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Microelectronic Circuits, fifth edition, is intended as a text for the core courses in electronic
circuits taught to majors in electrical and computer engineering. It should also prove useful
to engineers and other professionals wishing to update their knowledge through self-study.

As was the case with the first four editions, the objective of this book is to develop in the
reader the ability to analyze and design electronic circuits, both analog and digital, discrete
and integrated. While the application of integrated circuits is covered, emphasis is placed on
transistor circuit design. This is done because of our belief that even if the majority of those
studying the book were not to pursue a career in IC design, knowledge of what is inside the
IC package would enable intelligent and innovative application of such chips. Furthermore,
with the advances in VLSI technology and design methodology, IC design itself is becoming
accessible to an increasing number of engineers.

PREREQUISITES

The prerequisite for studying the material in this book is a first course in circuit analysis. As
a review, some linear circuits material is included here in appendixes: specifically, two-port
network parameters in Appendix B; some useful network theorems in Appendix C; single-
time-constant circuits in Appendix D; and s-domain analysis in Appendix E. No prior
knowledge of physical electronics is assumed. All required device physics is included, and
Appendix A provides a brief description of IC fabrication.

NEW TO THIS EDITION

Although the philosophy and pedagogical approach of the first four editions have been
retained, several changes have been made to both organization and coverage.

1. The book has been reorganized into three parts. Part I: Devices and Basic Circuits,
composed of the first five chapters, provides a coberent and reasonably comprehen-
sive single-semester introductory course in electronics. Similarly, Part 11: Analog and
Digital Integrated Circuits (Chapters 6-10) presents a body of material suitable for a
second one-semester course. Finally, four carefully chosen subjects are included in
Part Til: Selected Topics. These can be used as enharcements or substitutions for
some of the material in earlier chapters, as resources for projects or thesis work, and/or
as part of a third course.

2. Each chapter is organized so that the essential “must-cover” topics are placed first,
and the more specialized material appears last. This allows considerable flexibility in
teaching and learning from the book.

3. Chapter 4, MOSFETS, and Chapter 5, BJTs, have been completely rewritten, updated,
and made completely independent of each other. The MOSFET chapter is placed first to
reflect the fact that it is currently the most significant electronics device by a wide mar-
gin. However, if desired, the BJT can be covered first. Also, the identical structure of
the two chapters makes teaching and learning about the second device easier and faster.
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. To make the first course comprehensive, both Chapters 4 and 5 include material on
amplifier and digital-logic circuits. In addition, the frequency response of the basic
common-source (common-emitter) amplifier is included. This is important for stu-
dents who might not take a second course in electronics.

I

5. A new chapter on integrated-circuit (IC) amplifiers (Chapter 6) is added. It begins
with a comprehensive comparison between the MOSFET and the BJT. Typical
parameter values of devices produced by modern submicron fabrication processes are
given and utilized in the examples, exercises, and end-of-chapter problems. The study
of each amplifier configuration includes its frequency response. This should make the
study of amplifier frequency response more interesting and somewhat easier.

6. The material on differential and multistage amplifiers in Chapter 7 has been rewritten
to present the MOSFET differential pair first. Here also, the examples, exercises, and
problems have been expanded and updated to utilize parameter values representative
of modern submicron technologies.

7. Throughout the book, greater emphasis is placed on MOSFET circuits.

8. To make room for new material, some of the topics that have become less current,
such as JFETs and TTL, or have remained highly specialized, such as GaAs devices
and circuits, have been removed from the book. However, they are made available on
the CD accompanying the book and on the book’s website.

9. As a study aid and for easy reference, Hiany summary tables have been added.

10. The review exercises; examples, and end-of-chapter problems have becn updated and
their numbers and variety increased.

11. The SPICE sections have been rewritten and the SPICE examples now utilize sche-
matic entry. To enable further experimentation, the files for all SPICE examples are
provided on the CD and website.

THE CD-ROM AND THE WEBSITE

A CD-ROM accompanies this book. It contains much useful supplementary information and
mateiial intended to enrich the student’s learning experience. These include (1) A Student’s
Edition of OrCAD PSpice 9.2. (2) The input files for all the SPICE examples in this book.
(3) A link to the book’s website accessing PowerPoint slides of every figure in this book that
students can print and carry to class to facilitate taking notes. (4) Bonus text material of spe-
cialized topics not covered in the current edition of the textbook. These include: JFETs, GaAs
devices and circuits, and TTL circuits.

A website for the book has been set up (www.sedrasmith.org). Its content will change
frequently to reflect new developments in the field. It features SPICE models and files for
all PSpice examples, links to industrial and academic websites of interest, and a message
center to communicate with the authors. There is also a link to the Higher Education Group
of Oxford University Press so professors can receive complete text support.

EMPHASIS ON DESIGN

It has been our philosophy that circuit design is best taught by pointing out the various trade-
offs available in selecting a circuit configuration and in sclecting component values for a
given configuration. The emphasis on design has been increased in this edition by including
more design examples, exercise problems, and end-of-chapter problems. Those exercises and
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end-of-chapter problems that are considered “design-oriented” are indicated with a D. Also,
the most valuable design aid, SPICE, is utilized throughout the book, as already outlined.

EXERCISES, END-OF-CHAPTER PROBLEMS,
AND ADDITIONAL SOLVED PROBLEMS

Over 450 exercises are integrated throughout the text. The answer to each exercise is given
below the exercise so students can check their understanding of the material as they read.
Solving these exercises should enable the reader to gauge his or her grasp of the preceding
material. In addition, more than 1370 end-of-chapter problems, about a third of which are
new to this edition, are provided. The problems are keyed to the individual sections and their
degree of difficulty is indicated by a rating system: difficult problems are marked with as
asterisk (*); more difficult problems with two asterisks (**); and very difficult (and/or time
consuming) problems with three asterisks (***). We must admit, however, that this classifi-
cation is by no means exact. Our rating no doubt had depended to some degree on our think-
ing (and mood!) at the time a particular problem was created. Answers to about half the
problems are given in Appendix H. Complete solutions for ail exercises and problems are
included in the Instructor’s Manual, which is available from the publisher for thosc instruc-
tors who adopt the book.

As in the previous four editions, many examples are included. The examples, and indeed
most of the problems and exercises, are based on real circuits and anticipate the applications
encountered in designing real-life circuits. This edition continues the use of numbered solu-
tion steps in the figures for many examples, as an attempt to recreate the dynamics of the
classroom. !

A recurring request from many of the students who used earlier editions of the book has
been for solved problems. To satisfy this need, a book of additional problems with solutions
is available with this edition (see the list of available ancillaries later in this preface).

AN OUTLINE FOR THE READER

The book starts with an introduction to the basic concepts of electronics in Chapter 1. Sig-
nals, their frequency spectra, and their analog and digital forms are presented. Amplifiers
are introduced as circuit building blocks and their various types and models are studied. The
basic element of digital electronics, the digital logic inverter, is defined in terms of its voltage-
transfer characteristic, and its various implementations using voltage and current switches
are discussed. This chapter also establishes some of the terminology and conventions used
throughout the text. ; .

The next four chapters are devoted to the study of electronic devices and basic circuits
and constitute the bulk of Part I of the text. Chapter 2 deals with operational amplifiers, their
terminal characteristics, simple applications, and limitations. We have chosen to discuss the
op amp as a circuit building block at this early stage simply because it is easy to deal with
and because the student can experiment with op-amp circuits that perform nontrivial tasks
with relative ease and with a sense of accomplishment. We have found this approach to be
highly motivating to the student. We should point out, however, that part or all of this chap-
ter can be skipped and studied at a later stage (for instance in conjunction with Chapter 7,
Chapter 8, and/or Chapter 9) with no loss of continuity. :

Chapter 3 is devoted to the study of the most fundamental electronic device, the pn junc-
tion diode. The diode terminal characteristics and its hierarchy of models and basic circuit
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applications are presented. To understand the physical operation of the diode, and indeed of
the MOSFET and the BJT, a concise but substantial introduction to semiconductors and the
pn junction is provided. This material is placed near the end of the chapter (Section 3.7) so that
part or all of it can be skipped by those who have already had a course in physical electronics.

