heating the joint and apply
sufficient solder on the joint to form a good joint. Avoid the use of too much
solder. It should not take more than 4 s to solder a standard joint.
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21.5 TESTING-TROUBLESHOOTING
21.5.1 TesTING

After the particular application, or a prototype, is constructed a detailed and com-
plete testing of the whole electronic system is required. The testing is done under
various conditions to make sure the application performs as expected. Testing can
be done to see performance under different voltages, current, humidity, tempera-
ture, etc.

21.5.2 TROUBLESHOOTING

If the circuit works as expected there is no need for troubleshooting, but if the output
is not the expected one, then it is necessary to determine the source of error and
correct it. The initial action will be to identify the symptom. In analog electronics,
experience is important; a particular symptom may provide an idea as to where a
fault is most likely to have occurred. Electronic engineers use different techniques of
troubleshooting depending on their particular experience in analog electronic appli-
cations, on the specification and complexity of the circuit, and the nature of the
symptom.

The obvious thing to check first is whether the circuit has been energized; power
supply has been connected properly, making sure the correct voltage required by the
application is applied and working; and fuses are not burned out.

After the power check always carry out a sensory inspection. A good visual
examination will provide information on obvious defects such as burned component,
broken wires, poor solder joints, or burnt-out fuses. In many cases, a failure can
cause large current producing overheating components. Sometimes it is possible to
disconnect the circuit and check for overheated areas or components. In some cases
is possible to perceive a smell of burn or smoke in damaged components.

Based on experience and knowledge of the circuit purpose, certain symptoms
may indicate a particular component being defective. Replacing the most likely com-
ponent to be faulty may solve the problem. Replacing components may fix the prob-
lem, but if many components need to be replaced it can be time consuming. This
method is suggested only for systems where the symptoms are evident.

A technique that is very effective is to trace the signal through the circuit. The
idea is to follow the signal until an incorrect signal appears. In this way a test point,
where the measure voltage or current is wrong can be identified. The preceding pro-
cess of design and simulation make available details of how the signal is predicted
to change as it progresses through the circuit; then voltages and current are known
at different test points.

To trace a fault, the circuit can be partitioned in different ways.

One way will be to start at the input and work toward the output. When an incor-
rect signal is found, the area where the problem is located has been isolated. The
problem is in the portion of the circuit between the examination point where the
error was found and the previous examination point.
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An alternative way of tracing is to start at the output of a circuit and work toward
the input. This time we check for voltages at each point until a correct measurement
is obtained. When a correct signal is found the area where the problem is located has
been isolated. The problem is in the portion of the circuit between the examination
point where the correct signal was found and the previous examination point.

A third way will be to split the circuit in the middle. If the test point at the middle
of the circuit has a correct signal, then you carry on testing toward the output until
the fault is located. If the test point at the middle of the circuit has an incorrect sig-
nal, then you carry on testing toward the input until the fault is located.

21.6 ANALOG ELECTRONIC APPLICATIONS EXAMPLES

Practical projects help to explain and understand the theory behind analog electron-
ics, as well as providing a good knowledge of the theory that result in the implemen-
tation of good applications.

21.6.1 DC Power SuppLy

21.6.1.1 Description

This application will provide a regulated dc power supply from an ac voltage sup-
ply. It will provide a 9 V dc and a variable dc supply up to 15 V. The ac supply is
120 Vs at 60 Hz.

A power supply will usually require the four stages before the load indicated in
the blocks diagram in Figure 21.5.

21.6.1.2 The Transformer Stage

The transformer supplies the required ac voltage value for the rectifier. It also isolates
the system from the ac power supply. In this case, we provide a dc power supply up
to 15 V,.. Some voltage drop will occur in the next stages. When diodes of the recti-
fier are conducting there is a small voltage drop in them also the filter and regulator
will provide extra voltage drop. In general, in order to compensate for all these drops,
we can estimate the voltage required at the output of the transformer as about 2-5 V
above the dc output. In our application, let us assume that an extra 2 V is needed at
the output of the transformer, and then we require an output of the transformer with a
peak voltage of 17 V. The ac supply is 120 Vs, Which provides peak voltage equal to

V, =120x+2 ~169.7 V

Transformer Rectifier Filter Regulator Load

FIGURE 21.5 Block diagram of simple dc power supply.
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Then, the transformation ratio required is

169.7

Transformation ratio = =90.983 =10

The transformer needs to provide large peak current to charge capacitors used in
the filter smoothing stage. Let us use a current of 3 A for the transformer. Figure 21.6
shows the transformer stage.

21.6.1.3 Rectifier Stage

For full wave rectification we can use a bridge rectifier consisting of four diodes con-
nected as indicated in Figure 21.7. The diodes rating must be higher than the peak
forward current and the peak reverse voltage expected in the circuit. Bridges recti-
fiers come as complete components and available for different current ratios.

21.6.1.4 Filter Smoothing Stage

Usually a capacitor will adequately smooth a rectified voltage. The capacitor can be
estimated from the small variable voltage after smoothing, that is, the value of volt-
age ripple.

Vacp I I g Vac,

10:1

FIGURE 21.6 Transformer stage.

FIGURE 21.7 Full-wave bridge rectifier.
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The ripple voltage across the capacitor v,(t) can be expressed as (Equation 3.14)
v, ()= lJ.idt —lQ(t) (21.2)
e C '

The calculation of the smoothing capacitor, C, will require knowledge of how the
current changes as a function of time to solve this equation. We would like to have
an estimation of the smoothing capacitor, C,, as the tolerance of a capacitor is usually
high (20%, 40% are not uncommon). We can then approximate the charge Q(t) as the
product of the dc current, I, times the period time T, then

1
Vi~ —1IeXT 21.3
c e (21.3)

S

and an expression for the capacitor can be approximated to

I, T
Vi

C (21.4)

where T is the period of the waveform after rectification, I . the dc current, and V,
the peak-to-peak ripple voltage.

Note that T is the period of the waveform after the rectification, that is, for a half-
wave rectification the period will be the same as the ac input power supply and for a
full-wave rectification the period will be half the value of the period of the input ac
power supply (double the frequency).

In our case, for full-wave rectification, we want a dc current of 3 A. Frequency of
the waveform after rectification is 120 Hz (period T = 8.3 ms; double of the ac sup-
ply) and we can assume a ripple of 2 V, this gives

1T 3x83x107

C
STy, 2%3

~ 4150 uF

This is estimation only; capacitors usually have large tolerances. Let us use an
npv of 4700 UF. This is a large capacitance so an electrolytic capacitor can be used
with the right polarity.

21.6.1.5 Regulator Stage

It is possible to design a regulator using discrete components that will keep the dc
voltage constant for fluctuations of line voltages or load currents. In practice, com-
plete voltage regulators are available in IC form. IC regulators are available from
several manufactures. For example, the 78Lnn series provide nominal voltages of
2.6,5,6.2,8,9, 10, 12, 15, 18, and 24 V. The last two digits of the part number indi-
cate the voltage.
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In our case, for the 9 V dc output we can use the 78L09.

For the variable voltage we can use the LM317 regulator. The LM317 can provide
voltages between 1.25 and 37 V. Figure 21.8 shows a connection for the LM317 to
provide a variable dc output, the regulator component sets a voltage V=125V
between the common and output terminals; a small current I, = 50 HA is provided
from the common terminal according to the manufacture.

According to KVL the output voltage is given by

Vo = Vg, + W, (2L.5)

and KCL relate the currents as

I2 = Icom + Iref (216)

Then, the output voltage is

VO = VR1 + VR2 = RlIref + RZ (Icom + Iref)

For example, if the variable resistor R, is set to 1 k€ and the resistor R, to 180 €,
I,.; will be

ref

Vi 125
R, 180

=6.944 mA

Iref =

and the output voltage will be V, =R, xI ,+R,x(
1073 + 1 x 10350 x 1076 4+ 6.944 x 1073) = 8.244 V.

By changing the value of resistance in the variable resistor the dc output can be
varied, the higher voltage will be limited by the dc input voltage to the regulator.
Regulator manufacturers recommend adding a capacitor of 1 UF in parallel with the
output. The whole dc power supply is shown in Figure 21.9.

+1,) = 180 X 6.944 x

com

Oy [ 1) Out
Regulator
LM317

Com

FIGURE 21.8 Circuit for the LM317 regulator to provide a variable dc voltage.
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=0

| 78L09
J_ o e
Cs ll uE
4700 UF =
| vs7 |22 —

= R,
180} C,
1uF
R, o H
10:1 Dbl 5kQ
T1

- -

120 Vs
60 Hz

FIGURE 21.9 Dc power supply with a fix 9 V output and a variable output. Components:
T1 = transformer 10:1, 5 A; Dbl = rectifier bridge 5 A; Cs =4700 uF, 25 V; C, =C, =1 uF;
R, =180 Q; R, =5 kQ variable resistor; Ul = voltage regular 78L09; U2 = voltage regular
78L317.

21.6.1.5.1 How Does It Work?

The 10:1 transformer changes the ac voltage (120 V) to a lower voltage (12 Vo)
in this case. The bridge rectifier rectifies the voltage to a dc voltage with a ripple;
capacitor Cs smooth the voltage close to 17 V,, and the regulator fixes the voltage to
the desired dc level.

21.6.1.5.2 Activities/Comments

Build this circuit and check its behavior. The application can include other output
voltages by adding extra regulator specifics to the dc voltage required. If the ac line
voltage is different, then we can use a different transformer with the right transfor-
mation ratio. It is possible to obtain negative voltages by connecting the filter and
regulator stages to the opposite terminal of the bridge rectifier and using a center tap
transformer.

21.6.2 AuDIO AMPLIFIER

21.6.2.1 Description

The circuit will amplify a signal in the 60-50 kHz frequency range. You are asked
to design a class A audio amplifier that uses one BJT pin-through-hole transistor and
one power supply of 16 V.. This amplifier feeds a load of 50 k€, the minimum BW
required is 40 kHz, with a low-frequency cutoff of 60 Hz. With an input ac voltage
of 15 m Vs a voltage gain of 150 is required. The collector current at the operating
point is 12 mA and the amplifier should work from —20°C to 144°C. Only compo-
nents standard npv are available with tolerances of 5% and 10%.

21.6.2.2 Design of a Class A Amplifier
First we write the specifications as we will be designing to specification.
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21.6.2.2.1 Specification

One BJT pin-through-hole transistor

One power supply 16 V,,

Load of 50 kQ

BW minimum 50 kHz

Low-frequency cutoff 60 Hz

Gv = 150 at medium frequencies with v;, = 15 mVyyq, I.o = 12 mA
Temp —20 to 144°C

Components: standard npv 5%, 10% tolerance

Class A amplifier

21.6.2.2.2  Design

To obtain a class A amplifier, the operation point (Q) is always in the linear region
of the transistor. The collector current is already known from the specifications:
12 mA. We need to determine the value of Vce, required by the operation point.

21.6.2.2.3 Select an Operation Point Q

In order to make sure that Q is not near the nonlinear saturation or cutoff regions
of the transistor used, we can calculate how much the voltage between collector and
emitter will change with an ac signal. At medium frequency with an input voltage
of 15 mVy,s, the voltage gain is 150 then the output voltage swing can be calculated
from the voltage gain

Gy = Yo _ 150
Vin
and
VORMS = 150 \]in = ISOX 15 mVRMS = 225 VRMS
Then

Vopek =225%+/2 =3.182V

The collector—emitter voltage will swing by +3.1820 V around the operating
point. The operating point voltage should be selected in such way that the V; will
not be near saturation or cutoff regions. The load line at collector current equal to
zero will be equal to Vec: 16 V. If we assume that the saturation and cutoff regions
are around 2 V, to play safe (once the transistor is selected then this could be revis-
ited) we have the range for V from 2 to 14 V avoiding saturation and cutoff regions.
Figure 21.10 shows the output characteristics of a BJT indicating V- outside cutoff
and saturation regions, from 2 to 14 V.

Now, considering the V. swing of *3.1820 V away from the saturation
and cutoff region, this leaves a region between (2 V +3.1820 V) 5.1820 V and
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and cut off

FIGURE 21.10 Output characteristics of a BJT transistor indicating saturation and cutoff

regions.

(16 V-2V —-3.1820 V) 10.818 V to place V. In other words, we can select any

value of V. between about 6 and 11 V to make sure the operating point is in the

linear region of the transistor and that the amplifier behaves as a class A amplifier.
Let us select Vg =9 V.

21.6.2.2.4 Choose a Circuit

Now according to specifications, there is a source and one transistor. We could use

a fixed bias or an auto-bias circuit to satisfy specifications. We saw in Chapter 7

that auto-bias provides a more stable solution, and then we use an auto-bias circuit.

Figure 21.11 shows an auto-bias bias circuit that can be used for this application.
According to KVL

VCC = VRE + VRC + VCE (217)

Vee=+16V

Ieq =12 mA

FIGURE 21.11  Auto-bias circuit to be used in this application.
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To avoid dependency of B, as seen in Chapter 7, the voltage at the emitter can be
made lower than the voltage at the collector.

Let us make the voltage across resistor Rg, Vg =2 V.

Then, from Equation 21.7 we have that the voltage across R is

VRC = VCC _VCE _VRE = 16_9—2 = SV
Since we know the I (=Iy) at Q, we can calculate R and R as

Vre = % =416.67 Q (not available)
I 12x10

RC =
A resistor of 416.67 Q is not available as standard resistance, then from table for
npv resistances we can choose the nearest value of 430 Q.

npv (tolerance 5%) R =430 € (A new calculation of Vi, may be required.)

and Ry can be calculated as

Rg = Vre _ % =166.67 Q (not available)
I,  12x10

Use npv R, =160 Q.

21.6.2.2.5 Decide on a Transistor

To select a transistor we go to the information known from specifications, calcula-
tions, and decisions already made from specifications:

e One BJT pin-through-hole transistor

e Frequency response; BW of 50 kHz between 60 and 50,060
e [ maximum larger than 12 mA

¢ Power maximum larger than 108 mW (I X V)

* Ve maximum larger than 9 V

e Temperature range within —20°C to 144°C

e Model for simulation

Almost any general purpose transistor will be appropriate: Say BC546A.

BC546A data from manufacturer: includes I max = 100 mA, power = 500 mW,
Veg max =65V, h, (B) (at [.=2mA, V=5V) min 110-max 220, Ft,, =
100 MHz, operating ambient temperature —65°C to +150°C (Data Sheet Catalog
2015). Then, the BC546 transistor is ok.

By using the npv for R and R the voltages across these resistances will be

slightly different. The new values will be

Vi, =Rp xIg =160x12x107 =192V

Vie =RexIc =430x12%x107° =5.16 V
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Vece=+16V

ICQ =12 mA

FIGURE 21.12 Auto-bias circuit showing the biasing currents.

21.6.2.2.6 Calculate R, and R,
I in Figure 21.12, should be

The current passing through the biasing resistance Ry, I,
much larger than the base current, that is, I can be neglected with respect to L.

21.6.2.2.7 Calculate I,

We know the value of I from the specification, the current gain parameter of the
transistor, B, relate I and I as

I Ic
Bu=C == ¢
IB ? Bdc

For the value 3 we refer to the manufacturer data. The BC546A f (h;,) has values
between 110 and 220; by taking the lowest value of B = 110 will guarantee the largest

current for I.
Then,

_12x107

= =109 uA
B 110 "

If I is neglected with respect to I, in that case the current passing through the
potential divider R, and R, is the same.
We can make [, larger than I; by say 20 times. Then

Ip =20x I3 =20x109x107° = 2.18 mA
Now the voltage across R, will be
VRZ = VRE +VBE

The BC546A transistor is fabricated in silicon and we can assume the base—
emitter junction voltage, Vg, is approximated to be 0.65 V when forward biased.
Then

VR2 = VRE + VBE = 1.92+0.65 = 2.57 V
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and R, can be calculated as

Vo 198

R - 7
T L 2.18x107

=908.26 Q

P

Use npv R, =910 Q.
The voltage across R, Vy,, will be

Vg, =Vee— Vg, =16-2.57=13.43V
and R, can be calculated as

Vri 13.43

Rzizi
T, 2.18x107

=6.16 kQ

Use npv R, =6.2 kQ.

21.6.2.2.8 Calculate C., and C,,

339

It is possible to perform a detailed calculation of capacitance required consider-
ing the different cutoff frequencies of the different capacitance involved. The error
involved in using a rough estimation may be smaller than the tolerance of com-
ponents used. Usually a rough estimation is good enough to satisfy specifications.

Figure 21.13 shows the required coupling capacitors.

We want small impedance for the coupling capacitors; say 20 Q, at the lowest
frequency, then from the reactance expression the coupling capacitors can be esti-

mated as

1 1
"~ 2nfC 2m60%C,,

=20Q

XCI,Z

1 1
2nfXc,  2m60X 20

= C1,2 = = 133 HF

Use npv C, =C, =100 uF.

Vee=+16V
R R
1 C CC2
Ccl
—it Q1
R,
C\’) R2 RE -[CE

FIGURE 21.13  Auto-bias circuit showing the coupling capacitors.
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For the capacitor across the emitter, the reactance of Cg should be much smaller
than the emitter resistance.

Say X¢, <Rgp/20

Then,

CE:&:@:8Q: 1
20 20 2nfCyg

and Cj can then be estimated as at the low-frequency cutoff as

Co=—t o _a3i6uF
2nfXes  2m60x8

Use npv Cg =330 uF.
Figure 21.14 shows the final circuit with value for all components.

21.6.2.2.9 How Does It Work?

The power supply Vcc and the biasing resistors Rg, R¢, R, and R, will fix an opera-
tor point on the transistor. As a signal is inputted at the base, an amplify signal will
appear at the collector with the same shape as the input signal. The capacitor will
block dc voltage and will allow ac signal to be amplified.

21.6.2.2.10 Activities/Comments

Simulate the circuit to check gain and cutoff frequencies. The emitter resistor Ry
could be split to reduce the gain to the required value. Capacitances could be varied
to obtain the bandwidth required. The upper cutoff frequency required is 50,060 Hz
as minimum. Large values will satisfy specification. High-frequency cutoff can be
reduced by adding parallel capacitance with the output. Build this circuit and check
the behavior.

Vee=+16V

6.2 kQ 430 Q 100 MF

100 uF
—— BC546A

50 kQ
Vg @ 910 Q 160 Q 330 UE

FIGURE 21.14 Circuit diagram for a class A amplifier circuit with calculated value of com-
ponents. Components: R, = 6.2 kQ, R, =910, R. =430, R; =160 Q, R; =50kQ, Q1 =BIT
BC546A, C,, = C,, =100 uF, and Cg = 330 puF.
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21.6.3  SALLEN AND KEY SECOND-ORDER BUTTERWORTH Low-PAss FILTER

21.6.3.1 Description

This circuit will allow amplifying signal with frequencies below 7 kHz and block sig-
nals with frequencies above 7 kHz. Figure 21.15 shows a circuit for this application.

The frequency cutoff required by this filter is 7 kHz; the expression for the cutoff
frequency is given by

1

fo=—— 21.8
21R,R,C,C, (21.8)

For simplicity we can select C, =C, =C and R, =R, =R. Then Equation 21.3
becomes

1
2nRC

21.9)

C

In this case, f_ is 7 kHz; we can choose a value for R and calculate C. Let us make
R =10 kQ and the capacitor C can be obtained as

oo Lo 1
" 2nRf. 271x10,000 % 7000

=~2.27 nF

Now, for this Butterworth filter the voltage gain of the noninverter amplifier is
equal to 1.586. Then

G, :§+1=1.586 (21.10)

2

we can choose a value for R, and calculate R,. Let us make R, = 10 kQ, then R, can
be obtained as

R, _ 10,000

R, = ~17.065 kQ

G, -1 1.586-1

FIGURE 21.15 Circuit for Sallen and Key second-order Butterworth low-pass filter.
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FIGURE 21.16 Circuit for Sallen and Key second-order Butterworth low-pass filter with
component designed values included. Components: R, =R, =R, =10kQ, C,=C_,=2.27 nF,
R, =17.065 kQ, and IC1 = LM741 Op-Amp.

The completed circuit including all calculated components is shown in Figure
21.16.

21.6.3.1.1 How Does Work?

The combination of C,, C, with R, R, select the frequencies to filter. In this case,
block frequencies above 7 kHz, R, and R, provide the gain for the noninverting
amplifier.

21.6.3.1.2  Activities/Comments

Simulate the circuit to check gain and cutoff frequencies as well as the roll-off
response. Build this circuit and check its filter behavior.

21.6.4 AutomaTic SwiTtcH ON OF LAMP IN THE DARk UsING A BJT

21.6.4.1 Description

This circuit will switch on a lamp when light is not present. This application can be
used to illuminate certain site as it gets dark. Figure 21.17 shows a circuit for this
application.

+9V

FIGURE 21.17 Circuit for application that switch on a light in the dark. Components:
R,=110kQ, R,=2.4kQ, R, =Light-dependent resistor (LDR), R;=300€Q, Q1 =BJT
BC546, and L1 = low power lamp 3 V or LED.



Applications of Analog Electronics 343

LDR (light-dependent resistor) or photoresistor is a resistor that changes its resis-
tance as light is applied.

21.6.4.1.1 How Does Work?

When dark, the resistance of LDR is high and almost all the 9 V will drop across the
LDR, the voltage across R, will be very small, enough current will circulate across
R, to switch the transistor on and the lamp will be on.

When light is applied to LDR, its resistance will decrease. Almost all the 9 V will
drop across R,. The voltage across LDR will be very small and not enough current
will circulate through R, to switch the transistor on, so the lamp will remain off.

21.6.4.1.2  Activities/Comments
Build this circuit and check the behavior. The lamp can be replaced by an LED.

21.6.5 AUTOMATIC SWITCH ON OF A LAMP IN THE DARK UsING Opr-AMmpP

21.6.5.1 Description

This circuit works in the same way as application given in Section 21.6.4. It will
switch on a lamp when light is not present. This time an Op-Amp is used, which
provides larger current and a larger power lamp can be used. Figure 21.18 shows a
circuit for this application.

Note: The Op-Amp needs to be biased. In some circuit diagrams, the biasing con-
nections are not indicated. For biasing Op-Amp use pin 4 bias negative voltage, pin
7 bias positive voltage, and pin 8 ground.

21.6.5.1.1 How Does It Work?

The variable resistor R, works as a potential divider. It sets the level of voltage at ter-
minal (-) on the Op-Amp. When dark, the resistance of LDR is high and the voltage
drop across the LDR will be high as well. At a certain amount of light the voltage
across LDR, that fixes the (+) input to the Op-Amp, will be higher than input (-).
Then the Op-Amp output will be high leading the transistor to saturation. The volt-
age across the lamp will be almost 9 V and the lamp switches on.

9V
I +
R, L1
. N R
R
v [F - Ql

([PRC IC1
1

FIGURE 21.18  Circuit for application that switches on a light in the dark using an Op-Amp.
Components: R, =R, =20kQ, R, =variable resistor 20kQ, R, =LDR, ICl=LM741,
Q1 =BJT BD135, and L1 =lamp 9 V.
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+9 Vl— 230V

! Relay

FIGURE 21.19 Circuit diagram for application to switch on a light using relay circuit.

When the light increases, the resistance of the LDR decreases and the volt-
age across LDR, input (+) of the Op-Amp, will be lower than input (). Then, the
Op-Amp output will be close to 0 V as the Op-Amp biasing use one positive voltage.
The transistor is off and the lamp is off.

21.6.5.1.2 Activities/Comments

Build this circuit and check its behavior. Adjusting the value in variable resistor the
lamp can be switched on at different levels of illumination. The advantage of this
Op-Amp version is that this circuit can draw more current and a lamp of higher watt-
age can be used. This application can be very useful to switch on and control more
powerful systems, large voltage lighting systems, pumps, motors, etc. A device that
will permit this is a relay. A relay is an electromechanic switch, where a low electric
current switch can control a mechanic switch that can be part of another large sys-
tem. The lamp L1 shown in Figure 21.18 can be replaced by a relay in parallel with a
diode as indicated in Figure 21.19.

21.6.6 AutomaTiCc SWITCH-ON OF LAMP IN THE
PRrESENCE OF LIGHT USING A BJT

21.6.6.1 Description

This circuit will switch on a lamp when light is present. This application can be
used to illuminate certain sites during daytime. This is a variation of the applica-
tion given in Section 21.6.4, where the resistor R, and the LDR have been swapped.
Figure 21.20 shows a circuit for this application.

21.6.6.1.1 How Does It Work?

When dark, the resistance of LDR is high and almost all the 9 V will drop across
the LDR. The voltage across R, will be very small, not enough current will circulate
across R, to switch the transistor on and the lamp will be off.

When light is applied to LDR its resistance will decrease and some voltage across
R, will produce enough current through R, to switch the transistor on and the lamp
L1 is on.

21.6.6.1.2  Activities/Comments
Build this circuit and check the behavior. The lamp can be replaced by an LED.
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+9V

FIGURE 21.20 Circuit for application that switches on a light in the presence of light using
a BJT. Components: R, =900 Q, R, =2.4 kQ, R, =LDR, R; =300 Q, Q1 =BJT BC546, and
Ll=lamp3 V.

21.6.7 AutomATiC SWITCH-ON OF LAMP IN THE
PRreseNCE OF LIGHT UsING AN Opr-AmpP

21.6.7.1 Description

This circuit will switch on a lamp when light is present. This application can be
used in the same way as application given in Section 21.6.6. This is a variation of the
application presented in Section 21.6.5, where the resistor R, and the LDR have been
swapped. Figure 21.21 shows a circuit for this application.

21.6.7.1.1  How Does It Work?

The variable resistor R, works as a potential divider. It sets the level of voltage at
terminal (—) on the Op-Amp.

In darkness, the resistance of LDR is high and the voltage across LDR will be
high, making voltage across R, small. Then the voltage at input (+) is lower than the
input (-) of the Op-Amp from the potential divider R,. As (+) input of the Op-Amp
is lower than input (-) therefore output of the Op-Amp will be close to 0 V when the
transistor is off and the lamp is off.

+9V
@RC Ll
w [k
v J Ql

FIGURE 21.21  Circuit for application that switches on a lamp in the presence of light using
an Op-Amp. Components: R, =1 kQ, R, =10 kQ, R, =LDR, R, = variable resistor 10 kQ,
Q1 =BJT BDI135, L1 =lamp 9 V, and IC1 = LM471.
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As the light increases, the resistance of the LDR decreases and the voltage across
R, increases making the Op-Amp input (+) larger than input (-). Therefore, output of
the Op-Amp will be close to 9 V and the transistor QI goes to saturation switching
on the lamp LI.

21.6.7.1.2 Activities/Comments

Build this circuit and check the behavior. By adjusting the value in the variable resis-
tor the lamp can be switched on at different levels of illumination. By replacing the
LDR by an element that changes the value of resistance with temperature known
as negative temperature coefficient (NTC), this circuit can control the switch on a
lamp as the temperature changes. As the temperature increases the resistance of the
NTC decreases and changes the voltage level at the (+) input of the Op-Amp. As in
the application given in Section 21.6.6 the lamp can be replaced by a combination of
relays in parallel with a diode to control larger systems.

21.6.8 HuMmipITY DETECTOR

21.6.8.1 Description

This circuit will detect humidity in a material when the probes are in contact with
the material. In the presence of humidity, an LED will light. Figure 21.22 shows a
circuit for this application.

21.6.8.1.1 How Does It Work?

When the probe leads are not connected to a material, the input will see a very
high resistance of the air. As the probes are connected to a humid material such
as wet sand, ground, skin, the resistance is considerably reduced. Small currents
will reach the base of QI; the output current from the emitter of Q1 will provide a
current to the base of Q2 and transistor Q2 will be on to saturation and the LED
will light up.

21.6.8.1.2 Activities/Comments

Build this circuit and check the behavior. The LED can be replaced by a lamp.
As in previous applications, the lamp can be replaced by a relay to control large
systems.

+9V

Probes

FIGURE 21.22 Circuit for a humidity detector application. Components: R, =2.4 kQ,
R, =2.4kQ, R, =240 Q, R, =330 Q, Q1 =BJT BC546, Q2 =BJT BDI135, and DI = LED.
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21.6.9 DeELAY SwiTcH

21.6.9.1 Description

This circuit will keep a light on for a short time after it is switched off.
Figure 21.23 shows a circuit for this application.

21.6.9.1.1 How Does It Work?

As the switch is closed, a current to the transistor base will circulate making the
collector current increase close to saturation and the lamp is switched on. Also, the
capacitor C, will be charged. As the switch is open the capacitor will discharge pro-
ducing a current in the base of Q1 and the lamp will remain on until the capacitor is
discharged.

21.6.9.1.2 Activities/Comments

Build this circuit and check its performance. The capacitor can be replaced by a dif-
ferent capacitance that will change the time the lamp remains on.

In any case, in this circuit, the lamp will not stay on for a long time after the
switch is off because the current from the capacitor is small. This circuit can be
improved by adding another general purpose power transistor (BD135) as indicated
in Figure 21.24. The current is increased with the addition of this transistor; the
emitter current from Q1 goes into the base of the second transistor Q2. The combi-
nation of these two transistors is known as a Darlington pair. This combination of
transistors will increase the time that the lamp remains on. Also, this Darlington

+9V

S L1

a-‘- Q1

FIGURE 21.23 Circuit for a delay switch. Components: R, = 2.4 kQ, C, = 3300 uF electro-
lytic 16 V or more, Q1 = BIT BC546, S, = switch, L1 =lamp 9 V.

IH

FIGURE 21.24 Circuit for a delay switch with a Darlington pair.
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combination will allow to drive load with large current with the inclusion of a relay
as indicated in Figure 21.24.

21.6.10 SMOKE DETECTOR

21.6.10.1 Description

This circuit will detect and initiate an alarm in the presence of smoke. Figure 21.25
shows a circuit for this application.

21.6.10.1.1  How Does it Work?

The circuit is similar to application given in Section 21.6.7, light detector, but this
time the light comes from the LED. When no smoke is present the light from the
LED is applied to the LDR and its resistance decreases and a large voltage is applied
to input terminal (-) of the Op-Amp. The output of the Op-Amp is zero and the tran-
sitor QI is off and the siren is not activated. When smoke is present, the illumination
on LRD is reduced and its resistance changes as well. The output of the Op-Amp
increases saturating the Q1 and the siren is then activated.

21.6.10.1.2  Activities/Comments

Build this circuit and check its behavior. As in previous applications, the siren can be
replaced by a combination of relay in parallel with a diode to control larger systems.

21.6.11  MULTIVIBRATORS AND THE 555 TIMER

Inside digital gates and digital components analog circuits will produce the required
behavior. Usually a transistor driven to saturation will produce a “zero” and a transis-
tor driven to saturation will produce a “one” output. There are dedicated ICs especially
designed to accurately produce a required digital function packaged as a cell block.

21.6.11.1 Astable Multivibrator
21.6.11.1.1  Description

The stable multivibrator consists of a circuit with two switching transistors, a cross-
coupled feedback network, and two time delay capacitors, which allow oscillation

+9V

D1 Siren

FIGURE 21.25 Circuit for a smoke detector using an Op-Amp. Components:
R,=R;=R.,=390Q, R, =R;=11 kQ, R, =LDR, R, = 1.1 kQ, C, = 330 uF electrolytic 12 V
or more, Q1 = BJT BD135, siren = BZ1 buzzer, D1 = white LED, IC1 = LM741.
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® e— 9V

R, [T]Rb R, [r] Ry
VO
Q1 }__I i+> <+i I_ Q2

C G,

a

FIGURE 21.26 Circuit for an astable multivibrator. Components: R,=R;=390 Q,
R, =R, =18 kQ, C,=C, =150 uF electrolytic 12 V or more, and Q1 = Q2 = BJT BC546.

between the two states. Figure 21.26 shows a circuit for this application. Both tran-
sistors are biased for linear operation and are operated as common emitter amplifiers
with 100% positive feedback.

21.6.11.1.2  How Does It Work?

At the connection of the dc power supply let us assume that transistor QI is on and
transistor Q2 is off, nevertheless a small current will circulate through R;, which
allows charging C,; when C, is fully charged it will block the current to the base
of transistor QI and the transistor QI is off. As the transistor QI is switched off the
voltage at the collector of transistor Q1 goes to about 9 V and the transistor Q2 is
switched on. Now a current will circulate through R, and allow the charging of C,.
When C, is fully charged it will block the current to the base of transistor Q2 and the
transistor Q2 is off. When C, is charging, C, is discharging through R.. The whole
sequence starts again producing an output similar to a square wave signal.

21.6.11.1.3  Activities/Comments

Build this circuit and check its behavior. You can change the values of resistors and
capacitors to change the frequency of the output voltage.

Multivibrators can be modified to include the application of an external trigger
voltage pulse to force the change from one stable state to the other. For example, a
multivibrator with two external trigger circuits will create a bistable multivibrator,
commonly known as flip-flop. In each of the two states, one of the transistors is cut
off while the other transistor is in saturation. This means that the bistable circuit is
capable of remaining indefinitely in either stable state.