Chapters 4 and 5 deal with the two major electronic devices—the MOS field-effect tran-
sistor (MOSFET) and the bipolar junction transistor (BJT), respectively. The two chapters
have an identical structure and are completely independent of each other and thus, can be
covered in either order. Each chapter begins with a study of the device structure and its
physical operation, leading to a description of its terminal characteristics. Then, to establish
in the reader a high degree of familiarity with the operation of the transistor as a circuit ele-
ment, a large number of examples are presented of dc circuits utilizing the device. The
large-signal operation of the basic common-source (common-emitter) circuit is then studied
and used to delineate the region over which the device can be used as a linear amplifier from
those regions where it can be used as a switch. This makes clear the need for biasing the
transistor and leads naturally to the study of biasing methods. At this point, the biasing
methods used are mostly for discrete circuits, leaving the study of IC biasing to Chapter 6.
Next, small-signal operation is studied and small-signal models are derived. This is fol-
lowed by a study of the basic configurations of discrete-circuit amplifiers. The internal
capacitive effects that limit the high-frequency operation of the transistor are then studied,
and the high-frequency equivalent-circuit model is presented. This model is then used to
determine the high-frequency response of-a common-source (common-emitter) amplifier.
As well, the low-frequency response resulting from the use of coupling and bypass capaci-
tors is also presented. The basic digital-logic inverter circuit is then studied. Both chapters
conclude with a study of the transistor models used in SPICE together with circuit-simulation
examples using PSpice. This description stiould indicate that Chapters 4 and 5 contain the
essential material for a first course in electronics.

Part II: Analog and Digital Integrated Circuits (Chapters 6-10) begins with a compre-
hensive compilation and comparison of the properties of the MOSFET and the BJT. The
comparison is facilitated by the provision of typical parameter values of devices fabricated
with modern process technologies. Following a study of biasing methods employed in IC
amplifier design (Section 6.3), and some basic background material for the analysis of high-
frequency amplifier response (Section 6.4), the various configurations of single-stage IC
amplifiers are presented in a systematic manner. In each case, the MOS circuit is presented
first. Some transistor—pair configurations that are usually treated as a single stage, such as
the cascode and the Darlington circuits, are also studied. Each section includes a study of the
high-frequency response of the particular amplifier configuration. Again, we believe that
this “in-situ” study of frequency response is superior to the traditional approach of postpon-
ing all coverage of frequency response to a later chapter. As in other chapters, the more spe-
cialized material, including advanced current-mirror and current-source concepts, is placed
in the second half of the chapter, allowing the reader to skip some of this material in a first
reading. This chapter should provide an excellent preparation for an in-depth study of analog
IC design.

The study of IC amplifiers is continued in Chapter 7 where the emphasis is on two major
topics: differential amplifiers and multistage amplifiers. Here again, the MOSFET differen-
tial pair is treated first. Also, frequency response is discussed where needed, including in the
two examples of multistage amplifiers.

Chapter 8 deals with the important topic of feedback. Practical circuit applications of
negative feedback are presented. We also discuss the stability problem in feedback amplifi-
ers and treat frequency compensation in some detail.
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Chapter 9 integrates the material on analog IC design presented in the preceding three
chapters and applies it to the analysis and design of two major analog IC functional blocks:
op amps and data converters. Both CMOS and bipolar op amps are studied. The data-
converter sections provide a bridge to the study of digital CMOS logic circuits in Chapter 10.

Chapter 10 builds on the introduction to CMOS logic circuits in Section 4.10 and
includes a carefuily selected set of topics on static and dynamic CMOS logic circuits that
round out the study of analog and digital ICs in Part II. :

The study of digital circuits is continued in the first of the four selected-topics chapters
that comprise Part ITI. Specifically, Chapter 11 deals with memory and related circuits, such
as latches, flip-flops, and monostable and stable multivibrators. As well, two somewhat spe-
cialized but significant digital circuit technologies are studied: emitter-coupled logic (ECL)
and BiCMOS. The two digital chapters (10 and 11) together with the earlier material on dig-
ital circuits should prepare the reader well for a subsequent course on digital IC design or
VLSI circuits.

The next two chapters of Part IIT, Chapters 12 and 13, are application or system oriented.
Chapter 12 is devoted to the study of analog-filter design and tuned amplifiers. Chapter 13 pre-
sents a study of sinusoidal oscillators, waveform generators, and other nonlinear signal-pro-
cessing circuits.

The last chapter of the book, Chapter 14, deals with various types of amplifier output
stages. Thermal design is studied, and examples of IC power amplifiers are presented.

The eight appendixes contain much useful background and supplementary material. We
wish to draw the reader’s attention in particular to Appendix A, which provides a concise
introduction to the important topic of IC fabrication technology including IC layout.

COURSE ORGANIZATION

The book contains sufficient material for a sequence of two single-semester courses (each of
40 to 50 lecture hours). The organization of the book provides considerable flexibility in
course design. In the following, we suggest various possibilities for the two courses.

The First Course

The most obvious package for the first course consists of Chapters 1 through 5. However, if
time is limited, some or all of the following sections can be postponed to the second course:
1.6,1.7,2.6,2.7,2.8,3.6,3.8,4.8,4.9,4.10, 4.11, 5.8, 5.9, and 5.10. It is also quite possible
to omit Chapter 2 altogether from this course. Also, it is possible to concentrate on the
MOSEFET (Chapter 4) and cover the BIT (Chapter 5) only partially and/or more quickly.
Covering Chapter 5 thoroughly and Chapter 4 only partially and/or more quickly is also
possible—but not recommended! An entirely analog first course is also possible by omitting
Sections 1.7, 4.10, and 5.10. A digitally oriented first course is also possible. It would con-
sist of the following sections; 1.1, 1.2, 1.3, 1.4, 1.7, 1.8, 3.1, 3.2, 3.3, 3.4, 3.7, 4.1, 4.2, 4.3,

44,410,412, 5.1, 5.2, 5.3, 5.4, 5.10, 5.11, all of Chapter 10, and selected topics from

Chapter 11. Also, if time permits, some material from Chapter 2 on op amps would be
beneficial.

The Second Course

An excellent place to begin the second course is Chapter 6 where Section 6.2 can serve as a
review of the MOSFET and BJT characteristics. Ideally, the second course would cover
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Chapters 6 through 10 (assuming, of course, that the first course covered Chapters 1 through 5).
If time is short, either Chapter 10 can postponed to a subsequent course on digital circuits
and/or some sections of Chapters 6-9 can be omitted. One possibility would be to de-
emphasize bipolar circuits by omitting some or all of the bipolar sections in Chapters 6, 7,
and 9. Another would be to reduce somewhat the coverage of feedback (Chapter 8). Also,
data converters can be easily deleted from the second course. Still, for Chapter 9, perhaps
only CMOS op amps need to be covered and the 741 deleted or postponed. It is also possible
to replace some of the material from Chapters 6-10 by selected topics from Chapters 11-14.
For instance, in an entirely analog second course, Chapter 10 can be replaced by a selection
of topics from Chapters 13-14.

ANCILLARIES

A complete set of ancillary materials is available with this text to support your course.

For the Instructor

The Instructor’s Manual with Transparency Masters provides complete worked solutions to
all the exercises in each chapter and all the end-of-chapter problems in the text. It also
contains 200 transparency masters that duplicate the figures in the text most often used
in class.

' A set of Transparency Acetates of the 200 most important figures in the book.

A PowerPoint CD with slides of every figure in the book and each corresponding caption.

For the Student and the Instructor

The CD-ROM included with every new copy of the textbook contains SPICE input files, a
Student Edition of OrCAD PSpice 9.2 Lite Edition, a link to the website featuring
PowerPoint slides of the book’s illustrations, and bonus topics.

Laboratory Explorations for Microelectronic Circuits, 5th edition, by Kenneth C. Smith (KC),
contains laboratory experiments and instructions for the major topics studied in the text.

KC’s Problems and Solutions for Microelectronic Circuits, 5th edition, by Kenneth C.
Smith (KC), contains hundreds of additional study problems with complete solutions,
for students who want more practice.

SPICE, 2nd edition, by Gordon Roberts of McGill University and Adel Sedra, provides a
detailed treatment of SPICE and its application in the analysis and design of circuits of
the type studied in this book.
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INTRODUCTION

Part L, Devices and Basic Circuits, includes the most fundamental and essential topics
for the study of electronic circuits. At the same time, it constitutes a complete pack-
age for a first course on the subject.

Besides silicon diodes and transistors, the basic electronic devices, the op amp is
studied in Part I. Although not an electronic device in the most fundamental sense,
the op amp is commercially available as an integrated circuit (IC) package and has
well-defined terminal characteristics. Thus, despite the fact that the op amp’s internal
circuit is complex, typically incorporating 20 or more transistors, its almost-ideal ter-
minal behavior makes it possible to treat the op amp as a circuit element and to use it
in the design of powerful circuits, as we do in Chapter 2, without any knowledge of
its internal construction, We should mention, however, that the study of op amps can
be delayed to a later point, and Chapter 2 can be skipped with no loss of continuity.

The most basic silicon device is the diode. In addition to learning about diodes
and a sample of their applications, Chapter 3 also introduces the general topic of
device modeling for the purpose of circuit analysis and design. Also, Section 3.7 pro-
vides a substantial introduction to the physical operation of semiconductor devices.
This subject is then continued in Section 4.1 for the MOSFET and in Section 5.1 for
the BJT. Taken together, these three sections provide a physical background sufficient
for the study of electronic circuits at the level presented in this book.

The heart of this book, and of any electronics course, is the study of the two transis-
tor types in use today: the MOS field-effect transistor (MOSFET) in Chapter 4 and the
bipolar junction transistor (BJT) in Chapter 5. These two chapters have been written to be
completely independent of one another and thus can be studied in either desired order.
Furthermore, the two chapters have the same structure, making it easier and faster to .
study the second device, as well as to draw comparisons between the two device types.

Chapter 1 provides both an iniroduction to the study of electronics and a number
of important concepts for the study of amplifiers (Sections 1.4-1. 6) and of digital cir-
cuits (Section 1.7). .

Each of the five chapters concludes with a section on the use of SPICE simula-
tion in circuit analysis and design. Of particular importance here are the device mod-
els employed by SPICE. Finally, note that as in most of the chapters of this book, the
must-know material is placed near the beginning of a chapter while the good-to-know
topics are placed in the latter part of the chapter. Some of this latter material can
therefore be skipped in a first course and covered at a later time, when needed.
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INTRODUCTION

The subject of this book is modern electronics, a field that has come to be known as micro-
electronics. Microelectronics refers to the integrated-circuit (IC) technology that at the
time of this writing is capable of producing circuits that contain millions of components in a
small piece of silicon (known as a silicon chip) whose area is on the order of 100 mm?2. One
such microelectronic circuit, for example, is a complete digital computer, which accordingly
is known as a microcomputer or, more generally, a microprocessor.

In this book we shall study electronic devices that can be used singly (in the design of
discrete circuits) or as components of an integrated-circuit (IC) chip. We shall study the
design and analysis of interconnections of these devices, which form discrete and integrated
circuits of varying complexity and perform a wide variety of functions. We shall also learn
about available IC chips and their application in the design of electronic systems.

The purpose of this first chapter is to introduce some basic concepts and terminology. In
particular, we shall learn about signals and about one of the most important signal-processing
functions electronic circuits are designed to perform, namely, signal amplification. We shall
then look at models for linear amplifiers. These models will be employed in subsequent
chapters in the design and analysis of actual amplifier circuits. )

Whereas the amplifier is the basic element of analog circuits, the logic inverter plays this
role in digital circuits. We shall therefore take a preliminary look at the digital inverter, its
circuit function, and important characteristics.
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In addition to motivating the study of electronics, this chapter serves as a bridge between
the study of linear circuits and that of the subject of this book: the design and analysis of
electronic circuits.

i.1 SIGNALS

Signals contain information about a variety of things and activities in our physical world.
Examples abound: Information about the weather is contained in signals that represent the
air temperature, pressure, wind speed, etc. The voice of a radio announcer reading the news
into a microphone provides an acoustic signal that contains information about world affairs.
To monitor the status of a nuclear reactor, instruments are used to measure a multitude of
relevant parameters, each instrument producing a signal.

To extract required information from a set of signals, the observer (be it a human or a
machine) invariably needs to process the signals in some predetermined manner. This signal
processing is usually most conveniently performed by clectronic systems. For this to be
possible, however, the signal must first be converted into an electric signal, that is, a voltage
or a current. This process is accomplished by devices known as transducers. A variety of
transducers exist, each suitable for one of the various forms of physical signals. For instance,
the sound waves generated by a human can be converted into electric signals using a micro-
phone, which is in effect a pressure transducer. It is not our purpose here to study transduc-
ers; rather, we shall assume that the signals of interest already exist in the electrical domain
and represent them by one of the two equivalent forms shown in Fig. 1.1. In Fig. 1.1(a) the sig-
nal is represented by a voltage source v,(#) having a source resistance R,. In the alternate
representation of Fig. 1.1(b) the signal is represented by a current source £,(#) having a source
resistance R,. Although the two representations are equivalent, that in Fig. 1.1(a) (known as
the Thévenin form) is preferred when R, is low. The representation of Fig. 1.1(b) (known as
the Norton form) is preferred when R, is high. The reader will come to appreciate this point
later in this chapter when we study the different types of amplifiers. For the time being, it is
important to be familiar with Thévenin’s and Norton’s theorems (for a brief review, see
Appendix D) and to note that for the two representations in Fig. 1.1 to be equivalent, their
parameters are related by

v (1) = Ri (1)

From the discussion above, it should be apparent that a signal is a time-varying quantity
that can be represented by a graph such as that shown in Fig. 1.2. In fact, the information
content of the signal is represented by the changes in its magnitude as time progresses; that
is, the information is contained in the “wiggles” in the signal waveform. In general, such
waveforms are difficult to characterize mathematically. In other words, it is not easy to
describe succinctly an arbitrary-looking waveform such as that of Fig. 1.2. Of course, such a

FIGURE 1.1 Two alternative representa-
tions of a signal source: (a) the Thévenin
form, and (b) the Norton form.

(a) (®)
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FIGURE 1.2 An arbitrary voltage signal v,(2).

description is of great importance for the purpose of designing appropriate signal-processing
circuits that perform desired functions on the given signal.

1.2 FREQUENCY SPECTRUM OF SIGNALS

An extremely useful characterization of a signal, and for that matter of any arbitrary func-
tion of time, is in terms of its frequency spectrum. Such a description of signals is obtained
through the mathematical tools of Fourier series and Fourier transform.! We are not
interested at this point in the details of these transformations; suffice it to say that they pro-
vide the means for representing a voltage signal v,(t) or a current signal i () as the sum of
sine-wave signals of different frequencies and amplitudes. This makes the sine wave a very
important signal in the analysis, design, and testing of electronic circuits. Therefore, we
shall briefly review the properties of the sinusoid.
Figure 1.3 shows a sine-wave voltage signal v,(f),

u,(f) = V,sin ot ) .

' The r;ader who has not yet studied these topics should not be alarmed. No detailed application of this
material will be made until Chapter 6. Nevertheless, a general understanding of Section 1.2 should be
very helpful when studying early parts of this book.

I
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FIGURE 1.3 Sine-wave voltage signal of
amplitude V, and frequency f = 1/T Hz.
The angular frequency @ = 27f rad/s.

where V, denotes the peak value or amplitude in volts and @ denotes the angular frequency
in radians per second; that is, @ = 27f rad/s, where f is the frequency in hertz, /' = 1/T Hz,
and T is the period in seconds.

The sine-wave signal is completely characterized by its peak value V,, its frequency o,
and its phase with respect to an arbitrary reference time. In the case depicted in Fig. 1.3, the
time origin has been chosen so that the phase angle is 0. It should be mentioned that it is
common to express the amplitude of a sine-wave signal in terms of its root-mean-square
(rms) value, which is equal to the peak value divided by /2. Thus the rms value of the sinu-
soid v,(¢)of Fig. 1.3 is V, /J2. For instance, when we speak of the wall power supply in
our homes as being 120 V, we mean that it has a sine waveform of 120/ /2 volts peak value.

~ Returning now to the representation of signals as the sum of sinusoids, we note that the
Fourier series is utilized to accomplish this task for the special case when the signal is a peri-
odic function of time. On the other hand, the Fourier transform is more general and can be
used to obtain the frequency spectrum of a signal whose waveform is an arbitrary function
of time.

The Fourier series allows us to express a given periodic function of time as the sum of an
infinite number of sinusoids whose frequencies are harmonically related. For instance, the
symmetrical square-wave signal in Fig. 1.4 can be expressed as

o(t) = Ysin i+ L sin 3wyt +Lsin St +- - ) a2
7
where V is the amplitude of the square wave and w, = 272/ T (T is the period of the square
wave) is called the fundamental frequepcy. Note that because the amplitudes of the
harmonics progressively decrease, the infinite series can be truncated, with the truncated
series providing an approximation to the square waveform.

v

fe——T —>{
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FIGURE 1.4 A symmetrical squére-wave signal of amplitude V.
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FIGURE 1.5 The frequcncy spectrum (also known as the line spectrum) of the periodic square wave
of Fig. 1.4.

The sinusoidal components in the series of Eq. (1.2) constitute the frequency spectrum
of the square-wave signal. Such a spectrum can be graphically represented as in Fig. 1.5,
where the horizontal axis represents the angular frequency  in radians per second.

The Fourier transform can be applied to a nonperiodic function of time, such as that
depicted in Fig: 1.2, and provides its frequency spectrum as a continuous function of fre-
quency, as indicated in Fig. 1.6. Unlike the case of periodic signals, where the spectrum con-
sists of discrete frequencies (at @, and its harmonics), the spectrum of a nonperiodic signal
contains in general all possible frequencies. Nevertheless, the essential parts of the spectra
of practical signals are usually confined to relatively short segments of the frequency (®)
axis—an observation that is very useful in the processing of such signals. For instance, the
spectrum of audible sounds such as speech and music extends from about 20 Hz to about
20 kHz—a frequency range known as the audio band. Here we should note that although
some musical tones have frequencies above 20 kHz, the human ear is incapable of hearing
frequencies that are much above 20 kHz. As another example, analog video signals have
their spectra in the range of 0 MHz to 4.5 MHz.