21.6.11.1.4 The 555 Timer

Multivibrators can be easily constructed from discrete components to produce basic
square wave output waveforms. The “555 Timer” is a specially designed IC to accu-
rately produce a required output waveform with the addition of a few external com-
ponents. The 555 timer is a useful, cheap, and popular oscillator timing device that
can generate single pulses or long time delays. Figure 21.27 shows the 555 internal
block diagram.

The 555 timer uses three 5 kQ resistors as voltage dividers providing reference
voltage for two Op-Amps working as comparators. This is why it is known as the
“555 timer.” The lower comparator connected to the Trigger (pin 2, inverting ter-
minal) has a voltage reference of one-third Vcc (noninverting terminal). The upper
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FIGURE 21.27 The 555 timer internal block diagram.

comparator is connected to the Threshold (pin 6, noninverting terminal) and has a
voltage reference of two thirds Vcc (inverting terminal). Voltage levels can be con-
nected to Trigger and Threshold to obtain combinations of outputs from the com-
parators that become inputs to the flip-flop to produce a stable state. The output
from the flip-flop is passed through a power amplifier to increase the current drawn
from the timer (pin 3). The voltage level applied to Trigger and Threshold terminals
of the comparators is usually obtained using resistors and capacitors. Capacitors
are charged via external resistance and Vcc and discharged internally using a NPN
transistor (pin 7, discharge). The flip-flop can be reset (pin 4) or discharged (pin 7).
Figure 21.28 shows the package of a standard 555 timer.
The external connections to the 555 timer are as follows:

e Pin 1: Ground, connects the 555 timer to the negative (0 V) voltage.

e Pin 2: Trigger, the negative input to lower comparator.

e Pin 3: Output, it can draw a current up to 200 mA at an output voltage equal
to Vec— 1.5 V.

e Pin 4: Reset, it resets the flip-flop to control the output. It is usually con-
nected to Vcc to prevent any unwanted resetting.

Ground E S Vee
Trigger E Discharge
555
Output E E Threshold
Reset E E Control

FIGURE 21.28 Standard 555 timer package and pin out.
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e Pin 5: Control voltage, it overrides the two thirds Vcc level of the voltage
divider input to the upper comparator. A voltage to this pin can control the
width of the output signal, independently of an external RC timing network.
It is usually connected to the ground through a capacitor when not required
to eliminate noise.

e Pin 6: Threshold, the positive input to the upper comparator. A voltage
higher than two thirds Vcc will reset the flip-flop changing the output from
high to low state.

e Pin 7: Discharge, it will discharge an external timing capacitor when the
output of the timer switches to low.

e Pin 8: Supply, it connects the timer to the dc power supply +Vcc. Usually
between 4.5 and 15 V.

21.6.12 Humipity Detector USING 555 TIMER

21.6.12.1 Description

This circuit will detect humidity in a material when the probes are in contact with
the material. In the presence of humidity an LED will flash an intermittent light.
Figure 21.29 shows a circuit for this application.

21.6.12.1.1 How Does It Work?

When the probe leads are not connected to a material, the input will be presented by
a very high resistance of air. The capacitor C, is discharged. As the probes are con-
nected to a humid material the resistance between the probes is considerably reduced
and C,; starts to charge through R, and R,. When the capacitor reaches two-third of
applied bias voltage, the output voltage of the 555 timer will be zero and DI is on.
From this moment C, is discharged through the internal transistor of the 555 timer.
When the voltage of C, reaches one-third of the supply voltage the output voltage of
the 555 timer will be 9 V and D1 is off. The process is repeated again and the LED
light is on and off, indicating humidity. The frequency of the LED flashing will be
increased if the material touched by the probes is more humid.

D1

Probes 6 1C13

FIGURE 21.29 Circuit for a humidity detector application using a 555 timer. Components:
R,=680Q,R, =82 kQ, R, =470 Q, C, = 15 uF electrolytic 10 V or more, IC1 = NES555, and
D1 =LED.
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21.6.12.1.2  Activities/Comments

Build this circuit and check its performance. The LED can be replaced by a combi-
nation of relays in parallel with a diode to control larger systems such as an automatic
irrigation system.

21.6.13 Two-ToNE MusicAL INSTRUMENT USING 555 TIMERs

21.6.13.1 Description

This circuit will play two tones; the two tones can be varied to create a simple musi-
cal instrument. Figure 21.30 shows a circuit for this application.

21.6.13.1.1  How Does It Work?

A particular value on R, and R, will create outputs from the two 555 timers with
specific frequencies that produce particular tones. By changing the value of the vari-
able resistances a change in frequency is obtained at the output of the 555 timer to
create different tones.

21.6.13.1.2  Activities/Comments

Build this circuit and check its behavior. You can make this circuit to produce the
musical scale at different values in the variable resistance. The circuit can also be
used as alarm, pedestrian zebra crossing, etc.

21.6.14 AutoMATiC SWITCH-ON OF LAMP IN THE
PRreseNCE OF LIGHT USING A 555 TIMER

21.6.14.1 Description

This circuit will switch on a lamp when dark. This time a 555 timer is used to control
a lamp. Figure 21.31 shows a circuit for this application.

21.6.14.1.1  How Does It Work?

The variable resistor R, works as a potential divider. It sets the level of voltage at
terminal (2) on the 555 timer. This sets the level voltage of the lower comparator

S1

FIGURE 21.30 Circuit for a two tones musical instrument using 555 timers.
Components: R, =R, =R; =R, =R;=8.2kQ, Ry, =Ry, =variable resistor 100 kQ,
C,=47nF, C, = C;=220nF, C, =10 uF electrolytic 10 V or more, IC1 = IC2 = NES555,
and S1 = speaker 8 Q.
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FIGURE 21.31 Circuit for application that switch on a light in the dark using a 555 timer.
Components: R, =R,=R;=R,=R;=12kQ, R;=LDR, C,=330uF, Ll=Ilamp 9 V.
Ry = variable resistor 100 kQ, and IC1 = NES555.

inside the 555 timer. When light is applied over the LDR its resistance decreases
and the output voltage from the timer will be approximately 0 V, and the lamp L1
will be off.

In darkness, the resistance of LDR is high and the output voltage from the timer
will be approximately 9 V switching the lamp L1 on.

21.6.14.1.2  Activities/Comments
Build this circuit and check its behavior. Adjusting the value in variable resistors, the
lamp can be switched on at different levels of illumination.

This circuit, as other examples in this section, can control a larger power system
through a relay. For example, by replacing the lamp L1 for a relay we can switch on
a bulb used in domestic lighting at larger voltage. Figure 21.32 shows a modification
of this application to include a relay to control higher current.

In realizing any of these applications it is crucial to follow safety consideration to
avoid damage equipment and more important to prevent accident to persons. Special
care should be taken when soldering components and only experienced practitioners
should use voltage over 30 V.

L,/230 V
9V ‘®
Rl RZ
230v (A,
R, : Relay 50 Hz
R, -

FIGURE 21.32 Modification of circuit to include a relay to switch on a light in the dark.



354 Analog Electronics Applications

21.7 KEY POINTS

» Practical projects help us to understand the theory behind analog electronics,
and good understanding leads to the implementation of good applications.

* In applications of analog electronics, the experience of a practitioner or
designer can add to the success of a project.

e Before committing a circuit to production a good simulation is required to
check all possible cases.

e Circuits may not work the first time but troubleshooting will be made easier
if based on a good simulation where expected values of voltages and current
are known.

e Troubleshooting processes include identifying the symptoms of the fault,
carrying out a power check on the circuit, performing a physical check of
the circuit, and applying a signal tracing technique to isolate the fault.

e Components are selected according to the different applications. Apart
from the defined value and characteristics of a component, it is necessary to
consider maximum rating, size, and material used in fabrication, and type
of packaging.
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9 Future Trend of
Analog Electronics

22.1 INTRODUCTION

Digital electronics have experienced a huge advance within electronic systems.
While analog electronics have not developed at the same pace as digital electron-
ics, it is expected that analog will complement and match the advances in digital
applications. Analog electronics should, in the future, enjoy similar rates of progress
as digital electronics to improve applications in electronic systems and reduce any
problems causing bottlenecks in new applications. For example, in operating biologi-
cal signals at micro-volt level, the digital systems cannot manipulate these signals
before an analog system amplifies them to a level in which analog to digital conver-
sion can work on them.

In a digital system a great deal of the design and performance improvement can
be done by software-based programs. In contrast, improvement in analog electronics
requires a good deal of human intervention because of their time-variable nature;
therefore, there is large room for improvement with clever designs by humans. At
present, analog systems are relatively expensive and they consume an irregular
amount of power compared with digital circuits.

One challenge of analog systems is to reduce the draining power and improve
their versatility in applications of consumer electronic systems.

Semiconductor technology advances allow reducing the size of electronic compo-
nents from micro-level channels transistor to nano-level channels transistors. They
offer a bright future in the upcoming years in terms of the size, power consumption,
speed, and frequency range. A challenging future of analog electronics will be to
perform analog operations in smaller transistor devices. There are areas in analog
electronics that can take advantage of new process technologies, such as high-speed
data converters and design at high frequencies.

New analog systems are mainly based on using operational amplifiers as building
blocks. An alternative approach is to use new analog circuits known as comparator-
based switched capacitor (CBSC) circuits. Using CBSC as building block can lead
to more user-friendly and power-efficient analog systems. New applications may
appear in the future using the advantages of CBSC.

There has been a massive increase and advance in sophisticated digital signal pro-
cessing in new electronic products. New generation of cellular smart telephone and
wireless devices use different frequencies for their signal processing. In the future,
the analog function will not only do the information extraction, but will prepare the
signal for algorithms and processing required by the digital signal processing unit.
Analog function will also provide amplification, analog to digital conversion, digital
to analog conversion, and isolation.

355
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Recent developments in the communications industry impose new challenges
on the design of wireless terminals. The ever-increasing diversification of services
has led to highly complicated equipment, supporting extended functionality. The
digital section of wireless terminals greatly benefits from the advantages offered
by the rapid advancement of semiconductor technologies. Miniaturization allows
an increasing complexity and higher operating frequencies, leading to better per-
formance and more integrated functionality of digital circuits (Cafaro et al. 2007).

The future then is a mixed technology between analog and digital electronics
working jointly in complete systems. Analog design is more difficult and requires
more experience than digital design. The future will need analog design engineers
with a good understanding of the fundamentals of electronic concepts.

Science is always developing new electronic materials, new practices or pro-
cedures of transferring information, new and powerful microprocessors, and new
processes of storing information. Analog electronics engineers should be ready to
satisfy the ever-faster operating speed requirements, fulfil the ever-tighter require-
ment of power consumption and management, and match the higher level of integra-
tion required by new systems.

22.2 RECONFIGURABLE ANALOG CIRCUITRY

Traditionally, the bottleneck in the development of mixed signal ICs has been the
analog interface. Next to the increasing digital functionality, analog circuits must
support extensive reconfiguration, not only to adapt to the processed signal charac-
teristics, but also to deal with various environmental effects, variable supply volt-
ages, fabrication tolerances, and a wide range of operating temperatures specific to
portable equipments (Damico et al. 2004; Kenington 2005).

The reconfiguration of analog circuits in an array of circuits, that can be pro-
grammed to fulfill different functions, offers a new attractive way of designing
analog systems to make them easy to mix with digital systems. The universal recon-
figurable circuits called field programmable analog array (FPAA) have been gaining
popularity among analog designers. As a result, it is possible to implement a variety
of circuit architectures using FPAA. The new technology of FPAA works in a simi-
lar fashion as the well-established uncommitted array of gates in digital electronic
design known as the field programmable gate arrays (FPGA). Combination of FPAA
and FPGA provides a basis for the development of dynamically reconfigurable elec-
tronic mixed systems. This mixed signal circuit is especially suitable for applications
in mobile and portable telecommunication systems, in general. This combination of
digital and analog arrays provides a better power dissipation management through
proper task of hardware processing functions to analog and digital circuits.

An FPAA consists of a regular two-dimensional array of analog identical config-
urable cells. Each cell can contain devices based on uncommitted operational ampli-
fiers, static and dynamic switches, and banks of programmable switched capacitors.

The static switches are programmed once for a particular application. The
dynamic switches are switched intermittently during the circuit operation. Both
static and dynamic switches are electronically controlled providing the potential to
tailor the functionality of each cell in the array.
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A block diagram of a FPAA is shown in Figure 22.1. The crossbar style routing
network, inherited from digital FPGA, is a feature specific to most of the FPAA
architectures. Switches (Sw) allow routing the signal throughout the entire array and
access to any of the configurable analog blocks (CABs). The structure of each CAB
depends on the target application mapping a wide range of analog functionality to
the FPAA.

Reconfigurable analog systems are gaining increasing significance in all applica-
tion areas of the semiconductor industry. Modern equipment destined for telecom-
munications, medicine, or transport must support a high degree of integration in
functionality and switching between different features. Changing functionality must
be transparent to the end user and while it is achieved by software, it must be sup-
ported at hardware level by the underlying circuitry (Kenington 2005).

The optimization of the cost-to-performance ratio and of the equipment porta-
bility, are key aspects of reconfigurable circuit design. Outstanding results may be
achieved by combining wide range parameter programmability with topological
reconfiguration (Csipkes et al. 2012).

Work on analog filters that retain the generality in what concerns supported syn-
thesis methods, filter types, and filter order has been published. These applications
often use evolutionary methods to find the filter topology required by the given appli-
cation (Pankiewicz et al. 2002, Becker et al. 2008).

There is a variety of applications of FPAA; an example of FPAA proposes a fil-
ter based on open-loop active elements provides a generalized approach to complex
polyphase (Csipkes et al. 2010b).

Global roaming, worldwide equipment compatibility, and the ever-increasing
diversity of services supported by providers are the main driving forces of emerging
telecommunication technologies, such as the software defined radio (SDR), or the
cognitive radio (CR) (Kenington 2005, Cafaro et al. 2007).

One key element of reconfigurable analog front ends in practical SDR realiza-
tions is the channel or band select filter. The classical approach to multimode opera-
tion uses switched signal paths in order to adapt the receiver to the requirements of

2

Input block

FIGURE 22.1 General architecture of a FPAA. (From Hintea, S. et al. 2010. A variable
topology analog filter suitable for multi-mode wireless applications. Proceedings of the
14th International Conference, KES2010. Knowledge-Based Intelligent Information and
Engineering Systems, Cardiff, UK, 603-612. ISBN-0302-9743. ISBN-13-978-3-642-15383-9.
With permission.)
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a limited number of supported standards. As the number of supported standards
increased, filters evolved into building blocks featuring programmable frequency
parameters over a relatively wide range of frequencies (Damico et al. 2004). The
next step in the evolution process is to implement fully reconfigurable filters that
can adapt to the spectral characteristics of a wide variety of communication stan-
dards while maintaining a relatively low hardware overhead, low consumption, and
high cost efficiency. This adaptation may be implemented by means of software that
dynamically changes the frequency parameters, topology, and even the approxima-
tion or synthesis technique.

FPAAs (field programmable analog arrays) have been traditionally associated
with rapid prototyping and design cycle shortening in analog design. They have been
mostly regarded as a monolithic collection of analog building blocks, user-controlled
routing resources, and memory elements (D’Mello et al. 1998). FPAA systems offer
advantages in applications where signal frequencies are high and low-power dissipa-
tion is required. Examples of FPA A include filter applications in multimode wireless
communication equipment (Csipkes et al. 2008, 2009, 2010a,b, Hintea et al. 2008)
systems for Software Radio (Csipkes et al. 2008, Hintea et al. 2008) as well as a large
number of diverse analog applications (Hintea et al. 2010).

22.3 ANALOG DEVICES AT HIGH POWER

New advances in semiconductor technologies have made it possible to fabricate
new electronic devices that can work at high voltages. Operations performed at low
or medium voltage can now be executed at high voltage using the new electronic
components. This makes it possible for analog electronics to make an impact into
the field of power electricity. In general, the separation between electronics and
electricity can become indistinguishable for some applications. In terms of genera-
tion of electricity new alternative ways of generation have been developed using
renewable sources of energy. Analog electronics presents a good source for future
applications at high voltages and currents. An example is the use of compound
semiconductors such as silicon carbide (SiC), which has permitted the fabrication
of devices that can work at voltage in the range of several thousand volts (Planson
et al. 2008, Bhalla et al. 2013). These new devices offer the advantage of high
breakdown fields and low on-resistance compared to conventional silicon devices;
this is significant for high-voltage power switching transistors, creating electrical
systems of higher efficiency. Also, SiC semiconductor devices are able to operate
at temperatures of several hundred degrees Celsius without major variation in their
electrical properties. Research on SiC and other compound semiconductors is ongo-
ing to obtain devices with even higher voltages and lower switching losses (Hatori
et al. 2014, Casady 2015).