‘We conclude this section by noting that a signal can be represented elther by the manner
in which its waveform varies with time, as for the voltage signal v,(r) shown in Fig. 1.2, or
in terms of its frequency spectrum, as in Fig. 1.6. The two alternative representations are
known as the time-domain representation and the frequency-domain representation, respec-
tively. The frequency-domain representation of v,(#) will be denoted by the symbol V().

FIGURE 1.6 The frequency spectrum
> of an arbitrary waveform such as that.in
w (rad/s) Fig. 1.2

Frequency spectrum V,, (w) in volts

<o
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1.3 ANALOG AND DIGITAL SIGNALS

The voltage signal depicted in Fig. 1.2 is called an analog signal. The name derives from
the fact that such a signal is analogous to the physical signal that it represents. The magni-
tude of an analog signal can take on any value; that is, the amplitude of an analog signal
exhibits a continuous variation over its range of activity. The vast majority of signals in the
world around us are analog. Electronic circuits that process such signals are known as
analog circuits. A variety of analog circuits will be studied in this book.

An alternative form of signal representation is that of a sequence of numbers, each num-
ber representing the signal magnitude at an instant of time. The resulting signal is called a
digital signal. To sec how a signal can be represented in this form—that is, how signals can
be converted from analog to digital form—consider Fig. 1.7(a). Here the curve represents a
voltage signal, identical to that in Fig. 1.2. At equal intervals along the time axis we have
marked the time instants #, ,, ,, and so on. At each of these time instants the magnitude of
the signal is measured, a process known as sampling. Figure 1.7(b) shows a representation
of the signal of Fig. 1.7(a) in terms of its samples. The signal of Fig. 1.7(b) is defined only at
the sampling instants; it no longer is a continuous function of time, but rather, it is a discrete-
time signal. However, since the magnitude of each sample can take any value in a continuous
range, the signal in Fig. 1.7(b) is still an analog signal.

Now if we represent the magnitude of each of the signal samples in Fig. 1.7(b) by a num-
ber having a finite number of digits, then the signal amplitude will no longer be continuous;
rather, it is said to be quantized, discretized, or digitized. The resulting digital signal then is
simply a sequence of numbers that represent the magnitudes of the successive signal samples.

The choice of number system to represent the signal samples affects the type of digital
signal produced and has a profound effect on the complexity of the digital circuits required

1.3 ANALOG AND DIGITAL SIGNALS

v() 4 to
(2)
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FIGURE 1.7 Sampling the continuous-time analog signal in (a) results in the discrete-time signal in (b).

to process the signals. It turns out that the binary number system results in the simplest pos-
sible digital signals and circuits. In a binary system, each digit in the number takes on one of
only two possible values, denoted 0 and 1. Correspondingly, the digital signals in binary
systems need have only two voltage levels, which can be labeled low and high. As an example,
in some of the digital circuits studied in this book, the levels are 0 V and +5 V. Figure 1.8
shows the time variation of such a digital signal. Observe that the waveform is a pulse train
with O V representing a 0 signal, or logic 0, and +5 V representing logic 1.

v(®) A

+5

Logicvalues—= 10 1 1 0 1 0 0 Time, ¢

FIGURE 1.8 Variation of a particular binary digital signal with time.
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If we use N binary digits (bits) to represent each sample of the analog signal, then the
digitized sarhple value can be expressed as

D = b2°+5,2' + 5,27 + -+ 4by 27! (1.3)

where by, by, ..., by_;, denote the N bits and have values of 0 or 1. Here bit by is the least
significant bit (LSB), and bit b,_, is the most significant bit (MSB). Conventionally, this
binary number is written as by_;by._, ... by. We observe that such a representation quantizes
the analog sample into one of 2% levels. Obviously the greater the number of bits (i.e., the
larger the N), the closer the digital word D approximates the magnitude of the analog
sample. That is, increasing the number of bits reduces the quantization error and increases
the resolution of the analog-to-digital conversion. This improvement is, however, usually
obtained at the expense of more comiplex and hence more costly circuit implementations. It
is not our purpose here to delve into this topic any deeper; we mierely want the reader to
appreciate the nature of analog and digital signals. Nevertheless, it is an opportune time to
introduce a very important circuit building block of modern clectronic systems: the analog-
to-digital converter (A/D or ADC) shown in block form in Fig. 1.9. The ADC accepts at
its input the samples of an analog signal and provides for each input sample the correspond-
ing N-bit digital representation (according to Eq. 1.3) at its N output terminals. Thus
although the voltage at the input might be, say, 6.51 V, at each of the output terminals (say,
at the ith terminal), the voltage will be either low (0 V) or high (5 V) if b; is supposed to be
0 or 1, respectively. We shall study the -ADC and its dual circuit the digital-to-analog

converter (D/A or DAC) in Chapter 9.

Once the signal is in digital form, it can be processed using digital circuits. Of course
digital circuits can deal also with signals that do not have an analog origin, such as the sig-
nals that represent the various instructions of a digital computer.

Since digital circuits deal exclusively with binary signals, their design is simpler than
that of analog circuits. Furthermore, digital systems can be designed using a relatively few
different kinds of digital circuit blocks. However, a large number (e.g., hundreds of thou-
sands or even millions) of each of these blocks are usually needed. Thus the design of digital
circuits poses its own set of challenges to the designer but provides reliable and economic
implementations of a great variety of signal processing functions, some of which are not
possible with analog circuits. At the present time, more and more of the signal processing
functions are being performed digitally. Examples around us abound: from the digital watch
and the calculator to digital audio systems and, more recently, digital television. Moreover,
some longstanding analog systems such as the telephone communication system are now
almost entirely digital. And we should not forget the most important of all digital systems,
the digital compiuter.

The basic building blocks of digital systems are logic circuits and memory circuits. We
shall study both in this book, beginning in Section 1.7 with the most fundamental digital
circuit, the digital logic inverter.

Analog +
input *

Digital
output

FIGURE 1.9 Block-diagram representation of the analog-to-digital converter (ADC).
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One final remark: Although the digital processing of signals is at present all-pervasive,
there remain many signal processing functions that are best performed by analog circuits.
Indeed, many electronic systems include both analog and digital parts. It follows that a good
electronics engineer must be proficient in the design of both analog and digital circuits, or
mixed-signal or mixed-mode design as it is currently known. Such'is the aim of this book.

1.4 AMPLIFIERS

Tn this section, we shall introduce a fundamental signal-processing function that is employed
in some form in almost every electronic system, namely, signal amplification. We shall
study the amplifier as a circuit building block, that is consider its external characteristics and
leave the design of its internal circuit to later chapters.

1.4.1 Signal Amplification

From a conceptual point of view the simplest signal-processing task is that of signal ampli-
fication. The need for amplification arises because transducers provide signals that are said
to be “weak,” that is, in the microvolt (V) or millivolt (mV) range and possessing little
energy. Such signals are too small for reliable processing, and processing is much easier if
the signal magnitude is made larger. The functional block that accomplishes this task is the
signal amplifier.

It is appropriate at this point to discuss the need for linearity in amplifiers. When ampli-
fying a signal, care must be exercised so that the information contained in the signal is not. ~
changed and no new information is introduced. Thus when feeding the signal shown in Fig. 1.2
to an amplifier, we want the output signal of the amplifier to be an exact replica of that at the
input, except of course for having larger magnitude. In other words, the “wiggles” in the
output waveform must be identical to those in the input waveform. Any change in waveform <
is considered to be distortion and is obviously undesirable. )

An amplifier that preserves the details of the signal waveform is characterized by the
relationship

v,(1) = Avy(t) (1.4)

where v; and v, are the input and output signals, respectively, and A is a constant represent-
ing the magnitude of amplification, known as amplifier gain. Equation (1.4) is a linear rela-
tionship; hence the amplifier it describes is a linear amplifier. It should be easy to see that if
the relationship between v, and v; contains higher powers of v,, then the waveform of v, will
no longer be identical to that of v,. The amplifier is then said to exhibit nonlinear distortion.
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The amplifiers discussed so far are primarily intended to operate on very small input
signals. Their purpose is to make the signal magnitude larger and therefore are thought of as
voltage amplifiers. The preamplifier in the home stereo system is an example of a voltage
amplifier. However, it usually does more than just amplify the signal; specifically, it per-
forms some shaping of the frequency spectrum of the input signal. This topic, however, is
beyond our need at this moment.

At this time we wish to mention another type of amplifier, namely, the power amplifier.
Such an amplifier may provide only a modest amount of voltage gain but substantial current
gain. Thus while absorbing little power from the input signal source to which it is con-
nected, often a preamplifier, it delivers large amounts of power to its load. An example is
found in the power amplifier of the home stereo system, whose purpose is to provide suffi-
cient power to drive the loudspeaker, which is the amplifier load. Here we should note that
the loudspeaker is the output transducer of the stereo system; it converts the electric output
signal of the system into an acoustic signal. A further appreciation of the need for linearity
can be acquired by reflecting on the power amplifier. A linear power amplifier causes both
soft and loud music passages to be reproduced without distortion.

1.4.2 Ampilifier Circuit Symbol

The signal amplifier is obviously a two-port network. Its function is conveniently repre-
sented by the circuit symbol of Fig. 1.10(a). This symbol clearly distinguishes the input and
output ports and indicates the direction of signal flow. Thus, in subsequent diagrams it will
not be necessary to label the two ports “input” and “output.” For generality we have shown

 the amplifier to have two input terminals that are distinct from the two output terminals. A

more common situation is illustrated in Fig. 1.10(b), where a common terminal exists
between the input and output ports of the amplificr. This common terminal is used as a ref-
erence point and is called the circuit ground.

1.4.3 Voltage Gain

A linear amplifier accepts an input signal v,(¢) and provides at the output, across a load
resistance R (see Fig. 1.11(a)), an output signal v,(f) that is a magnified replica of v;(z).
The voltage gain of the amplifier is defined by

Voltage gain (A,) = Yo (1.5)
Yr
Fig. 1.11(b) shows the transfer characteristic of a linear amplifier. If we apply to the input
of this amplifier a sinusoidal voltage of amplitude V', we obtain at the output a sinusoid of
amplitude A,V.

e} O
Input Output Input Output
o 0 o o
=
(@) (b)

FIGURE 1.10 (a) Circuit symbol for amplifier. (b) An amplifier with a common terminal (ground)
between the input and output ports.
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FIGURE 1.11 (a) A voltage amplifier fed with a signal v;(#) and connected to a load resistance R;.
(b) Transfer characteristic of a linear voltage amplifier with volfage gain A,,.

1.4.4 Power Gain and Current Gain
An amplifier increases the signal power, an important feature that distinguishes an amplifier
from a transformer. In the case of a transformer, although the voltage delivered to the load
could be greater than the voltage feeding the input side (the primary), the power delivered to
the load (from the secondary side of the transformer) is less than or at most equal to the power
supplied by the signal source. On the other hand, an amplifier provides the load with power
greater than that obtained from the signal source. That is, amplifiers have power gain. The
power gain of the amplifier in Fig. 1.11(a) is defined as
o load power (P;)
Ays ———— &2 1.6
Power gain (4,) input power (P;) (16

= o amn

Urty
where i, is the current that the amplifier delivers to the load (Ry), iy = vy/R;, and i; is the cur-
rent the amplifier draws from the signal source. The current gain of the amplifier is defined as

Current gain (A;) = 2 (1.8)

i
From Egs. (1.5) to (1.8) we note that
A, = AA, (1.9)

1.4.5 Expressing Gain in Decibels

The amplifier gains defined above are ratios of similarly dimensioned quantities. Thus they
will be expressed either as dimensionless numbers or, for emphasis, as V/V for the voltage
gain, A/A for the current gain, and W/W for the power gain. Alternatively, for a number of
reasons, some of them historic, electronics engineers express amplifier gain with a logarith-
mic measure. Specifically the voltage gain A, can be expressed as

Voltage gain in decibels = 20 log|A | dB
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where P; is the power drawn from the signal source and P; is the power delivered to the
load. Since the power drawn from the signal source is usually small, the amplifier efficiency
is defined as . )

and the current gain A; can be expressed as

Current gain in decibels = 20 Iog]Ai] dB -

Sin‘ce power is related to voltage (or current) squared, the power gain A, can be expressed in n= i % 100 (1.10)
decibels as : Py
Power gain in decibels = 10 log 4, dB | The power efficiency is an important performance parameter for émpliﬁers that handle large

amounts of power. Such amplifiers, called power amplifiers, are used, for example, as out-
put amplifiers of stereo systems. )

In order to simplify circuit diagrams, we shall adopt the convention illustrated in
Fig. 1.12(b). Here the V* tefminal is shown connected to an arrowhead pointing upward and
the V" terminal to an arrowhead pointing downward. The corresponding voltage is indi-
cated next to each arrowhead. Note that in many cases we will not explicitly show the con-
nections of the amplifier to the dc power sources. Finally, we note that some amplifiers
require only one power supply.

The absolute values of the voltage and current gains are used because in some cases A,
or A; may be negative numbers. A negative gain A, simply means that there is a 180° phase
difference between input and output signals; it does not imply that the amplifier is attenuat-
ing the signal. On the other hand, an amplifier whose voltage gain is, say, —20 dB is in fact
attenuating the input signal by a factor of 10 (ie,A,=0.1V/V).

1.4.6 The Amplifier Power Supplies

Since the power delivered to the load is greater than the power drawn from the signal source,
the question arises as to the source of this additional power. The answer is found by observ-
ing that amplifiers need dc power supplies for their operation. These de sources supply the
extra power delivered to the load as well as any power that might be dissipated in the inter-
nal circuit of the amplifier (such power is converted to heat). In Fig. 1.11(a) we have not
explicitly shown these dc sources.

Figure 1.12(a) shows an amplifier that requires two de sources: one positive of value V,
and one negative of value V,. The amplifier has two terminals, labeled V* and V™, for con-
nection to the de supplies. For the amplifier to operate, the terminal labeled V* has to be con-
nected to the positive side of a dc source whose voltage is V; and whose negative side is
connected to the circuit ground. Also, the terminal labeled V™ has to be connected to the
negative side of a dc source whose voltage is V, and whose positive side is connected to the
circuit ground. Now, if the current drawn from the positive supply is denoted / 1 and that

Consider an amplifier operating from +10-V power supplies. It is fed with a sinusoidal voltage
having 1 V peak and delivers a sinusoidal voltage output of 9 V peak to a 1-kQ load. The ampli-
fier draws a current of 9.5 mA from each of its two power supplies. The input current of the
amplifier is found to be sinusoidal with 0.1 mA peak. Find the voltage gain, the current gain, the
power gain, the power drawn from the dc supplies, the power dissipated in the amplifier, and
the amplifier efficiency. N

Solution

from the negative supply is 7, (see Fig. 1.12(a)), then the dc power delivered to the amplifier is A, = ? =9V/V
Py = Vil +V,1, or
If the power dissipated in the amplifier circuit is denoted Pygpaieq, the power-balance equa- A, = 201log9=19.1 dB

tion for the amplifier can be written as

= = 9mA
Py +Pp = Pr+ Pygiea L 1kQ
a=2_ 0 Loy,
i 0.1

or
4; = 201og 90 = 39.1 dB

P=v, I, =22 _45mw
3.2

'rms” Orms /\/—/\/— [
Pr 405
=L =229 _gioww
4 P, 005

or

b
]

FIGURE 1.12 An amplifier that requires two dc supplies (shown as batteries) for operation. 10 log 810 = 29.1 dB

—
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Py = 10x9.5+10x95 = 190 mW
Pigsipatea = Pae+ P =Py,
=190+ 0.05-40.5 = 149.6 mW

Pl
n==Lx100 = 21.3%
Pdc

From the above example we observe that the amplifier converts some of the dc power it
draws from the power supplies to signal power that it delivers to the load.

1.4.7 Amplifier Saturation

Practica.ll.y speaking, the amplifier transfer characteristic remains linear over only a limited
range of input and output voltages. For an amplifier operated from two power s:Jpplies the
outpu-t voltage cannot exceed a specified positive limit and cannot decrease below a specified
negative limit. The resulting transfer characteristic is shown in Fig. 1.13, with the positive and

w0 A ) Output peaks
o clipped due to
saturation
A i)
oo
gt
L b—— ! b
O]
|
[ B S Output

| ~  waveforms

\

L OS>
<§§t> ot

waveforms

FIGURE 1.13  An amplifier trarisfer characteristic that is lincar except for output saturation.

1.4 AMPLIFIERS

negative saturation Jevels denoted L, and L_, respectively. Each of the two saturation levels
is usually within a volt or so of the voltage of the corresponding power supply.

Obviously, in order to avoid distorting the output signal waveform, the input signal
swing must be kept within the linear range of operation,

o~

L

+

v £ —

A,

A

IA
=

v

Figure 1.13 shows two input waveforms and the corresponding output waveforms. We note
that the peaks of the larger waveform have been clipped off because of amplifier saturation.