Silicon carbide devices enable the creation of very efficient and compact power
electronic systems supporting entirely new power electronic system structures to
make renewable power generation in large plants and power transmission possible.
Examples of the use of SiC devices have produced high-voltage dc converters with
high power reaching higher efficiency and higher switching frequency compared to
conventional silicon devices (Thoma and Kranzer 2015).
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Research in devices fabricated using silicon-on-insulator (SOI) (Hiraoka et al.
2001, Huque et al. 2010) technologies can produce the next generation of power
semiconductor devices. The next generation of power semiconductor devices will
offer important advantages over the existing generation, such as higher breakdown
voltage, higher current capabilities, higher frequency range, lower on-state resis-
tance, and lower leakage currents. All these properties create the potential to develop
new efficient power systems in IC form.

22.4 FUTURE ADVANCES IN APPLICATIONS
OF ANALOG ELECTRONICS

Analog electronics will advance jointly with digital electronic development as they
complement each other. There are many areas in which analog electronics will play a
large role in implementing new applications. New analog applications will certainly
improve the condition of life for many people of our planet.

22.4.1 NANOTECHNOLOGY

Nanotechnology deals with systems designed and manufactured of the order
10 m size. It is possible to find structures of some decades of nanometers in
size. Nanotechnology may bring forward new ways of creating electronic systems
(Hamedi-Hagh and Bindal 2008, Ytterdal 2008). It may introduce new circuit mate-
rials, new nano-processors, and new methods of transferring information. The near
future will take advantage of many nano-technological applications within the elec-
tronics industry.

22.4.2 New ANALOG BuiLbING BLock WORKING VOLTAGE UNDER 1 V

New optimized analog circuits that eliminate the use of operational amplifiers as
building blocks are being developed (Shaterian et al. 2013). These new circuits use
an architecture that relies on circuit blocks based on CBSC circuits (Zamani et al.
2011). These building blocks can handle small voltages of less than 1 V resulting in
greater power efficiency. This can give a new dimension to applications in consumer
electronics based on analog electronics.

22.4.3 ANALOG ELECTRONICS SEES A REVIVAL IN THE MuUsIC INDUSTRY

Analog electronics in music is experiencing a revival. Some old products are being
reintroduced and recording studios are incorporating analog elements into previously
pure digital processes (D’Angelo and Valimaki 2013). Analog electronics can produce
sounds that are fundamentally distinct; a parameter when changed in digital form hap-
pens in separate steps while in analog the range of variation is infinite. Some digital
software does not work as quickly as analog for certain sound effects, for example, the
way the wave envelopes respond. Many recording studios and artists are now using
at least some analog technology in their music production. Many acoustic recording
artists are introducing analog elements to their recording process. In the future, it is
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expected that an increasing number of hybrid solutions will be produced that include a
variety of analog processing elements incorporated directly into digital systems.

22.4.4 New Type oF ANALOG COMPUTING

In some applications, the instruction of programming code can accept tolerance for
errors. For these types of applications, it is possible to build neural network models
to approximate programming that are intended to run in a regular processor. These
models can run on special neural processing accelerators (NPUs) (Pietras 2014).
Complete systems that use this approximate computing model can be built to run at
lower voltages reducing the energy consumption required. These NPUs can be built in
analog ICs that will be faster and use much less power than their digital equivalents.

This approach will not be useful for applications that cannot handle some errors.
For applications such as bioinformatics, data mining, large-scale machine learning,
speech recognition, and image recognition it is possible to use this new way of ana-
log programming (Roska et al. 1990, Esmaeilzadeh et al. 2013). A process that can
deliver with some minor inaccuracy in application, such as image processing, can
still produce a good solution. For example, in the use of image processing to deter-
mine and identify microorganisms in drinking water (Ferndndez-Canque 2012),
using analog systems to extract information and neuro-networks in the identification
stage have provided a good solution.

22.4.5 BIOTECHNOLOGY

Many bio signals at micro-level voltage and new bio cells producing electricity
may play an important role in future applications. These will be analog in nature
and development in bioengineering will have a large input from analog electronics
(Chung et al. 1999, Sarpeshkar 2013).

22.5 KEY POINTS

e The future will be a mixed technology with analog and digital electronics
working jointly in complete systems.

* Analog electronic design is more intricate and requires more experience.
Analog design engineers will need a good understanding of the fundamen-
tals of electronic concepts.

* Analog electronics should in the future enjoy similar rates of progress as
digital electronics to improve applications in electronic systems and reduce
any problems causing bottlenecks in new applications.

e Semiconductor technology advances allow reducing the size of electronic
components from micro-level channels transistors to nano-level channels
transistors. They offer a bright future in the upcoming years in terms of the
size, power consumption, speed, and frequency range.

* FPAAs for universal reconfigurable circuits have been gaining popularity
among analog designers. As a result, it is possible to implement a variety of
circuit architectures using FPAA.
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e There are many areas where analog electronics will play a large role in
implementing new applications such as FPAA, power electronics, nano-
technology, music industry, analog computing, and biotechnology.

* Analog electronics engineers should be ready to satisfy the ever-faster
operating speed requirements, fulfil the ever-tighter requirements of power
consumption and management, and match the higher level of integration
required by new systems.
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3 Computer-Aided
Simulation of Practical
Assignment

23.1 INTRODUCTION

Pspice is a computer-aided simulation package widely used in industry and academic
institutions to solve analog circuits. Pspice is a registered trademark of Microsim
Corporation.

It provides various types of circuit analysis. The full version contains several
thousands of components from different manufacturers. There are student or evalu-
ation versions of this package that can be obtained at no cost. The product market-
ing Department of Microsim Corporation can advise on details of how to acquire
an evaluation copy for educational purposes. The student and evaluation version of
Pspice have a limited number of components and limited size of circuit to be used.
This section is intended as a brief introduction for using all the versatility and poten-
tial of Pspice. For more advanced use, you are recommended to consult books (such
as Keown 1998, Hermiter 1999) on how to use this package. In Chapter 21, Section
21.2 the characteristics of Pspice and its potential were included.

In this section, we attempt to use Pspice to solve some simple circuits. The aim
of this chapter is to perform some simulation using Pspice to complement material
already covered in other chapters.

Spice and Pspice have been developed through the years to become a powerful
package that can investigate analog as well as digital circuits. This package has been
developed by different software companies and has acquired distinctive names. A
simple introduction to Pspice early version is presented below. If we become familiar
with this version, it will be easy to use other versions that are variations of Pspice
such as MicroSim Pspice, Cadence Pspice, and Orcad Pspice.

Many CAD programs for circuit simulation are based on Kirchhoff’s laws. Spice
was developed in the early 1970s in response to the potential complexity in analyz-
ing integrated circuits. Spice stands for “Simulation Program with Integrated Circuit
Emphasis.” Pspice was written for personal computers (PCs). During the years since
its development it has undergone many changes and improvements and it now has
many variations.

Pspice consists of the following subprograms:

Schematics is the graphical circuit editor and design manager for Pspice.
Pspice is the analog, digital, and mixed circuit simulator.

365
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Probe is the graphical waveform analyzer used to view and manipulate Pspice
simulation results.

Stimulus editor is the analog and digital stimulus generation tool.

Parts is the utility for creating semiconductor device models and subcircuit
definitions.

Pspice is a very powerful package for simulating circuits. It will provide a num-
ber of different types of simulations such as dc analysis, ac analysis, transient analy-
sis, and bias point analysis. When you use pspice you usually indicate the type of
analysis required, otherwise the package does the default analysis, which is the bias
point analysis. This analysis will provide particular values of voltages at nodes and
current in each source. Since it is one value of voltage at a node, the package will
not take you to “Probe,” the section that provides graphical results. If a different
analysis is performed, where a quantity is varied, Pspice will provide a graph with
the results.

23.2 FIRST INTRODUCTION TO USING PSPICE

This introduction to Pspice includes a tutorial that will assist you in getting familiar
with using a Pspice-based design package. The introduction will be based upon a
simple hand on example consisting on a dc source connected to two resistors in
series as shown in Figure 23.1. This example will take you step by step through the
process of creating a new circuit schematic, settingup Pspice analysis, and viewing
the simulation results.

Figure 23.1 shows a simple circuit, which will help in using a schematics diagram.
Step-by-step details of how to create this schematic will be given below. This circuit
will be used to compute the bias point calculations.

The example is written in a way that indicates all details of steps required for you
to start with the package. Once you became familiar with the package these steps
will become transparent to you and you can use short cuts to explore and learn the
potential of this package. If you are familiar with this package you can move to the
following section to perform some assignments in this section.

1 Ra
" 72
100
L
1 Rb % 15k
75V = Vs

~

FIGURE 23.1 Circuit diagram to be used as example for Pspice introduction.
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23.2.1  Circuit CREATION/SCHEMATICS

Once you have activated this package, invoke schematic by double clicking on the
Schematics icon. Schematics tool will allow you to draw the circuit (schematics) you
want to analyze (in this case the circuit diagram shown in Figure 23.1).

You can begin drawing your schematic directly onto the blank worksheet pro-
vided. Pull-down menu selections are accomplished by clicking on the desired menu
item. For example, menu items within the File/Menu can be selected either by click-
ing on them, or by typing the letter that is underlined. For example once you have
pulled down the File/Menu, you can select the New command by typing the letter N,
since that is the letter that is underlined. (If you were previously working on another
schematic, simply select File/New to begin a new one.) The steps needed to place the
components in the schematic are outlined below.

Let us start drawing the circuit of our example by selecting and placing the com-
ponents required.

Note: Click means single click on the left button of a computer mouse.

Voltage source:

1. Select Draw/Get New Part (or type <Ctrl G>)

2. Type VDC in the Add Part dialog

3. Click OK or press <enter>

4. Click to place the source on your schematic page
5. Right click to end placement mode

Resistors:

. Select Draw/New Part (or type <Ctrl G>)

. Type R in the Add Part dialog

. Click OK or press <enter>

. Click to place the first resistor (R1) on your schematic page
. Type <Ctrl R> to rotate the resistor outline

. Click to place the second resistor (R2)

. Right click to end placement mode

N OB W =

23.2.2 To CoNNEecT THE COMPONENTS

Select Draw/Wire (or type <Ctrl W>) to enter wiring mode. Your cursor will change
from an arrow to a pencil. Click on the connection point of the first pin that you wish
to connect. Double click on the connection point of the second pin to place and end
the wire. Your cursor will return to the default arrow. Double click right to resume
wiring mode. Your cursor will change back to a pencil. Again, click on the first pin to
start the wire, and double click on the second pin to end and place the wire. Continue
this sequence until your circuit is appropriately wired. If you make a mistake, you
can delete a part of wire by selecting it (single click), then press the <Del> button or
select Edit/Cut.
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To place the analog ground symbol:

1. Select Draw/Get New Part (or type <Ctrl G>)

2. Type AGND in the Add Part dialog

3. Click OK or press <enter>

4. Click to place the ground symbol, noting that it is connected by a
junction dot

5. Right click to end placement mode

To place the viewpoint symbol:

. Select Draw/Get New Part (or type <Ctrl G>)

. Type VIEWPOINT in the Add Part dialog

. Click OK or press <enter>

. Move the outline of the viewpoint so that its hotspot (pin end) touches the
wire joining R1 and R2

. Click to place the viewpoint

6. Right click to end placement mode

AW N =

9]

In all the above cases of selecting and placing parts on the schematic page we
typed in the recognized name of the part(s) we wanted to place. If we were unsure
of the name, or wanted to see what parts are available to be placed, we could click
on the Browse button in the Add Part dialog to browse the parts in loaded symbol
libraries.

23.2.3 NAMES TO ELEMENTS

To assign particular names to the devices in the schematic (like “Vs” for the VDC,
and “Ra”, “Rb” for the resistors), simply double click on the element then click on the
PKGREF option (reference designator), and type the new name in the Edit Reference
designator dialog.

Note: Make sure that the nonchangeable attributes is not selected.

1. Double click on the Reference Designator of the VDC symbol, V1
2. Type Vs in the Value field

3. Click on Save Attr

4. Click OK or press <enter>

Do the same thing to change the resistor’s name from R1 to Ra and from R2 to Rb.
You can change the values of the other components using the same method.

Node numbers: To assign particular names (or labels) to the nodes, as shown in
Figure 23.1

1. Double click on the wire connecting Vs to Ra
2. Type 1 in the Reference Designator field
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3. Click OK or press <enter>

4. Double click on the wire connecting Ra and Rb
5. Type 2 in the set Attribute Value dialog

6. Click OK or press <enter>

Component value: Now let us assign a dc value of 7.5 V to the voltage source:

1. Double click on the Vs symbol

2. Double click on the DC attribute

3. Type 7.5 V in the Value field of the dialog

4. Click on the Save Attr button or press <enter>
5. Click OK to end editing

To save your schematic:

—

. Select File/Save

2. Select the place where you want this file to be saved (e.g. select a driver in
your computer to save your work space or save it in and external memory
stick)

3. Type examplel as the schematic file name (this creates a file named “exam-
plel.sch™)

4. Click OK or press. <enter>

23.2.4 RUNNING A SIMULATION

After having created the schematic, you can run Pspice by selecting Analysis/
Simulate. Upon selecting Analysis/Simulate Pspice will check electrical connec-
tions and perform a netlist creation. You will see a screen that gives up-to-date infor-
mation about the simulation progress. Pspice automatically generates the output
file (examplel.out) relevant error and/or warning messages would be written to the
output file. Once the simulation is completed you can close this screen and you
can browse the simulation output by selecting Analysis/Examine Output. Once you
click on “Examine Output” Pspice will display the information for this circuit. It
will indicate the components used as text lines (netlist), their values, connection
of components to different nodes and labels. It will also display the results of the
simulation, providing the current in a source and voltages at the different nodes with
respect to ground.

The VIEWPOINT symbol was initially a blank line. Now that the simulation has
finished, and bias point voltages are available, the viewpoint will indicate the voltage
value with respect to ground at the node where the symbol was connected.

Usually when you use Pspice you first indicate the type of analysis required. If
you do not indicate the analysis required the package does the default analysis, which
is the bias point analysis that we completed above. The bias point analysis provides
the value of a voltage of a particular node. As it is only one value, the package
will not produce a graph result, and the results are indicated as text in the Examine
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Output display. If a quantity is varied then the package will take you to probe to dis-
play results as a graph. Let us illustrate this with a dc analysis, where we change the
values of the voltage source to cover a range of values for the source.

23.2.5 DC ANALysIS

A dc analysis will allow you to vary the voltage and/or current sources and graphi-
cally display the wave form results in probe. To do this, specify a DC sweep analysis.
To set up the dc analysis parameters, where we will sweep the Vs from 0 to 12 V
increments:

1. Select Analysis/Setup, and then click on the DC Sweep button. This will
bring upon the DC Sweep Analysis Setup dialog.

. Click in the Name Field and type Vs

. Click in the Start Value field and type 0

. Click in the End Value field and type 12

. Click in the Increment field and type 0.5

. Click on Ok to end dialog

. Click on the box to the left of the DC Sweep button (putting an “x” in
the box)

. Click OK to end Analysis Setup dialog

N OB W
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Now we are ready to run the simulation.

From menu select Analysis and click on Simulate. The probe window will appear
once the simulation has finished.

Probe is the graphics postprocessor for Pspice. Probe accepts commands through
a menu displayed. Most of these commands are self-explanatory. To display a wave-
form, select the Trace/Add. Click on V(1) and V(2), which are listed in the “Add
Traces” list box. Probe contains various ways of displaying results in graphic form,
for instance, V(1,2) will show the voltage across nodes 1 and 2. I(Ra) will show the
current through Ra.

The Add Trace command also allows you to enter arithmetic expressions of volt-
ages and currents. For instance, V(1,2)*I(Ra) will display the electrical power dis-
sipated by Ra.

V(1)/V(2) will show the voltage ratio of voltage at node 1 to voltage at node 2.

Once the simulation is complete, Pspice will have acquired all values of voltages
and current in the circuit and probe allows displaying any required output.

23.3 PRACTICAL ASSIGNMENTS USING PSPICE

The assignments included in this section will allow you to explore and analyze
some examples of topics covered in previous chapters. In previous chapters, we have
solved some examples for particular results. With the use of a package like Pspice,
we can quickly investigate the behavior to variation of components or parameters in
an electronic system. Performing these assignments will complement the theory of
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analog electronic applications as well as getting you more familiar with the use of
packages such as Pspice.

23.3.1  AssIGNMENT 1. DC NEeTWORKS: Bias POINT ANALYSIS

Aim: Use of Bias Point and DC Sweet analysis in Pspice, use of node numbers and
proof of Kirchhoff’s laws.