1.4.8 Nonlinear Transfer Characteristics and Biasing

Except for the output saturation effect discussed above, the amplifier transfer characteristics
have been assumed to be perfectly linear. In practical amplifiers the transfer characteristic
may exhibit nonlinearities of various magnitudes, depending on how elaborate the amplifier
circuit is and on how much effort has been expended in the design to ensure linear operation.
Consider as an example the transfer characteristic depicted in Fig. 1.14. Such a character-
istic is typical of simple amplifiers that are operated from a single (positive) power supply.
The transfer characteristic is obviously nonlinear and, because of the single-supply opera-
tion, is not centered around the origin. Fortunately, a simple technique exists for obtaining
linear amplification from an amplifier with such a nonlinear transfer characteristic.

The technique consists of first biasing the circuit to operate at a point near the middle of
the transfer characteristic. This is achieved by applying a dc voltage Vj, as indicated in Fig. 1.14,
where the operating point is labeled O and the corresponding dc voltage at the output is Vo
The point Q is known as the quiescent point, the de bias peint, or simply the operating
point. The time-varying signal to be amplified, v(®), is then superimposed on the dc bias
voltage V; as indicated in Fig. 1.14. Now, as the total instantaneous input u(t),

v(t) = Vi+u(t)

varies around V;, the instantaneous operating point moves up and down the transfer curve
around the dc operating point Q. In this way, one can determine the waveform of the total
instantaneous output voltage uy(f). It can be seen that by keeping the amplitude of u(f)
sufficiently small, the instantaneous operating point can be confined to an almost linear seg-
ment of the transfer curve centered about Q. This in turn results in the time-varying poition
of the output being proportional to v(1); that is,

Uo(t) = Vot v,(1)
with
v,(1) = A,9(7)
where A, is the slope of the almost linear segment of the transfer curve; that is,
_dv
v = E}; o

In this manner, linear amplification is achieved. Of course, there is a limitation: The input
signal must be kept sufficiently small. Increasing the amplitude of the input signal can cause
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ok

A transistor amplifier has the transfer characteristic

S e —
" vy = 10 - 107%™ L1

Slope = A,
which applies for %2 0V and v, 2 0.3 V. Find the limits L and L, and the corresponding values

of v;. Also, find the value of the dc bias voltage V; that results in V,, =5 V and the voltage gain at
the corresponding operating point.

Solution_
The limit Z_ is obviously 0.3 V. The corresponding value of v;is obtained by substituting v, =03 V
in Eq. (1.11); that is, .

0 = 0.690 V

vy The limit L, is determined by v; = 0 and is thus giyen by

™

L,=10-10" =10V
Sy,

v To bias the device so that V, =5 V we require a dc input V; whose value is obtained by substitut-
ing v, =5V in Eq. (1.11) to find:

N AN

V, = 0673V

!

N

<

[N
Y

VDT)

~

The gain at the operating point is obtained by evaluating the derivative dv,/dv; at v, =0.673 V.
@ The result is

A, = =200 V/V
which indicates that this amplifier in an inverting one; that is, the output is 180° out of phase with

the input. A sketch of the amplifier transfer characteristic (not to scale) is shown in Fig. 1.15,
from which we observe the inverting nature of the amplifier.

vo (V)

10

EIGURE 1.'_[ 4 (a) An amplifier transfer characteristic that shows considerable nonlinearity. (b) To obtain
lmea{ operation the amplifier is biased as shown, and the signal amplitude js kept small. Observe that this
amplifier is operated from a single power supply, Vpp.

the operation to be no longer restricted to an almost linear segment of the transfer curve.

This in turn results in a distorted output signal waveform. Such nonlinear distortion is :
undesirable: The output signal contains additional spurious information that is not part of the :
input. We shall use this biasing technique and the associated small-signal approximation ;
frequently in the design of transistor amplifiers. :

FIGURE 1.15 A skefch of the transfer
characteristic of the amplifier of Example 1.2.
Note that this amplifier is inverting (i.e., with
0 0.673 0.690 v (V) a gain that is negative).

0.3
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| EXERCISES

Or{ce an amplifier is properly biased and the input signal is kept sufficiently small, the
opleratlon is assumed to be linear. We can then employ the techniques of linear circuit anal-
ysis to analyze the signal operation of the amplifier circuit. This is the topic of Sections 1.5
and 1.6.

1.4.9 Symbol Convention

At this point, we draw the reader’s attention to the terminology used above and which we
shall employ throughout the book. Total instantaneous quantities are denoted by a lowercase
symbol with an uppercase subscript, for example, i,(?), v (z). Direct-current (dc) quantities
will be denoted by an uppercase symbol with an uppercase subscript, for example, 7,, V.
Power-supply (dc) voltages are denoted by an uppercase V with a double-letter uppercase
subscript, for example, V. A similar notation is used for the dc current drawn from the
power supply, for example, I,,. Finally, incremental signal quantities will be denoted by a
lowercase symbol with a lowercase subscript, for example, i,(f), v,(?). If the signal is a sine
wave, then its amplitude is denoted by an uppercase letter with a lowercase subscript, for
example, I, V.. This notation is illustrated in Fig. 1.16.

iC¢

~

FIGURE 1.16 Symbol convention employed throughout the book.
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1.5 CIRCUIT MODELS FOR AMPLIFIERS

A good part of this book is concerned with the design of amplifier circuits using transistors
of various types. Such circuits will vary in complexity from those using a single transistor to
those with 20 or more devices. In order to be able to apply the resulting amplifier circuit as a
building block in a system, one must be able to characterize, or model, its terminal behavior.
In this section, we study simple but effective amplifier models. These models apply irre-
spective of the complexity of the internal circuit of the amplifier. The values of the model
parameters can be found either by analyzing the amplifier circuit or by performing measure-
ments at the amplifier terminals.

1.5.1 Voltage Amplifiers .

Figure 1.17(a) shows a circuit mode] for the voltage amplifier. The model consists of a voltage-
controlled voltage source having a gain factor A, an input resistance R; that accounts for
the fact that the amplifier draws an input current from the signal source, and an output
resistance R, that accounts for the change in output voltage as the amplifier is called upon to

FIGURE 1.17 (a) Circuit model for the voltage amplifier. (b) The voltage amplifier with input signal
source and load.
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supply output current to a load. To be specific, we show in Fig. 1.17(b) the amplifier model
fed with a signal voltage source v, having a resistance R, and connected at the output to a
load resistance R;. The nonzero output resistance R, causes only a fraction of A,,v; to appear
across the output. Using the voltage-divider rule we obtain

R
v, = Avovfm
Thus the voltage gain is given by
R
A=le=p, L (1.12)

v; ™R LT R,
It follows that in order not to lose gain in coupling the amplifier output to a load, the output
resistance R, should be much smaller than the load resistance R;. In other words, for a given
R; one must design the amplifier so that its R, is much smaller than R;. Furthermore, there
are applications in which R; is known to vary over a certain range. In order to keep the
output voltage v, as constant as possible, the amplifier is designed with R, much smaller
than the lowest value of R;. An ideal voltage amplifier is one with R, = 0. Equation (1.12)
indicates also that for R, = o0, A, = A,,. Thus A,, is the voltage gain of the unloaded ampli-
tle.r, or the oper.l--mrcmt voltage gain. I'f s?ould also be clear ﬂ‘{a’( in spemfyl.ng thc? VolFage N {52 Cascaded Amplifi ers
gain of an amplifier, one must also specify the value of load resistance at which this gain is ‘ . o . . . i )
measured or calculated. If a load resistance is not specified, it is normally assumed that the ) To meet given amplifier specifications the need often arises to design the amp]'Jfler asa Zas‘
given voltage gain is the open-circuit gain A, cade of two or more stages. The stages arevusua.lly 11-0t identical; ra'ther, eachvls dlemgnfe to

' The finite input resistance R; introduces another voltage-divider action at the input, with serve a specific purpose. For instance, the first stage is usually required to have a large input

the result that only a fraction of the source signal v, actually reaches the input terminals of the resistance, and the final stage in the cascade is usually designFad to have a lo.w output re§is-
amplifier; that is tance. To illustrate the analysis and design of cascaded amplifiers, we consider a practical

example.

Rl
w= v (1.13)
It follows that in order not to lose a significant portion of the input signal in coupling the
signal source to the amplifier input, the amplifier must be designed to have an input resis-
tance R; much greater than the resistance of the signal source, R; > R,. Furthermore, there
are applications in which the source resistance is known to vary over a certain range. To
minimize the effect of this variation on the value of the signal that appears at the input of the
amplifier, the design ensures that R; is much greater than the largest value of R,. An ideal
voltage amplifier is one with R; = ce. In this ideal case both the current gain and power gain
become infinite. :
The overall voltage gain (v,/v;) can be found by combining Eqs. (1.12) and (1.13),

Figure 1.18 depicts an amplifier composed of a cascade of three stages. The amplifier is fed by a
signal source with a source resistance of 100 kQ and delivers its output into a load resistance of
100 Q. The first stage has a relatively high input resistance and a modest gain factor of 10. The
second stage has a higher gain factor but lower input resistance. Finally, the last, or output, stage
has unity gain but a low output resistance. We wish to evaluate the overall voltage gain, that is,

v;/u,, the current gain, and the power gain.