23.3.1.1 Experiment 23.1

For the circuit shown in Figure 23.2, draw the schematic for this circuit and perform
a Bias Point Details analysis.

Note: Use a DC source (VDC). To label a node double click (mouse left button) on
the wire and type the node number.

Obtain the results by reading the output file (from menu: Analysis/Examine
Output values or use the V and I measurement icon from main menu). Identify the
right voltages and currents and complete Table 23.1.

1 Rl 2 /1/ Slfr‘rij)er
N
6Q
1 8Q > R2
28V -—= Vs

<

FIGURE 23.2 Circuit diagram for Experiment 23.1.

TABLE 23.1
Bias Point Result for Experiment 23.1

Value

Voltage across R1

Voltage across R2

Current, I

Voltage across both resistors R1 + R2
Power dissipated by R1

Power dissipated by R2

Power dissipated by R1 + R2

Total power dissipated Vs*I
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23.3.1.2 Experiment 23.2

For the circuit shown in Figure 23.3, draw schematics and perform a Bias Point
Details simulation to obtain all the voltages and all currents in the circuit and com-
plete Table 23.2.

The values of the resistors are in ohms.

Using the results from Experiments 23.1 and 23.2:

e Verify that KCL is valid in all nodes
e Verify that KVL is valid in all closed circuits
e Comment on your results

23.3.1.3 Experiment 23.3

For the circuit shown in Figure 23.2, draw schematics and perform a dc analysis (DC
Sweep) simulation by changing the values of source V1 in the range of 6-16 V.

Use probe to display a graph for voltages across all the resistors, that is, V(1,2)
voltage across R1; V(2,3) voltage across R2; V(2,0) voltage across R3.

Draw a graph with all voltages in Figure 23.4 as function of the source
voltage V1.

Use probe to obtain a display of all currents, that is, I(R1), I(R2), I(R3), etc.

Draw a graph with all currents in Figure 23.5 as function of the source

voltage V1.
1 R1 2 R2
MW Wy 3
20 40
R3 2 8Q BV == vy
32V = V1

<

FIGURE 23.3 Circuit diagram for Experiment 23.2.

TABLE 23.2
Bias Point Details Results for Experiment 23.2

Voltage Current Power
R1
R2
R3
V1
V2
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Vr

0,0 V1

FIGURE 23.4 Graph to include results of all voltages in Experiment 23.3.

V1

0,0

FIGURE 23.5 Graph to include results of all currents in Experiment 23.3.

Use probe to obtain a display of the power dissipated by resistor R3 when V1
varies from 1 to 230 V.

Draw a graph the power dissipated by R3 in Figure 23.6 as function of the
source voltage V1.

Note: A negative current or voltage indicates the direction of the current or the

polarity of a voltage. To obtain the electrical power you need the magnitude values
for V and I, that is, use absolute values. In Pspice use ABS(...).

PRS

Vi1

0,0

FIGURE 23.6 Graph of power dissipated by R3 as input voltage V1 is changed from 1 to
230 V in Experiment 23.3.
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23.3.2  AsSIGNMENT 2. AC NetwoRrks: AC SWEEP

Aim: Use of ac sweep/probe to display and obtain magnitude and phase of ac volt-
ages and currents.

23.3.2.1 Experiment 23.4

For the circuit shown in Figure 23.7 draw a schematics and perform an ac analysis
(AC sweep) simulation to display the voltages across resistors, inductors, and capaci-
tor plus currents in the circuit in the 10-10 kHz frequency range.

Amplitude and phase: Use probe to display the appropriated amplitude and phase
that allows determining an accurate value for the voltage and current for resistor R1.
From the appropriate display, determine the values to complete Table 23.3 accurately.

Impedance: Use probe to obtain and display the total impedance versus fre-
quency. Draw a graph of the magnitude of this impedance as function of frequency
in Figure 23.8 indicating clearly the resonance point (largest impedance). Use
appropriate displays with probe to obtain values to complete Table 23.4 at the reso-
nance frequency.

23.3.2.2 Experiment 23.5

For the circuit shown in Figure 23.9 draw schematics and perform an ac analysis (AC
sweep) simulation for the range of frequencies between 40 and 100 Hz to obtain the
voltages (amplitude and phase) across the resistor, inductor, and capacitor plus the
current in the circuit.

240V 6) Vac ’

FIGURE 23.7 Circuit diagram to be used in Experiment 23.4.

TABLE 23.3
Result for Voltage, Current, and Power Dissipated by R1 in Experiment 23.4

100 Hz 1 kHz

Amplitude voltage across R1

Amplitude current through R1

Angle between voltage and current in R1
Powr dissipated by R1
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Magnitude of impedance

V1

0,0

FIGURE 23.8 Graph of impedance versus frequency for Experiment 23.4.

TABLE 23.4
Result for Impedance versus Frequency
at Resonance for Experiment 23.4

Value
Frequency at resonance
Magnitude of impedance at resonance
Magnitude of current at resonance
Total power dissipated at resonance
1 R1 L1
——— AW 2~ >
10Q 175mH
[
200V @ Vac 40 uF Jm— C1

<

FIGURE 23.9 Circuit diagram for laboratory Experiment 23.5.

Note: Use an ac source, that is, VAC and in Analysis Setup use Total Pts = 500, Start
Freq =40, End Freq = 100, logarithmic scale (decades).

From the displayed graph complete Table 23.5 at a frequency of 50 Hz.

Use probe to display a plot of power dissipated by R1(Py,) against frequency and
draw Py, in Figure 23.10.

Draw a phasor diagram for all voltages and currents at f = 50 Hz. Clearly indicate
scales used for current and voltages.
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TABLE 23.5
Result of the RLC Circuit at 50 Hz in Experiment 23.5
Magnitude Phase

VRI
VLI
VCl
I

PRl

0,0 f

FIGURE 23.10 Graph of power dissipate by resistor R1 versus frequency for Experiment
23.4.

23.3.2.3 Experiment 23.6

For the circuit shown in Figure 23.9, draw schematics and perform an ac analysis
(AC sweep) simulation to display the current in the circuit in the range of frequencies
between 10 and 500 Hz.

Use probe to display a plot of amplitude and phase of the current. In Figure 23.11,
draw the (a) amplitude and (b) phase of the current for this circuit versus frequency
and obtain an accurate value for the resonance frequency.

From the displayed graph determine accurate values to complete Table 23.6.

(a) (b)

Current’s magnitude Current’s phase

0,0 f 00 £

FIGURE 23.11 Graph of magnitude of current (a) and phase (b) versus frequency for simu-
lation of circuit shown in Figure 23.9 of Experiment 23.6.
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TABLE 23.6
Results of Current and Frequency at Resonance
for Experiment 23.6

Value
Frequency at resonance
Magnitude of current at resonance
Phase of current at resonance
Impedance’s magnitude
f

0,0

FIGURE 23.12 Graph of magnitude of impedance versus frequency for Experiment 23.6.

TABLE 23.7
Results of Impedance versus Frequency at
Resonance for Experiment 23.6

Value
Frequency at resonance
Magnitude of impedance at resonance

Phase of impedance at resonance

Use probe to obtain a display of the impedance “seen” by the source versus fre-
quency. In Figure 23.12 include a graph of magnitude of impedance versus frequency
for Experiment 23.6. From the displayed graph determine accurate values to com-
plete Table 23.7.

For all experiments in Assignment 2 comment and discuss results.

23.3.3  AssIGNMENT 3. BJT OPEerATING POINT, QQ, STABILITY

Aim: The aim of this experiment is to investigate the stability of the operating
point of fixed bias, auto-bias, and two sources bias circuits as temperature and
varies.
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23.3.3.1 Experiment 23.7

Measurement of nominal values: Draw a schematics and run Pspice—Bias Point
Details—simulation for the circuits shown in Figure 23.13a—c. Once the bias point
calculation is completed examine output file to obtain the required values for the
operation point Q (Ic, Vce).

Procedure: Draw (schematic) circuit Figure 23.13a and run the Bias Point Details
analysis (default analysis for Pspice). Once the analysis is completed then browse
output file (i.e., select Analysis from menu and then Examine Output).

Note: V.. and V, are dc voltages sources. Use node numbers.

From the output file examine the following: voltages in all nodes, current passing
through sources (current is taken as positive when circulating anticlockwise), and
transistor’s parameters including voltages and current in the transistor. Write down
values for the operating point Q (Ic, Vce) in Table 23.8. Repeat this experiment for
circuit shown in Figure 23.13b and c to complete Table 23.8.

Ic, and Vce, are taken as the measured nominal values. These values are taken
with default parameters, that is, temperature = 27°C, B = 255.9, Is = 14.34 x 1075 A,
etc. (as for Q2N2222 model).

(@ ()

V=15V V=15V
R R1 10 kQ
R f18x108Q Re| |10kQ
Q2N2222
Q2N2222
R2 4.7 kQ
_ =

(c)

Vg =-15V

FIGURE 23.13  Circuit diagram for three biasing circuits used in Experiment 23.7. (a) Fixed
bias, (b) auto-bias, and (c) two sources biasing.
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TABLE 23.8
Results for Experiment 23.7 for T = 27°C
and = 255.9 (Nominal Values)

Circuit Ic, Vce,
23.13 (a)
23.13 (b)
23.13 (¢)

Temperature change: From the analysis menu of Pspice change the temperature
to include values of T =40°C and perform a Pspice—Bias Point Details—simula-
tion for the circuits shown in Figure 23.13a—c. Once the bias point calculation is
completed examine output file to obtain the required values for the operation point
Q (Ic, Vce) to be included in Table 23.9. Also determine the percentage change in
the Q point for the different types of biasing as the temperature changes to complete
Table 23.9.

Repeat the experiment changing the temperature value to —40°C to complete
Table 23.10.

Beta, B, change: Change the model for the Q2N2222 transistor to include values
of B = 50. Keep the temperature at 27°C and perform Pspice—Bias Point Details—
simulation for the circuits shown in Figure 23.13a—c. Once the bias point calculation
is completed examine output file to obtain the required values for the operation point

TABLE 23.9
Results for Experiment 23.7 for T =+40°C and 3 = 255.9

% Ic Change % Vce Change
Circuit Ic Vce ((Ic, - 1¢)/Ic,) x 100 ((Vce,—Vce)/Vce,) x 100
23.13 (a)
23.13 (b)
23.13 (¢)

TABLE 23.10
Results for Experiment 23.7 for T =-40°C and 3 = 255.9

% lc Change % Vce Change
Circuit Ic Vce ((Ic, - 1c)/Ic,) x 100  ((Vce,—Vce)/Vce,) x 100
23.13 (a)
23.13 (b)

23.13 (¢)
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TABLE 23.11
Results for Experiment 23.7 for T =27°C and 3 =50

% lc Change % Vce Change
Circuit Ic Vce ((Ic,—1c)/Ic,)) x100  ((Vce,—Vce)/Vce,) x 100
23.13 (a)
23.13 (b)
23.13 (c)

TABLE 23.12
Results for Experiment 23.7 for T =27°C and 3 =400

% Ic Change % Vce Change
Circuit Ic Vce ((c,—1c)/Ic,)) x100  ((Vce,—Vce)/Vce,) x 100
23.13 (a)
23.13 (b)
23.13 (¢c)

to complete Table 23.11. Determine the percentage of change in Q point for the dif-
ferent biasing to be included in Table 23.11.

Note: Components are modelled for simulation in a circuit. The model of a compo-
nent or device consists of a list of parameter according to the characteristic of the
component/device. It is possible to modify the model used by Pspice by changing
parameters in the model.

To edit a model:

Select the component whose parameters are to be modified.

Select Model from the Edit menu. This will bring up the Edit Model dialogue.
Select Edit Instance Model (text) which allows to edit a copy of the model.
Change the required parameter and click Ok.

In a BJT model the parameter for the forward dc current gain, b, is labelled as BF
and the capacitance between Base and Collector is labelled as CJC.

Repeat experiment with 3 = 400 to complete Table 23.12.

For all experiments in this section, comment and discuss results in relation to
variation of operating point with changes of temperature and B for the fixed bias,
auto-bias, and two sources biasing of an amplifier.

23.3.4 ASSIGNMENT 4. BJT AMPLIFIER ANALYSIS

Aim: The aim of this session is to analyze the behavior of an amplifier using BJT and
to determine the effects of the different components on the response of the amplifier,
in particular the capacitance and the emitter resistance effects on the ac response.
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23.3.4.1 Experiment 23.8
23.3.4.1.1  Dc Analysis

This is similar to operating point analysis, except that one or more dc sources can be
swept over a specified range in discrete steps.

Draw a schematic and run Pspice—dc analysis—for the circuit shown in Figure
23.14. The input voltage V,, is a dc source to be swept from 0 to 3 V in steps of 0.03 V.
V,. is a dc voltage source of 3 V. Once the circuit is simulated, probe will allow you
to plot the output voltage V, against the input voltage V,,. Use your knowledge of
basic operation of a transistor to satisfy yourself that the output obtained is correct.

Note: Label all nodes.

Draw a graph in Figure 23.15 with the output voltage, V,, as the vertical axis and
the input voltage, V,,, as the horizontal axis.

n?>

In your own words explain this result:

Make yourself familiar with probe. (Change range of values, change variables to be
displayed, change of axis to be displayed, etc.) Modify the different options avail-
able in probe to change the display of results. Probe is a powerful program used to
produce results in graphical form. You should be able to display results in the most
appropriate form.

+V, =3V
2kQ Rc
Rb
— 1 Q2N2222
5kQ
+__ Vo
Vio T
R —

FIGURE 23.14 Circuit diagram for the fixed bias amplifier used in Experiment 23.8.

Vo

0,0 in

FIGURE 23.15  Graph of magnitude of output voltage versus input voltage for Experiment 23.8.
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0,0 VCE

FIGURE 23.16  Graph of the load line for circuit shown in Figure 23.14 for Experiment 23.8.

Load line: In probe, it is possible to control the display of results to plot vari-
ables in different forms. Once you are familiar with probe, plot the load line for
this circuit by changing the vertical axis as the collector current, I, and the hori-
zontal axis as the voltage between collector and emitter, V. Draw the load line
in Figure 23.16.

23.3.4.2 Experiment 23.9
23.3.4.2.1 BJT Amplifier AC Analysis

The amplifier shown in Figure 23.17 was designed to meet the (i) through (v) speci-
fications indicated below.
Some of the specification for the amplifier used in Experiment 23.9

i. Mid-band voltage gain = 10

ii. Low-frequency cutoff, f; <30 Hz
iii. High-frequency cutoff, f,; > 100 kHz

V=15V

R1 6.2 kQ

FIGURE 23.17  Circuit diagram for the auto-bias amplifier used in Experiment 23.9.
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iv. Class A amplifier
v. The amplifier should be capable of delivering a peak-to-peak voltage to the
load without clipping

As part of this experiment it is required to verify that the designed circuit fulfils
the above specifications for this circuit.

Verification: Draw a schematic diagram for the circuit shown in Figure 23.17 and
use Pspice to verify that the design meets the desired specifications. Use appropriate
analysis and appropriate inputs to verify all the specifications from (i) through (v).

Procedure: Run an ac analysis with an ac source as input (magnitude less than
50 mV, phase 0° no dc). Plot the voltage gain against frequency to verify (i)

Measured mid-band voltage gain v, /v,

Use probe to plot the voltage gain (in decibels) against frequency (decades) and
obtain the cutoff frequencies to verify (ii) and (iii) (remember definition of cutoff
frequency: 3 dB down from mid-band frequency. Select a frequency range to include
low- and high-frequency cutoff).

Sketch below voltage gain G, (in dB) versus freq. (log scale, decade) in Figure
23.18 including low- and high-frequency cutoff points.

Measured low-frequency cutoff, f;
Measured high-frequency cutoff, fy

Run a transient analysis with a transient source to verify (iv) and (v). Use a tran-
sient source for the transient analysis: VSIN attribute/description: VOFF = offset
voltage = 0, VAMPL = amplitude = under 50 mV, FREQ = frequency 100, 7D = time
delay = 0, DF = damping factor = 0, PHASE = phase angle = 0.

Use probe to plot input signal and output signal and compare for distortion and
amplitude.

Measured results: Class A amplifier Y/N?
Peak-to-peak input voltage
Peak-to-peak output voltage

Provide comments and analysis on your results:

Gv
dB

0,0

FIGURE 23.18 Sketch voltage gain G, (in dB) versus frequency for Experiment 23.8.
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23.3.4.2.2 Feedback Effect

Examine the effect of feedback resistance Rey; on voltage gain and bandwidth.
Procedure: Change the value of Repz from 22 to 1 ) and repeat procedure for

verification as above to obtain new values for cutoff frequencies and to check for

distortion. Include your values in Table 23.13. Repeat procedure for Rep = 44 Q) and

complete Table 23.13.

Provide an analysis and comments on your results:

23.3.4.2.3 Coupling Capacitors Effects
Examine the effect of capacitances C;,, C,, and C, on voltage gain and cutoff
frequencies.

Procedure: Change the value of Reg to its original value of 22 Q.

Change the value of capacitances C,,, C,, and C, and run an ac analysis to obtain

new values for cutoff frequencies and new voltage gain to complete Tables 23.14
through 23.16.

Provide an analysis and comments on your results:

23.3.4.2.4  Miller Effect (High-Frequency Cutoff)
Examine the effect of an output parallel capacitance, Cp.

TABLE 23.13
Results for Experiment 23.9 for Different
Values of Feedback Resistor Re;,

Feedback Resistor Re 22Q 1Q  44Q

Measured mid-band voltage gain
Measured f}.

Measured fy

Distortion Yes/No?

TABLE 23.14

Results for Experiment 23.9 for Different Values

of Input Coupling Capacitors C;,

C., 22 uF 1pF 100 mF
Measured mid-band voltage gain

Measured f;.
Measured fy
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TABLE 23.15

Results for Experiment 23.9 for Different Values

of Output Coupling Capacitors C,

Co 22 uF 1uF 100 mF
Measured mid-band voltage gain

Measured f;,

Measured fy;

TABLE 23.16

Results for Experiment 23.9 for Different Values

of Emitter Capacitors C,

(o 2100 uF 1pF 1000 pF
Measured mid-band voltage gain

Measured f;,

Measured f}

Procedure: Restore the original values as shown in Figure 23.17. Modify the cir-
cuit shown in Figure 23.17 to add a capacitance, C, in parallel to R, (this can rep-
resent the load capacitance and/or the wiring capacitance). Select a value Cp, and
perform an ac analysis to obtain the new cutoff frequencies to be included in Table
23.17, and repeat for another value of Cp,.

Examine the effect of the transistor capacitance between base and collector, Cy:
Change the transistor model and accommodate new values for capacitance between
base and collector. In the transistor model the parameter for capacitance between
base and collector is the parameter CJC.

Modify the model for the transistor Q2N2222 and run an ac analysis to obtain
new values for cutoff frequencies and complete Table 23.18.

Provide an analysis and comments on all your results:

TABLE 23.17
Table of Values Results for Experiment 23.9 for Different
Values of Output Parallel Capacitors C,

Output Parallel Original Values for Capacitor Cp,
Capacitance C, thatis, C,=0F G GCp,
Measured f;

Measured f};
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TABLE 23.18

Results for Experiment 23.9 for Different Values

of Capacitors between Base and Collector Cg

Capacitance between Base ~ Nominal Value as in

and Collector Cy. (CJC) Part Previous Results 0.1 pF 100 pF

Measured f},
Measured f};

23.3.5 ASSIGNMENT 5. FET AMPLIFIER ANALYSIS AND DIFFERENTIAL AMPLIFIER

Aim: The aim of this session is to analyze the behavior of an amplifier using FET
and differential amplifiers to determine the effects of the different components on
the response of the amplifier; in particular, the CMRR response.

23.3.5.1 Experiment 23.10
23.3.5.1.1 FET Common Source Amplifier

For the amplifier shown in Figure 23.19, with the appropriate ac input voltage, per-
form a Pspice ac analysis.

Draw schematic for the circuit shown in Figure 23.19 and run an ac analysis
with an ac source as input (magnitude less than 50 mV, phase 0°, no dc). Use probe
to plot the voltage gain against frequency and complete Table 23.19. Use probe to
plot the voltage gain (in decibels) against frequency (decades) and obtain the cutoff
frequencies. (Remember definition of cutoff frequency: 3 db down from mid-band
frequency.)

Sketch voltage gain (dB) versus frequency (log scale, decade) in Figure 23.20
including the cutoff frequencies.

Provide comments on the results:

Vyg=+15V
Ce 1
: l ~ITZIN4393 100 uF
100 uE
. 50 kQ [] R | Vo
vp @ 115MQ | [Re 1610 | [R Cs
1000 UE

FIGURE 23.19  Circuit Diagram For The Fet Amplifier Used In Experiment 23.10.
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TABLE 23.19
Table of Values Results for FET Amplifier
Used in Experiment 23.10

FET Amplifier Value
Peak-to-peak input voltage

Peak-to-peak output voltage

Measured mid-band voltage gain

Measured low-frequency cutoff, f;

Measured high-frequency cutoff, f

Bandwidth (BW)

Gv
dB

0,0

FIGURE 23.20 Sketch voltage gain G, (in dB) versus frequency for the FET amplifier
shown in Figure 23.19 for Experiment 23.10.

23.3.5.2 Experiment 23.11
23.3.5.2.1 Differential Amplifier

For the amplifier shown in Figure 23.21, with an input voltage V,, of 1 mV at 1 kHz,
perform a Pspice transient analysis.

Draw a schematic circuit for this differential amplifier and run a transient analy-
sis with a VSIN source as input with 1 mV of magnitude at 1 kHz with VOFF = 0.
Use print step of 10 us and final time 2 ms. Use probe to plot the output voltage v,
against time.

Sketch in Figure 23.22 the single output voltage of the differential amplifier v,
versus time.

Notes: When using transient analysis, trace variables must be plotted separately
in order to determine the peak values. When using transient analysis, use peak-to-
peak/2 to factor out any dc value and average the negative and positive peaks.

Calculate the single-ended voltage gain = v,/v;, =

Sketch in Figure 23.23 the single output voltage of the differential amplifier v,
versus time and calculate the voltage gain.

Calculate the single-ended voltage gain = v,/v,, =
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+15V

4.7 kQ

Q2N2222  Q2N2222

W
ol

-15V

FIGURE 23.21 Circuit diagram for the differential amplifier used in Experiment 23.11.

Sketch in Figure 23.24 the differential output voltage between v,; and v,, versus
time and calculate the differential-mode voltage gain

Differential-mode voltage gain = vg,_o,/V;, = (Double-ended gain)

Provide an analysis and comments on your results:

Vo1

0.0 t(ms)

FIGURE 23.22  Sketch of output voltage v, against time for the differential amplifier used
in Experiment 23.11.

Vo2

0.0 t(ms)

FIGURE 23.23  Sketch of single output voltage of the differential amplifier v, against time
for Experiment 23.11.
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Vo1-02

0.0 t(ms)

FIGURE 23.24  Sketch of the output voltage between v, and v, against time for Experiment
23.11.

Common mode rejection ratio: Modify the circuit in Figure 23.21 as shown in Figure
23.25.

Differential-mode voltage gain: Apply the following voltages: v,,, =1 mV as
magnitude at 1 kHz, VOFF =0, and v, , =0 V (the difference of the inputs is v
since v;,, 1S zero).

Draw the schematic circuit for this differential amplifier and run a transient anal-
ysis with a VSIN source as input, use print step of 10 us and final time 2 ms. Use
probe to display the output voltage v, against time.

inl®

Calculate the differential-mode voltage gain = v/v;,, =
(Vo/viy 1s automatically differential-mode gain because v,,, amplitude is zero.)

Common-mode voltage gain: Apply the following voltages: v,,; = v;, = 1 mV as
magnitude at a frequency of 1 kHz (now the same voltage input is in both inputs) to
measure the common-mode voltage gain.

+15V

1] |—o
—
E

-15V

FIGURE 23.25 Circuit diagram for the modified differential amplifier with only one resistor R..
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Run a transient analysis with a VSIN source as input, use print step of 10 us and
final time 2 ms. Use probe to display the output voltages and obtain the common-
mode gain.

Common-mode gain = v/v,, =

Calculate the CMRR

CMRR = Differential-mode voltage g‘fun _
Common-mode voltage gain

Current mirror: The CMRR depends on the common-mode gain. To provide a
large CMRR the common-mode gain should be as small as possible. For a large
CMRR, the resistor R should be large. One way of increasing the value of Ry with-
out affecting the biasing of the amplifier is to replace Ry by a circuit known as cur-
rent mirror shown in Figure 23.26.

Figure 23.27 shows the differential amplifier circuit of Figure 23.25 with Ry
replaced by the current mirror shown in Figure 23.26.

Draw the schematic diagram for this amplifier and run a transient analysis for
circuit in Figure 23.27. Repeat the measurement of the common-mode voltage gain
and differential-mode voltage gain for this new amplifier and calculate the common-
mode gain and the CMRR.

Use probe to display the output voltages and obtain the differential-mode voltage
gain and common-mode gain.

Differential-mode gain =
Common-mode gain =

Calculate the CMRR

CMRR = Differential-mode voltage ga.un _
Common-mode voltage gain

Provide an analysis and comments on your results:

V+

Qa Qb

V-

FIGURE 23.26 Circuit diagram for a current mirror to replace Ry in a differential
amplifier.
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+15V

40 kQ R

M
L

Vam

Q2N2222 Q2N2222

5

-15V
FIGURE 23.27 Circuit diagram of an amplifier with a current mirror as emitter resistance.

23.3.6  ASSIGNMENT 6. AcCTIVE FILTER—-POWER AMPLIFIER

23.3.6.1 Experiment 23.12

Aim: To analyze different responses of active filters and explore crossover distortion
in a power amplifier.

23.3.6.1.1 Low-Pass Filter Single Pole

Note: Use appropriate input signals and choose appropriate Op-Amp with the
required biasing.

Figure 23.28 shows an active filter with a single low-pass RC network that pro-
vides a roll-off of =20 dB/decade above the cutoff frequency (f,):

This low-pass filter single-pole design has a Butterworth response with voltage
gain G, = 1.586 and with a cutoff frequency f, equal to approximately 8 kHz.

Draw a schematic diagram for circuit 23.28 and run Pspice—ac analysis—with
appropriate input voltage to show that the design meets the desired output response
(i.e., voltage gain V,/V, versus frequency response, f,, and appropriated roll-off
characteristics).

Draw a graph of voltage gain V,/V, (dB) versus frequency response in Figure
23.29 for this low-pass filter and complete Table 23.20.

FIGURE 23.28 Circuit diagram for an active filter with a single low-pass RC network.
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dB

0.0 f

FIGURE 23.29 Graph of voltage gain V /V; (dB) versus frequency response for the low-
pass filter used in Experiment 23.12.

TABLE 23.20
Low-Pass Filter Single-Pole Response for
Experiment 23.12

Values
Voltage gain at mid-frequency

Cutoff frequency
Roll-off

Cascade this filter to an identical stage and analyze the response in the same way
as the low-pass filter single pole.

Provide an analysis on your results. Compare and comment on the two responses:

23.3.6.2 Experiment 23.13
23.3.6.2.1 The Sallen and Key High-Pass Filter

The Sallen and Key is one of the most common configurations for a second-order
(two-pole) filter. A high-pass version of the Sallen and Key filter is shown in Figure

23.30.

FIGURE 23.30

Ra
1
Ca Cb —
v o —d—| -
R1
Rb
R2

Circuit diagram for a Sallen and Key high-pass filter used in Experiment 23.13.
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TABLE 23.21
Components Value for Design of Sallen and Key
Filter of Experiment 23.13

Component Value Component Value
Ra Cb
Rb R1
Ca R2

The value of cutoff frequency f, and voltage gain for this filter are given by

1
f=—— 23.1
2n+/RaRbCaCb @D
G, = RI +1
R2 (23.2)

Design a Sallen and Key high-pass two-pole filter with a cutoff frequency
f.=10 kHz. You may assume Ra=Rb and Ca=Cb. You may also use the same
values for R1 and R2 as single-pole design.

Calculate the values of components for your design and complete Table 23.21.

Use Pspice ac analysis with appropriate input to show that the design meets the
desired output response (voltage gain V /V, versus frequency, f_, roll-off, etc.).

Draw a graph, Figure 23.31, of the voltage gain V_/V, (dB) versus frequency
response for this Sallen and Key high-pass filter and complete Table 23.22.

Provide an analysis on your results:

23.3.6.3 Experiment 23.14

Filter response characteristics: Butterworth, Chebyshev, and Bessel filter have the
same basic format, but the component values and amplifier gains differ for each type.
When cascaded to form a higher order filter the gain values may differ for each section.

Gv
dB

0.0 f

FIGURE 23.31 Graph of voltage gain V/V, (dB) versus frequency response for the Sallen
and Key high-pass filter used in Experiment 23.13.
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TABLE 23.22
Sallen and Key High-Pass Filter
Response for Experiment 23.13

Values
Voltage gain at mid-frequency
Cutoff frequency
Roll-off
Cal Ca2

Rb1

FIGURE 23.32 Circuit diagram for two Sallen and Key low-pass filter cascaded to create a
fourth-order low-pass filter used in Experiment 23.14.

TABLE 23.23
Component Values for a Sallen and Key Low-Pass Filter
for Butterworth, Bessel, and Chebyshev Response

Butterworth Bessel Chebyshev
Cal 265 nF 187 nF 563 nF
Cbl 265 nF 187 nF 563 nF
Ral 1kQ 1kQ 1 kQ
Rbl 1 kQ 1kQ 1 kQ
R11 1.678 kQ 1.678 kQ 18.48 kQ
R21 20 kQ 20 kQ 20 kQ
Ca2 265 nF 167 nF 275 nF
Cb2 265 nF 167 nF 275 nF
Ra2 1kQ 1kQ 1 kQ
Rb2 1 kQ 1kQ 1 kQ
R12 24.692 kQ 15.17 kQ 35.64 kQ
R22 20 kQ 20 kQ 20 kQ
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Ve =+15V

Vin o——————————| A

9 kQ

R1

1kQ R2

Vin=-15V

FIGURE 23.33 Circuit diagram for power amplifier class B used in Experiment 23.15.

vV

o

0.0 t

FIGURE 23.34 Output voltage V, for the power amplifier class B used in Experiment 23.15.

\Y

o

0.0 t

FIGURE 23.35 Output voltage V, for the power amplifier class B for compensation of cross
over distortion in Experiment 23.15.

This exercise follows from the design implemented in Chapter 20 (Section 20.8)
of three fourth-order low-pass filters with a cutoff frequency equal to 600 Hz to pro-
vide Butterworth, Chebyshev, and Bessel response. Figure 23.32 shows two Sallen
and Key low-pass filters cascaded to form a fourth-order filter.

The values of the components calculated in Chapter 20 are provided in Table
23.23.
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Draw a schematic diagram for circuit shown in Figure 23.32 using the values
of components indicated in Table 23.23 for a Butterworth response and run Pspice
ac analysis, with the appropriate input, to show that this design meets the desired
output low-pass filter response (voltage gain V,/V, versus frequency, f, and roll-off
response). Repeat this experiment for a low-pass filter with Bessel and Chebyshev
filter response using values from Table 23.23.

Draw a graph of voltage gain V./V; (dB) versus frequency response for the
Butterworth, Bessel, and Chebysheyv filters.

Provide an analysis on your results. Compare and comment on the three responses:

23.3.6.4 Experiment 23.15
23.3.6.4.1 Power Amplifier Class B

The circuit shown in Figure 23.33 is a class B amplifier, in which each BJT conducts
for approximately half of the signal cycle. The class B output stage is driven by a
differential amplifier. The feedback network consisting of R1 and R2 returns part of
the output voltage to the inverting input of the differential amplifier. Examine the
crossover distortion that happens when conduction is changing from one transistor
to the other. Use Pspice with V,, = 0.2 V at 100 Hz with the appropriated biasing of
the Op-Amp. Select a transient analysis to observe the voltage signal output of the
differential amplifier at point A and at the output voltage V, as a function of time.

In Figure 23.34, draw the output voltage of the amplifier V, as function of time
for two cycles.

Now change the connection of R1 from point A in circuit shown in Figure 23.33
to point B and run a transient analysis to observe the output voltage signal V,, as a
function of time. In Figure 23.35, draw the new compensate output voltage V, as a
function of time.

Provide an analysis on your results. Compare and comment on the two responses:

23.4 KEY POINTS

* Pspice is powerful tool to perform quick simulation of circuits.

* Using a computer-aided package reduces the time dedicated to design.

* A computer-aided package such as Pspice provides the possibility to assess
the behavior of a circuit when components change their values according
to their tolerances. This makes it possible to check response for a “worst
case” analysis.

REFERENCES

Hermiter, M. E. 1999. Schematic Capture Microsim Pspice. Pearson Education, Upper
Saddle River, NJ, Prentice Hall. ISBN-13: 978013814043.