I
Source | Stage 1 | Stage 2 | Stage 3 | Load

o R; Ry
“R;+R,R, +R,

s
1kQ
There are situations in which one is interested not in voltage gain but only in a signifi- +
X . . B y u; & 1 MQ
cant power gain. For instance, the source signal can have a respectable voltage but a source -
resistance which is much greater than the load resistance. Connecting the source directly to
the Toad would result in significant signal attenuation. In such a case, one requires an ampli-
fier with a high input resistance (much greater than the source resistance) and a low output
resistance (much smaller than the load resistance) but with a modest voltage gain (or even
unity gain). Such an amplifier is referred to as a butfer amplifier. We shall encounter buffer
amplifiers often throughout this book.

-US

|
\
\
|
|
|
|
|
I

FIGURE 1.18 Three-stage amplifier for Example 1.3.
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Solution

The fraction of source signal appearing at the input terminals of the amplificr is obtained using
the voltage-divider rule at the input, as follows:

Ui 1 MQ

o -t = 0909V,

v, 1 MQ+100kQ 0909 VIV
The voltage gain of the first stage is obtained by considering the input resistance of the second
stage to be the load of the first stage; that is,

Uy 100 kQ
A= 2 =210———522 =9,
Ty, wkarika - 0 VV

Similarly, the voltage gain of the second stage is obtained by considering the input resistance of
the third stage to be the load of the second stage,

10 kQ

v,
Ay =2 = 10022 = 90
27 0, ke kg - VY
Finally, the voltage gain of the output stage is as follows:
U,
Ay=-L= 1& = 0.909 V/V

(7 100 Q+10 Q
. The total gain of the three stages in cascade can be now found from
U,
A= — = A, A A, = 818 VIV
Uil
or 58.3 dB.
To find the voltage gain from source to load, we multiply A, by the factor representing the
loss of gain at the input; that is,
A TR
Us Vi1 Us Us
= 818x0.909 = 743.6 V/V

or 57.4 dB.
The current gain is found as follows:

_ 5,/100 Q
T /1 MQ

= 10%x A4, = 8.18x 10° A/A

or 138.3 dB.
The power gain is found from

_ P _ v,
A,=—t =22
Pr g

AA; = 818x8.18 x 10° = 66.9 x 10° W/W

or 98.3 dB. Note that

A,(dB) = 1[A(dB)+ A(dB)]

1.5 CIRCUIT MODELS FOR AMPLIFIERS

A few comments on the cascade amplifier in the above example are in order. To avoid
losing signal strength at the amplifier input where the signal is usually very small, the first
stage is designed to have a relatively large input resistance (1 MQ), which is much larger
than the source resistance. The trade-off appears to be a moderate voltage gain (10 V/V).
The second stage does not need to have such a hjgh input resistance; rather, here we need to
realize the bulk of the required voltage gain. The third and final, or output, stage is not asked
to provide any voltage gain; rather, it functions as a buffer amplifier, providing a relatively
large input resistance and a low output resistance, much lower than R;. It is this stage that
enables connecting the amplifier to the 10-Q Joad. These points can be made more concrete
by solving the following exercises.

1.5.3 Other Ampilifier Types

In the design of an electronic system, the signal of interest—whether at the system input, at
an intermediate stage, or at the output—can be either a voltage or a current. For instance,
some transducers have very high output resistances and can be more appropriately modeled
as current sources. Similarly, there are applications in which the output current rather than
the voltage is of interest. Thus, although it is the most popular, the voltage amplifier consid-
ered above is just one of four possible amplifier types. The other three are the current ampli-
fier, the transconductance amplifier, and the transresistance amplifier. Table 1.1 shows the
four amplifier types, their circuit models, the definition of their gain parameters, and the
ideal values of their input and output resistances.

1.5.4 Relationships Between the Four Amplifier Models

Although for a given amplifier a particular one of the four models in Table 1.1 is most pref-
erable, any of the four can be used to model the amplifier. In fact, simple relationships can
be derived to relate the parameters of the various models. For instance, the open-circuit volt-
age gain A, can be related to the short-circuit current gain A, as follows: The open-circuit
output voltage given by the voltage amplifier model of Table 1.11is A,,u;. The current ampli-
fier model in the same table gives an open-circuit output voltage of A;#R,. Equating these
two values and noting that i; = v/R; gives

A, = A[S(R_v) (1.14)
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Type Circuit Model Gain Parameter Ideal Characteristics
Voltage Amplifier
Open-Circuit Voltage Gain
Wt Ri=o0
=g oW R,=0
Current Amplifier
Short-Circuit Current Gain
R;=0
R,
Transconductance
Amplifier Short-Circuit
Transconductance R,=co
. Ry=eo
Transresistance
Amplifier
=0
R,=0
Similarly, we can show that
A, =GR, (1.15)
and
R,
A, = Fz (1.16)

The expressions in Eqgs. (1.14) to (1.16) can be used to relate any two of the gain parameters
A, Ay Gy, and R,

From the amplifier circuit models given in Table 1.1, we observe that the input resis-
tance R; of the amplifier can be determined by applying an input voltage v, and measuring
(or‘ calculating) the input current ij; that is, R; = u/i, The output resistance is found as the
ratio of the open-circuit output voltage to the short-circuit output current. Alternatively, the
output resistance can be found by eliminating the input signal source (then ¢; and v, will both
be zero) and applying a voltage signal v, to the output of the amplifier. If we denote the cur-
rent drawn from v, info the output terminals as i, (note that i, is opposite in direction to i),
then R, = v./i,. Although these techniques are conceptually correct, in actual practice more
refined methods are employed in measuring R, and R,.

The amplifier models considered above are unilateral; that is, signal flow is unidirec-
tional, from input to output. Most real amplifiers show some reverse transmission, which
is usually undesirable but must nonetheless be modeled. We shall not pursue this point

1.5 CIRCUIT MODELS FOR AMPLIFIERS

further at this time except to mention that more complete models for linear two-port networks
are given in Appendix B. Also, in Chapters 4 and 5, we will augment the models of Table 1.1
to take into account the nonunilateral nature of some transistor amplifiers.

The bif junction transistor (BJT), which will be studied in Chapter 3, is a three-terminal
device that when dc biased and operated with small signals can be modeled by the linear circuit
shown in Fig. 1.19(a). The three terminals are the base (B), the emitter (E), and the collector (C).
The heart of the model is a transconductance amplifier represented by an input resistance
between B and E (denoted r,), a short-circuit transconductance g,,, and an output resistance r,..

©

FIGURE 1.19 (a) Small-signal circuit model for a bipolar junction transistor (BJT). (b) The BJT
connected as an amplifier with the emitter as a common terminal between input and output (called a common-
emitter amplifier). (¢) An alternative small-signal circuit model for the BJT.

(a) With the emitter used as a common terminal between input and output, Fig. 1.19(b) shows
a transistor amplifier known as a cc itter or gr ded-emitter circuit. Derive an
expression for the voltage gain v,/v,, and evaluate its magnitude for the case R, = 5 kQ, rp, =
2.5kQ, g,,=40 mA/V, r,= 100 kQ, and R; = 5 kQ. What would the gain value be if the effect
of r, were neglected? ‘

(b) An alternative model for the transistor in which a current amplifier rather than a transconduc-
tance amplifier is utilized is shown in Fig. 1.19(c). What must the short-circuit current-gain f3 be?
Give both an expression and a value.

Solution
(a) Using the voltage-divider rule, we determine the fraction of input signal that appears at the
amplifier input as

z (1.17)
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Next we determine the output voltage v, by multiplying the current (gmvse) by the resistance
Rl ry),

Uy = =805 (R N 7,) (1.18)

Substituting for v, from Eq. (1.17) yields the voltage-gain expression

Yo

=Tt o (R,
2, r”+ngm Lliry) (1.19)

Observe that the gain is negative, indicating that this amplifier is inverting. For the given compo-
nent values,

Yoo _ 25
v 2_5+5x40><(511 100)
= 635 VIV

Neglecting the effect of r,, we obtain

Y 25 <
2——.5+5><4O><3

= -66.7 V/V

which is quite close to the value obtained including r,. This is not surprising since r, > R;.
(b) For the model in Fig. 1.19(c) to be equivalent to that in Fig. 1.19(a),

Biy = 8t

Buti, = v,,/r,;thus,

1.6 FREQUENCY RESPONSE OF AMPLIFIERS

B=gurx
From Section 1.2 we know that the input signal to an amplifier can always be expressed as
| the sum of sinusoidal signals. It follows that an important characterization of an amplifier is
B=40mA/Vx25kQ i in terms of its response to input sinusoids of different frequencies. Suc\h a characterization of
amplifier performance is known as the amplifier frequency response.