Keown, J. 1998. Microsim Pspice and Circuit Analysis. Prentice-Hall College Div. ISBN-13:
978-0132354585.
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A

AC, see Alternating current (AC)
Accumulation, 117-118
AC current, see Alternating current
(AC)—voltage
Active components of circuit, 29; see also Passive
components
ideal voltage source, 30
practical voltage source, 30-31
voltage sources in parallel, 31-32
voltage sources in series, 31
Active filter—power amplifier, 391
filter response characteristics, 393-396
low-pass filter single pole, 391-392
power amplifier class B, 396
Sallen and Key high-pass filter, 392-393
AC voltage gain at high frequencies, 227, 232
FET common drain amplifier, 232-233
FET common source amplifier, 227-228
AC voltage gain at medium frequencies, 223,
229,231-232
circuit diagram for MOSFET, 224-226
FET common drain amplifier, 230
FET common source amplifier, 224
MOSFET common drain amplifier circuit, 230
Add Trace command, 370
Admittance y parameters, 148—149
Alternating current (AC), 60; see also Direct
current (DC)
application of Kirchhoff’s Law to, 6475
circuits, 60
networks, 374-377
origin of phasor domain, 62—-64
signal as sinusoidal waveform, 61
sweep, 374-377
voltage, 61
waveforms, 61
Alternating voltages, 61
Ampere (A), 12
Amplification device, BJT as, 106
base transport factor, 109-111
emitter injection efficiency, 108—109
punch-through, 111
schematic of current in transistor, 107
Amplifiers frequency response
frequency response of amplifier, 180
half-power gain, 179-181
high frequency, CE amplifier at, 185-187
low frequency, CE amplifier at, 182—185
total frequency response, 187-188

Amplifiers overall gain in cascade, 201
AC equivalent circuit, 202
circuit diagram of n stages, 202
voltage gain for (n — 1) stages, 202-203
voltage gain of last stage n, 202
voltage gain of source, 203-205
Amplitude and phase, 35, 64, 374
Analog computing, 360
Analog devices at high power, 358-359
Analog electronic applications, 323
audio amplifier, 334-340
automatic switch on of lamp in dark,
342-344
automatic switch on of lamp in presence of
light, 344-346
components selection and circuit elements,
324-327
DC power supply, 330-334
delay switch, 347-348
555 Timer, 349-351
humidity detector, 346, 351-352
multivibrators, 348-349
Sallen and Key second-order Butterworth
low-pass filter, 341-342
simulation in circuit applications, 323-324
smoke detector, 348
Analog electronics, 355
analog computing, 360
analog devices at high power, 358-359
analog signals, 1-2
biotechnology, 360
nanotechnology, 359
new analog building block working voltage
under 1V, 359
physical stimulus, 1
reconfigurable analog circuitry, 356—358
revival in music industry, 359-360
Analog signals, 1-2
Analog systems, 2-3
application and design, 3
customer requirements, 3—4
distortion, 6-8
electronic design aids, 8—9
noise, 6—8
system design approach, 4-5
technology choice, 5-6
top-level specifications, 4
Analysis/Examine Output, 369
Analysis/Simulate Pspice, 369
Anode (A), 83
Anti-phase FB, see Negative feedback (NFB)
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Astable multivibrator, 348-349
Asymptotic curves Bode plot, see Idealized Bode
plots
Attenuation voltage, 203
Audio amplifier, 334
class A amplifier design, 334-340
Auto bias, 137; see also Fixed bias
equivalent circuit, 138
examples, 139-140
Auto bias amplifier, 159
AC equivalent circuit, 160
current gain, 161-162
power gain, 162—165
voltage gain, 161
Automatic switch on of lamp
in dark using BJT, 342-343
in dark using Op-Amp, 343-344
in presence of light using 555 Timer,
352-353
in presence of light using BJT, 344-345
in presence of light using Op-Amp, 345-346
Avalanche
breakdown, 84
diodes, 84
region, 100

B

Band-elimination filter, see Band-stop filter
Band-pass filters, 305
Band-reject filter, see Band-stop filter
Band-stop filter, 314-315
Bandwidth (BW), 179, 256
Base (B), 95
transport factor, 107, 109-111
BC546A transistor, 337-338
Bessel filter, 318-319
Bias equalization, 290-292
Biasing, 213-220
JFET, 217-220
MOSFET, 213-217
transistor, 129-130
Biasing, BJT
auto bias, 137-140
collector-feedback bias, 141-143
fixed bias, 133-137
load line, 129-133
sources, 143-144
Bias point analysis, 366, 369, 371-373
Biotechnology, 360
Bipolar junction transistor (BJT), 95; see also
Field effect transistors (FET)
active-mode biased NPN transistor structure,
97
as amplification device, 106-111
automatic switch on of lamp in dark using,
342-343

Index

automatic switch on of lamp in presence of
light using, 344-345
C-B junction, 97
common base connection, 102—-103
common emitter configuration, 103—106
data for NPN transistor, 100
efficient BJT as amplification device,
106-111
gain parameters, 102
input characteristics, 98
NPN and PNP BJT transistors configurations,
96
operating point stability, 377-380
output characteristics, 98—100
rating and selection of operating point,
101-102
testing transistors, 106
transistor configurations, 98
BJT, see Bipolar junction transistor (BJT)
BIJT amplifier analysis, 380
AC analysis, 382-383
coupling capacitors effects, 384
DC analysis, 381
feedback resistance effect, 384
Miller effect, 384-386
Bode diagrams, TF and, 237, 240-243
construction of Bode plots, 247
examples of passive components, 237-238
first-order high-pass, 239-240
first-order low-pass, 238-239
idealized Bode plots, 245-246
Bode plots, 237, 239, 243, 247-250
magnitude, 243
single low-pass frequency response, 244
TF, 244-245
Breadboards, 327
Bridge rectifier, 87
Built-in voltage of diode, see Potential barrier
Butterworth filter, 319-320
BW, see Bandwidth (BW)

C

CABs, see Configurable analog blocks (CABs)
CAD, see Computer-aided design (CAD)
Capacitance, 21, 25-26
effect on low-frequency response, 184—185
electric flux, 23
parallel plate capacitor, 22
Capacitors, 21, 153, 179, 326
fabrication, 21
in parallel, 22, 24
in series, 24-25
Cartesian to polar form, 69
Cathode (K), 83
C-B junction, see Collector—base junction
(C-B junction)
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CBSC, see Comparator-based switched capacitor
(CBSC)
CE amplifier, see Common emitter amplifier
(CE amplifier)
Channel, 114
Charged atom, 16
Chebyshev filter, 320-321
Circuit analysis; see also Alternating current
(AC); Direct current (DC); Electric
circuits
steady state solutions, 35
transient solutions, 35
Circuit building and realization, 327-328
Class A amplifier design, 334; see also DC power
supply
activities/comments, 340
auto-bias circuit, 336, 338
C,, and C, calculation, 339-340
circuit diagram for, 340
circuit selection, 336-337
decide on transistor, 337
design, 335
I;; calculation, 338-339
operation point selection, 335-336
R, and R, calculation, 338
specification, 335
Clipping, 8
CMRR, see Common mode rejection ratio
(CMRR)
Cognitive radio (CR), 357
Collector (C), 95
Collector—base junction (C-B junction), 97
Collector current, 138, 151
Collector-feedback bias, 141-143
Common base amplifier, 196, 198, 199
current gain, 199
under h parameters, 197-198, 200
medium frequency AC equivalent circuit,
198, 200
power gain, 199-200
voltage gain, 198
Common base connection, 102—-103
Common base current gain, 103
Common collector amplifier; see also Common
emitter amplifier (CE amplifier)
AC medium frequencies equivalent circuit,
192
circuit diagram for, 192
current gain, 194
input impedance, 194-195
potential divider, 195
power gain, 195
voltage gain, 191-194
Common drain amplifier, 229
AC voltage gain at high frequency, 232-233
AC voltage gain at medium frequency,
229-232
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input impedance at high frequency, 233-234
output impedance at high frequency, 234-235
Common emitter amplifier (CE amplifier), 154,
182, 197, see also Common collector
amplifier
frequency response, 205-211
at high frequency, 185-187
at low frequency, 182-185
overall gain, 201-205
Common emitter configuration, 98, 103-106, 146
base characteristic for BJT, 147
collector characteristic for BJT, 148
equivalent circuit using h parameters, 146
experimental setup, 147
Common mode rejection ratio (CMRR), 276,
277-278, 389, 390
differential amplifier with emitter resistance,
277
Op-Amp, 276
Common-mode voltage gain, 389
Common source amplifier, 223
AC voltage gain at high frequencies, 227-228
AC voltage gain at medium frequencies,
223-226
input impedance at high frequency, 228-229
Comparator-based switched capacitor (CBSC),
355
Comparator, Op-Amp as, 299
Compensation circuit, 285
Components selection and circuit elements,
324-325
building and realization of circuit, 327-328
capacitors, 326
inductors, 326
npv, 326-327
resistors, 325-326
testing, 329
transistors, 325
troubleshooting, 329-330
Computer-aided design (CAD), 323-324
software, 8
Computer-aided simulation
practical assignments using Pspice, 370-396
Pspice, 365-370
Conductance (G), 14-15; see also Mutual
conductance model
Conduction band, 78
Conductivity in semiconductor materials, 77-78
Configurable analog blocks (CABs), 357
Construction of Bode plots, 247
Corner frequency, 246
Coulomb (C), 12
Coupling capacitors, 191, 205, 208
effects, 384
CR, see Cognitive radio (CR)
Current divider, 59-60
rule, 161, 182, 194
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Current gain, 161-162, 166, 169-170, 194, 199,
200; see also Power gain; Voltage gain
h parameter model, 154-155
parallel current NFB, 263-264
parallel voltage NFB, 261-262
series current NFB, 260
series voltage NFB, 257-258
three-parameter model, 169—-170
T-model two-parameters, 173
Y parameters, 166
Current mirror, 143, 281-282, 390-391
Currents signals, 61
Current—voltage characteristics (I-V
characteristics), 123
diodes current—voltage characteristics, 81
forward bias, 81
reverse bias, 82-83
saturation, 124-126
Cut off, 1, 132, 349; see also Frequency cutoff
region, 132

D

DC, see Direct current (DC)
DC power supply, 330; see also Class A amplifier
design
filter smoothing stage, 331-332
rectifier stage, 331
regulator stage, 332-334
transformer stage, 330-331
Decibels (dB), 179
Degenerative FB, see Negative feedback (NFB)
Delay switch, 347-348
Depletion, 118-119
layer, 81
MOSFET, 213-214
n-channel MOSFET biasing circuit, 214
Dielectric layer, 21
Differential amplifiers, 271, 296, 298-299,
387-391; see also Operational
amplifier (Op-Amp)
CMRR, 276-278
differential-mode voltage gain, 274
effect on noise, 274-276
Op-Amp as comparator, 299
single input voltage, 271-273
summing amplifier, 300-301
voltage gain, 297
Differential-mode voltage gain, 274, 389
Diffusion current, 81
Digital electronics, 1, 95, 323, 355
DIL, see Dual in line (DIL)
Diodes, 77
applications, 85
current—voltage characteristics I-V, 81-83
full-wave rectifiers, 87
half-wave rectifiers, 86—87

Index

p—n junction, 80-81
rectification, 85-86
semiconductor material, 77-80
single-phase bridge rectifier circuit,
87-92
symbol and package, 83
testing, 94
types, 83-85
voltage doubler, 93-94
as voltage limiter, 92-93
Direct current (DC), 14, 36; see also Alternating
current (AC)
analysis, 370, 381
circuits, 36, 42
current divider, 59-60
KCL, 36-41
KVL, 36, 41-52
mesh current method, 53
networks, 371-373
voltage divider, 58-59
Distortion, 6, 7, 257
clipping, 8
harmonic, 257
pure sinusoidal original signal, 7
sinusoidal waveform, 8
Documentation, 6
Doping, 79-80, 84, 108
Drain current, 121-126, 215, 219
Drain-feedback bias, 216-217
Drain saturation current, 213
Drift current, 81, 82
Dual in line (DIL), 283

E

Electric charge (Q), 12, 15-16
Electric circuit, 16, 32, 33-34
active components of circuit, 29-32
capacitance, 21-26
circuit analysis, 11
electric charge and current, 15-16
electric circuits/networks, 32-34
electric current in circuit, 16—17
electrons movement, 16—17
elements electric circuit, 32
inductors, 26-29
passive components, 17
resistance, 17-21
units, 11-15
Electric current, 11, 15-16
in circuit, 16—17
flow, 16
Electric flux, 23
Electromotive forces (emfs), 16, 17, 31, 32
Electron, 15, 32,78
contribution to current, 108
current, 96, 97, 107
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diffusion current density, 110
flow, 16
Electronic systems, 2-3, 237
approaches to design, 5
emfs, see Electromotive forces (emfs)
Emitter (E), 95
Emitter—base junction, 150
Emitter bias, see Auto bias
Emitter current, 138
Emitter follower, see Common collector amplifier
Emitter injection
efficiency, 108-109
ratio, 109
Energy (E), 1, 78-79
bands in semiconductor materials, 77-78, 80
storage, 29
unit, 12-13
Enhancement MOSFET, 214
channel voltage divider bias circuit, 215
drain-feedback bias, 216-217
example, 215-216
FET equation, 215
Equivalent impedance, 186, 227
Esaki diodes, see Tunnel diodes
External loop, 52

F

Feedback (FB), 251
in amplifiers, 251, 252
NFB, 251-268
Feedback resistance effect, 384
Fermi level, 79-80
FET, see Field effect transistors (FET)
FET amplifier analysis, 386
differential amplifier, 387-391
FET common source amplifier, 386387
Field effect transistors (FET), 5, 113, 223, 295;
see also Bipolar junction transistor
(BJT)
as amplifiers, 223
biasing, 213220
BITs, 113
circuit symbols, 115
common drain, 229-235
common source amplifier, 223-229
current—voltage characteristics, 123-126
fabrication, 113114
IGFETs, 114-115
input characteristics, 123
JFET, 115, 120-123
MOS, 115
output characteristics, 123
static characteristics, 123
structure, 114
transfer characteristics, 123
Field programmable analog array (FPAA), 356358
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Field programmable gate arrays (FPGA), 356, 357
Filter(s), 305
band-pass filter response, 314
band-stop response, 314-315
Bessel filter, 318-319
Butterworth filter, 319-320
Chebysheyv, Bessel, and Butterworth filter
response, 316
Chebyshev filter, 320-321
circuit diagram of inverting amplifier, 306
design using standard tables, 316
fourth-order response, 315
high-pass filter response, 311-313
low-pass filter responses, 308311
negative feedback voltage gain, 307
response characteristics, 316, 393-396
Sallen and Key fourth-order low-pass filter,
317
voltage gain, 306
First-order high-pass filter, 311-312
555 Timer, 349-351
automatic switch on of lamp using 555 Timer,
352-353
humidity detector using, 351-352
internal block diagram, 350
package and pin out, 350
two-tone musical instrument using, 352
Fixed bias, 133, 134—137; see also Auto bias
amplifier AC analysis, 159
biasing, 133
circuit, 134
Force (F), 12
Forward bias, 81, 82
base—emitter junction, 151
current, 81
Four-terminal
devices, 113
network, 145
FPAA, see Field programmable analog array
(FPAA)
FPGA, see Field programmable gate arrays
(FPGA)
Frequency cutoff, 206-208, 211
equivalent circuit at high frequency for
source stage, 210
high-frequency cutoffs for stages in cascade,
210
high frequency for stages in cascade, 210
input circuit first stage, 206, 209
of last stage, 205-206, 208-209
low-frequency cutoffs for n stages in cascade,
207
low frequency of n stages, 207
Frequency response, 205
high-frequency cutoff, 208-211
low-frequency cutoft, 205-208
series voltage NFB effects, 255-257
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Full-wave bridge rectifier, 331
Full-wave rectifiers, 87, 88
with smoothing capacitor, 89

G

Gain; see also Current gain; Power gain; Voltage
gain
parameters, 102
second second-order filter, 320
Gallium arsenide (GaAs), 84
Gate (G), 113, 116, 120
current, 216
depletion of holes, 117
insulated-gate FETs, 114-115, 116
junction gate FETs, 115
voltage, 219
Gunn diodes, 84
Gyrator, 326

H

Half-power gain, 179
decibel notation, 179
frequency cutoff, 180
voltage gain of amplifier, 181
Half-wave rectifiers, 86—87
Henry (H), 26
High-frequency cutoff, 187, 208, 384-386;
see also Low-frequency cutoff
frequency cutoff input circuit first stage,
209-211
frequency cutoff of last stage, 208-209
high-frequency cutoff for 1 to (n — 1) stages,
209
for 1 to (n — 1) stages, 209
High-pass filters, 305, 311
first-order high-pass filter, 311-312
Sallen and Key high-pass filter, 313
second-order filters, 312-313
High-power transistors, 325
Hole, 78
accumulation, 117
contribution, 108
h parameter model, see Hybrid parameter model
(h parameter model)
Humidity detector, 346
using 555 Timer, 351-352
two-tone musical instrument using 555
Timers, 352
Hybrid parameter model (h parameter model),
145, 153, 158; see also Three-
parameter model; T-equivalent two-
parameter model
CE amplifier equivalent circuit, 154
common emitter configuration, 146-148
current gain, 154-155

Index

equivalent circuit auto bias amplifier, 160
input impedance, 155-156

output impedance, 156-157

power gain, 157-158

small-signal practical CE amplifier, 158165
transistor amplifier analysis using, 153

for transistor in CE configuration, 158
voltage gain, 156

ICs, see Integrated circuits (ICs)
Ideal current source, 31
Idealized Bode plots, 245, 247
Bode plot asymptotic phase, 246
magnitude asymptotic, 245-246
Ideal voltage source, 30, 31
IGFETs, see Insulated-gate field effect transistors
(IGFETs)
Impedance, 6465, 374
capacitance, 66—67
inductor, 65-66
resistance, 67-68
Indium phosphide (InP), 84
Inductance, see Self-inductance
Inductive proximity sensors, 29
Inductors, 26, 179, 326
with air-filled coil, 26
energy storage, 29
inductive proximity sensors, 29, 30
in parallel, 28-29
permeability, 27
in series, 27-28
Initial condition of component, 35
In-phase FB, see Positive FB
Input characteristics, 98, 123
Input current, 203
Input impedance, 194
at high frequency, 228-229, 233-234
h parameter model, 155-156
inverting amplifier, 289
noninverting amplifier, 295
parallel current NFB effects, 264
parallel voltage NFB effects, 262
series current NFB effects, 260
series voltage NFB effects, 254
T-model two-parameters, 173—174
Input offset voltage, 284
Input voltage, 203, 227
Insulated-gate field effect transistors (IGFETS),
114, 115
Insulators, 78
Integrated circuits (ICs), 85, 93
Internal distortion, series voltage NFB effects
on, 257
Internal resistance, 30
Internal voltage of diode, see Potential barrier
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International System of Units (SI system), 11
Inverse FB, see Negative feedback (NFB)
Inverting amplifier, 285; see also Noninverting
amplifier
bias equalization, 290-292
input impedance, 289
output impedance, 290
virtual Earth, 287-289
voltage gain, 285-287
I-V characteristics, see Current—voltage
characteristics (I-V characteristics)

J

JFET, see Junction gate field effect transistors
(JFET)

Joule (J), 12-13

JUGFET, see Junction gate field effect transistors
(JFET)

Junction gate field effect transistors (JFET), 115;
see also Metal-oxide—semiconductor
field effect transistor (MOSFET)

biasing, 217-220
operation, 120-123

K

Kilowatt hour (kW h), 13

Kirchhoff’s current law (KCL), 36, 36—41, 54-58
circuit diagram, 37, 38

Kirchhoff’s laws, 35, 141, 161, 199, 295, 323-324
application to AC circuits, 6475

Kirchhoff’s voltage law (KVL), 36, 41-52
circuit diagram, 42
current divider, 59-60
mesh current method, 53
voltage divider, 58-59

L

Light-emitting diode (LED), 83, 84
Linear Bode plot, see Idealized Bode plots
Load, 17
Load line, 129, 382
biasing transistor, 130
cut off, 132
example, 131-132
saturation, 132133
Long-pair amplifier, see Differential amplifiers
Long-tailed pair amplifier, see Differential
amplifiers
Low-frequency cutoff, 183-184, 205; see also
High-frequency cutoff
frequency cutoff for 1 to (n — 1) stages, 206
frequency cutoff input circuit first stage,
206-208
frequency cutoff of last stage, 205-206
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Low-pass filters, 305, 308
Sallen and Key low-pass filter, 310311
second-order low-pass filters, 310
single first-order low-pass filter, 308-310
single pole, 391-392

M

Magnitude of transfer voltage gain, 243
Majority charge carriers, 79
Mesh current method, 53
Metal (M), 116
Metal, oxide insulator, and semiconductor
(MOS), 116
operation, 116-117
technology, 114
transistor aspect ratio, 124
Metal-oxide—semiconductor field effect
transistor (MOSFET), 113, 115;
see also Junction gate field effect
transistors (JFET)
accumulation, 117-118
biasing, 213-217
depletion, 118—119
inversion, 119-120
MOS IGFET, 115-116
threshold voltage, 120
Mid-frequency range, 179
Miller effect, 185, 229, 384-386
Miniaturization, 356
Minority charge carriers, 79
MOS, see Metal, oxide insulator, and
semiconductor (MOS)
MOSFET, see Metal-oxide—semiconductor
field effect transistor (MOSFET)
Multivibrators, 348
astable multivibrator, 348-349
555 Timer, 349-351
Mutual conductance
model, 151-152
parameter, 151

N

Nanotechnology, 359
Negative feedback (NFB), 251
block diagram of system with, 252
parallel current NFB, 263-268
parallel voltage NFB, 260-262
series current NFB, 258-260
series voltage NFB, 253-254
Negative temperature coefficient (NTC), 346
Neural processing accelerators (NPUs), 360
Neutron, 15
Newton (N), 12
NFB, see Negative feedback (NFB)
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Noise, 6, 7
clipping, 8
sinusoidal signal, 7
sinusoidal waveform, 8
voltage gain effect on, 274-276
Nominal preferred values (npv), 6, 326
Noninverting amplifier, 292; see also Inverting
amplifier
input impedance, 295
output impedance, 295-296
voltage follower, 296
voltage gain, 292-295
Notch filter, see Band-stop filter
NPUs, see Neural processing accelerators (NPUs)
npv, see Nominal preferred values (npv)
NTC, see Negative temperature coefficient
(NTC)
n-type material, 114
semiconductor material, 77

(0]

Offset null circuit, 284
“Off the shelf” factor, 133
Ohm (Q), 13
Ohmic region, 98, 122
Ohm’s law, 11, 17-18, 36, 59, 68
Op-Amp, see Operational amplifier (Op-Amp)
Open-loop gain, 285
Open circuit voltage gain, 149
Operational amplifier (Op-Amp), 276, 281;
see also Differential amplifiers
automatic switch on of lamp, 343-346
basic Op-Amp component, 282
characteristics, 283
circuit symbol, 283
compensation circuit, 285
frequency response, 301-303
gain, 285
ideal operational amplifier characteristics, 284
inverting amplifier, 285-292
modern Op-Amp system, 281-282
noninverting amplifier, 292-296
offset null circuit, 284
slew rate, 285
Operation point (Q), 101, 129, 335
rating and selection, 101-102
Opto-isolator, 93
Output characteristics, 98, 123
avalanche region, 100
BIJT output characteristic, 100
at one base current, 99
Output current, 194
Output impedance, 174
at high frequency, 234-235
h parameter model, 156157
inverting amplifier, 290

Index

load resistance effect, 175
noninverting amplifier, 295-296
parallel current NFB effects, 264-265
parallel voltage NFB effects, 262
series current NFB effects, 260
series voltage NFB effects, 255
source resistance effect, 175-176
T-model two-parameters, 174—176
Output voltage, 156, 191
Oxide insulator (O), 116

P

Parallel capacitor, 209
Parallel current NFB, 263; see also Series current
NFB
current gain, 263-264
effects on input impedance, 264
effects on output impedance, 264-265
voltage gain, 265-268
Parallel voltage NFB, 260; see also Series
voltage NFB
block diagram of a system with, 261
current gain, 261-262
effects on input impedance, 262
effects on output impedance, 262
voltage gain, 261
Partitioning, 4
Passive components, 17; see also Active
components of circuit
capacitance, 21-26
inductors, 26-29
resistance, 17-21
PC, see Personal computer (PC)
PCB, see Printed circuit board (PCB)
pd, see Potential difference (pd)
Peak inverse voltage (PIV), 82
Peltier diodes, 84
Period, 61
Permeability, 27
Permittivity, 22
Personal computer (PC), 324, 365
Phase change
at high frequency, 187
at low frequency, 184-185
Phase—lead angle, 243
Phase response, 245
Phase—shift angle, 243
Phasor, 62, 63, 64
diagrams, 70-75
domain, 62-64
Photodiodes, 85
Phototransistor, 93
Pinch-off
point, 121
voltage, 124
PIV, see Peak inverse voltage (PIV)
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p—n junction, 77, 80—81
Polar—Cartesian forms, 69
Positive FB, 251
Potential barrier, 81
Potential difference (pd), 17, 32, 35
Potential divider, see Voltage divider
Potential divider bias, see Auto bias
Power (P), 13
amplifier class B, 396
Power gain, 162, 179, 195; see also Current gain;
Voltage gain
common base amplifier, 199-200
T-model two-parameters, 177-178
three-parameter model, 170-171
transistor amplifiers analysis, 157-158
Y parameters, 166—168
Practical assignments using Pspice, 370-371
AC networks, 374-377
active filter—power amplifier, 391-396
BJT amplifier analysis, 380-386
BJT operating point stability, 377-380
DC networks, 371-373
FET amplifier analysis and differential
amplifier, 386391
Practical current source, 31-32
Practical voltage source, 30-31
Printed circuit board (PCB), 324, 327, 328
Probe, 370, 381
Proton, 15
Pspice, 324, 365, 366
AC networks, 374-377
active filter—power amplifier, 391-396
BJT amplifier analysis, 380-386
BIJT operating point stability, 377-380
circuit creation/schematics, 367
circuit diagram, 366
connecting components, 367-368
DC analysis, 370
DC networks, 371-373
FET amplifier analysis and differential
amplifier, 386391
names to elements, 368-369
practical assignments using Pspice, 370-371
running simulation, 369-370
subprograms, 365-366
p-type material, 113
p-type semiconductor material, 77
Punch-through, 111

Q

Quiescent point, see Operating point

R

Reactance, 68—-69
Reconfigurable analog circuitry, 356-358
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Rectification, 85-86
Regenerative FB, see Positive FB
Relative permeability, 27
Resistance (R), 13-15, 17, 18, 21
Ohm’s law, 17-18
resistor in parallel, 19-20
resistors in series, 19
Resistive region, see Ohmic region
Resistor(s), 11, 17, 180, 325-326, 367
in parallel, 19-20
in series, 19
Reverse bias, 82—83
current, 81
Reverse breakdown process, 82
Root mean square (RMS), 86

S

Sallen and Key filter, 310
high-pass filter, 313, 392-393
low-pass filter, 310-311
second-order Butterworth low-pass filter,
341-342
Saturation, 124-126
current, 82, 83
FET current—voltage characteristics, 125
region, 132-133
region of I-V curve, 122
Schematics tool, 367
Schottky diodes, 85
SDR, see Software defined radio (SDR)
Second-order filter(s), 312-313, 318-321
low-pass filters, 310
Self-bias, see Auto bias
Self-inductance, 26
Semiconductor (S), 116
conductivity in, 77-78
diodes, 83
doping, 79-80
energy bands in, 77-79
materials, 77
technology, 355
Series current NFB, 258, 259; see also Parallel
current NFB
current gain, 260
input impedance, effects on, 260
output impedance, effects on, 260
voltage gain, 259-260
Series voltage NFB, 253; see also Parallel voltage
NFB
current gain, 257-258
frequency response, effects on, 255-257
input impedance, effects on, 254
internal distortion, effects on, 257
output impedance, effects on, 255
voltage gain, 254
Short circuit current gain, 170
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SiC devices, see Silicon carbide devices
(SiC devices)
Siemens (S), 148
Silicon (Si), 77
diodes, 82
Silicon carbide devices (SiC devices), 358
Silicon dioxide (Si0O,), 113, 115, 116
Silicon-on-insulator devices (SOI devices), 359
Simulation in circuit applications, 323-324
Simulation Program with Integrated Circuit
Emphasis (Spice), 324, 365
Simulator, 8-9
Single first-order low-pass filter, 308-310
Single input voltage, 271
AC small-signal equivalent circuit, 273
differential amplifier with, 272
simplified T-model, 271
Single-phase bridge rectifier circuit, 87, 89-92
conduction in bridge rectifier, 88
example of rectifier diodes, 89
positive half-cycle, 88
Single-stage amplifier, 201
Sinusoidal shape voltage, 61
SI system, see International System of Units
(SI system)
Slew rate, 285
Small signal, 150-151
analysis, 153
auto bias amplifier, 159-165
fixed bias amplifier, 158—159
practical CE amplifier, 158
small-signal practical CE amplifier,
158165
transistor amplifier analysis, 153-158,
165-168, 168-171, 172-178
Smoke detector, 348
SMT, see Surface mount (SMT)
Social and environmental implications, 6
Software defined radio (SDR), 357
SOI devices, see Silicon-on-insulator devices
(SOI devices)
Solar cell, 85
Soldering, 328
Source, 17
Source follower amplifier, see Common drain
amplifier
Spice, see Simulation Program with Integrated
Circuit Emphasis (Spice)
Standard components, 325
Static switches, 356
Steady state solutions, 35
Strong inversion, 119-120
Summing amplifier, 300-301
Surface mount (SMT), 283
components, 324-325
Switches (Sw), 357
System testing, 6

Index

T

T-equivalent two-parameter model; see also
Three-parameter model; Hybrid
parameter model (h parameter
model)

AC-simple T-parameters transistor model,
149-150
emitter resistance, 150-151
Testing, 329
transistors, 106

T-model two-parameters, 172; see also

Y parameters
current gain, 173
input impedance, 173-174
output impedance, 174-176
power gain, 177-178
transistor amplifier analysis, 172
voltage gain, 172-173

TF, see Transfer function (TF)

Thermal voltage, 149

Three-parameter model, 149, 168; see also
Hybrid parameter model (h parameter
model); T-equivalent two-parameter
model

current gain, 169-170

equivalent circuit of amplifier using, 168
power gain, 170-171

transistor amplifier analysis using, 168
voltage gain, 168-169

3 dB frequency, see Corner frequency

Threshold voltage, 120

Top-level

design, 5
specifications, 4
Total frequency response, 187-188
T parameters, 145
AC-simple T-parameters transistor model,
149-150
CE amplifier using, 172-173
Transfer function (TF), 237, 240-243
Bode plots, 243-245, 247-250
construction of Bode plots, 247
examples of passive components, 237-238
first-order high-pass, 239-240
first-order low-pass, 238-239
idealized Bode plots, 245-247

Transient analysis, 387, 390

Transient solutions, 35

Transistor(s), 1, 95, 129, 153, 281, 325

admittance y parameters, 148—149
amplifier analysis, 153

configurations, 98

h parameters, 145-148

modeling, 146

mutual conductance model, 151-152
T-equivalent two-parameter model, 149-151
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three-parameter model, 149
two-port network, 146
Troubleshooting, 329-330
Tunnel diodes, 84
Two-port network, 145, 146
Two sources biasing, 143—144

U

Unidirectional signals, 60
Units, 11
charge, 12
conductance, 13-15
electric voltage, 13
energy, 12-13
force, 12
physical quantities in SI system of units, 12
power, 13
resistance, 13—-15

\%

Valence band, 78
Veroboards, 327, 328
Very-large-scale integration (VLSI), 113
VIEWPOINT symbol, 369
Virtual Earth, 287-289
VLSI, see Very-large-scale integration (VLSI)
Volt (V), 13
Voltage divider, 58-59
bias, 219-220
Voltage doubler, diode as, 93-94
Voltage follower, noninverting amplifier, 296
Voltage gain, 156, 161, 166, 168—169, 191,
193-194, 198, 267-268; see also
Current gain; Power gain
CE amplifier using T parameters, 172—173
coupling capacitors, 191
equation, 201
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equivalent circuit, 192

function, 167

at high frequency, 185-186

h parameter model, 156

last stage n, 202

at low frequency, 182-183

NFB on amplifiers, 266

for (n — 1) stages, 202-203
output voltage, 191

parallel current NFB, 265
parallel voltage NFB, 261

series current NFB, 258

series voltage NFB, 253, 254
source, 203-205

T-model two-parameters, 172—173
three-parameter model, 168—169
Y parameters, 166

Voltage limiter, diode as, 92-93

w

Watt (W), 13
Working point, see Operating point

Y

Y parameters, 148, 165; see also T-model

y4

two-parameters
current gain, 166
equivalent circuit auto bias amplifier using,
165
power gain, 166—168
transistor amplifier analysis using, 165
voltage gain, 166

Zener breakdown, 84
Zener diodes, 84
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