For the values given,

=100 A/A

i _ i ] ‘ o i 1.6.1 Measuring the Amplifier Frequency Response

EXERCISES . noah e We shall introduce the subject of amplifier frequency response by showing how it can be
e / ! ; ; ’ measured. Figure 1.20 depicts a linear voltage amplifier fed at its input with a sine-wave
signal of amplitude V; and frequency @. As the figure indicates, the signal measured at the

Linear amplifier

vy = V; sin ot =V, sin (wt + ¢)

: FIGURE 1.20 Measuring the frequency response of a linear amplifier. At the test frequency , the amplifier
i gain is characterized by its magnitude (V,/V;) and phase ¢.




32 @ CHAPTER 1 INTRODUCTION TO ELECTRONICS

amplifier output also is sinusoidal with exactly the same frequency @. This is an important
point to note: Whenever a sine-wave signal is applied to a linear circuit, the resulting output
is sinusoidal with the same frequency as the input. In fact, the sine wave is the only signal
that does not change shape as it passes through a linear circuit. Observe, however, that the
output sinusoid will in general have a different amplitude and will be shifted in phase relative
to the input. The ratio of the amplitude of the output sinusoid (V,) to the amplitude of the
input sinusoid (V;) is the magnitude of the amplifier gain (or transmission) at the test fre-
quency @. Also, the angle ¢ is the phase of the amplifier transmission at the test frequency
o. If we denote the amplifier transmission, or transfer function as it is more commonly
known, by T(w), then

IT (@)

]

]

A=Y N,<|§1

LT (w)

The response of the amplifier to a sinusoid of frequency @is completely described by [T{w)l
and ZT(w). Now, to obtain the complete frequency response of the amplifier we simply
change the frequency of the input sinusoid and measure the new value for 171 and £T. The
end result will be a table and/or graph of gain magnitude [IT(@)1] versus frequency and a
table and/or graph of phase angle [£T(@)] versus frequency. These two plots together con-
stitute the frequency response of the amplifier; the first is known as the magnitude or
amplitude response, and the second is the phase response. Finally, we should mention that
it is a common practice to express the magnitude of transmission in decibels and thus plot
20 log IT(w)! versus freq uency.

1.6.2 Amplifier Bandwidth

Figure 1.21 shows the magnitude response of an amplifier. It indicates that the gain is
almost constant over a wide frequency range, roughly between @, and w,. Signals whose fre-
quencies are below @, or above @, will experience lower gain, with the gain decreasing as
we move farther away from @, and @,. The band of frequencies over which the gain of the
amplifier is almost constant, to within a certain number of decibels (usually 3 dB), is called the
amplifier bandwidth. Normally the amplifier is designed so that its bandwidth coincides
with the spectrum of the signals it is required to amplify. If this were not the case, the ampli-
fier would distort the frequency spectrum of the input signal, with different components of
the input signal being amplified by different amounts.

20 log | 7(w)|

! I
|
[k\sandwidthﬂ{

|

|

|

1 e
@ @y )

FIGURE 1.21 Typical magnitude response of an amplifier. {T(w)! is the magnitude of the amplifier transfer
function—that is, the ratio of the output V() to the input V().

1.6.3 Evaluating the Frequency Response of Amplifiers '
bor e described the method used to measure the frequency response $)f an amplifier.

l{:‘\]bo‘,:wwbrieﬂy discuss the method for analytically obtaining an expression for the fre-
e 1

response. What we are about to say is just a preview of this important subject, whose
quency - Wh

i tudy starts in Chapter 4. . -
deta’}ljdei'alu};te the frequency response of an amplifier one has to analyze the amplifier

i ircui ing into account all reactive components.” Circuit analysis
eqmvalenF Ctuhceugsgcl)df:hg:ll I;)itn\::?th inductances and capacitances represented by their
Lo lnAn inductance L has a reactance or impedance jwL, and a capacitance C hz?s a
reactancesc-)r impedance 1/ joC or, equivalently, a susceptance or admittance j&C. Thus in a
l'e: C;f;iev-domain analysis we deal with impedances and/or admittances. The result of the
Zuflysis is the amplifier transfer function T(w):

V()
Viw)
where V{®) and V() denote the input and output signals: respectively. T(a?) is ge;;erallz a_t
complex function whose magnitude IT(w)! gives the .magmtude of transmlssxf)xtlh or the lrir;‘i égr
nitude response of the amplifier. The phase of 7T(w) gives the phase response o he amp! la—.

In the analysis of a circuit to determine its frequency response, the algﬁ.:bralc mIampu
tions can be considerably simplified by using the complex freguency v"anable s}.{ n;c?ns
of s, the impedance of an inductance L is sL and that qf a Cfipaatance C is 1/ ;C . Iepfmng
the reactive elements with their impedances and performing standard circuit analysis, we
obtain the transfer function 7(s) as

T(w) =

Vo(s)

Vils)

Subsequently, we replace s by jo to determine the transfer function forgphysical. tjreque.l.l-
cies, 7(jw). Note that T(jw) is the same function we called T(w) above;‘. the adfiltl(?nal jis
included in order to emphasize that 7(j®) is obtained from 7(s) by replacing s with jo.

T(s) =

1.6.4 Single-Time-Constant Networks '
In analyzing amplifier circuits to determine their 'freque?cy Tesponse, one is grezéﬂy atdedlt)y
knowledge of the frequency response characteristics of single-time-constant (ST ) networ! st.
An STC network is one that is composed of, or can be reduced to, one rce}ctlvc @mpon;nc
(inductance or capacitance) and one resistance. Examples are shown in Fig. 1.22. An STl
network formed of an inductance L and a resistance R has a time constanF T = L/.RA The
time constant 7 of an STC network composed of a capacitance C and a resistance R is given
" prIiIr?].dix D presents a study of STC networks and their responses o S?llus;ll(:?.l, i,]tep{
and pulse inputs. Knowledge of this material will be needed at various p(.)mts' roug| omd
this book, and the reader will be encouraged to refer to thjc Appe_ndlx‘ /‘%t this p()-ln!_ we nees
in particular the frequency response results; we will, in fact, briefly discuss this important

topic, now.

1.6 FREQUENCY RESPONSE OF AMPLIFIERS

i i i i i ts were included. These
2 Note that in the models considered in previous sections no reactive componen >
v\vI:r: simplified models and cannot be used alone to predict the amplifier trequency response. .
3 At this stage, we are using s simply as a shorthand for jo. We shall‘ not require chaﬂed kmzrille];ige o
s-plane concepts until Chapter 6. A brief review of s-plane analysis is presented in Appendix E.

,g}‘
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R
+
Vi c Vo
° FIGURE 1.22 Two examples of STC
networks: (a) a low-pass network and
(a) (b) (b) a high-pass network.

Low-Pass (LP) High-Pass (HP}

Transfer Function 7(s) K Ks
1+ (s/wy) 5+ @y
Transfer Function (for physical K K
frequencies) 7(j) 1+ j(a/ @) 1 j(wy/ w)

Magnitude Response |7(jw)| K] K]

1+ (/o) 1+ (0 w)
Phase Response £7(j) : —tan " (w/ @p) tan " (/@)
Transmission at ®=0 (dc) K 0
Transmission at @ = oo 0 K
3-dB Frequency o= 1/7; T = time constant

T =CRorL/IR

Bode Plots in Fig. 1.23 in Fig. 1.24

Most STC networks can be classified into two categories,4 low pass (LP) and high pass
(HP), with each of the two categories displaying distinctly different signal responses. As an
example, the STC network shown in Fig. 1.22(a) is of the low-pass type and that in Fig. 1.22(b)
is of the high-pass type. To see the reasoning behind this classification, observe that the
transfer function of each of these two circuits can be expressed as a voltage-divider ratio,
with the divider composed of a resistor and a capacitor. Now, recalling how the impedance
of a capacitor varies with frequency (Z = 1/jwC)1it is easy to see that the transmission of
the circuit in Fig. 1.22(a) will decrease with frequency and approach zero as @ approaches .
Thus the circuit of Fig. 1.22(a) acts as a low-pass ﬁlter;5 it passes low-frequency sine-wave

inputs with little or no attenuation (at @ = 0, the transmission is unity) and attenuates

high-frequency input sinusoids. The circuit of Fig. 1.22(b) does the opposite; its transmis-
sion is unity at @ = o and decreases as @ is reduced, reaching 0 for @= 0. The latter circuit,
therefore, performs as a high-pass filter.

Table 1.2 provides a summary of the frequency response results for STC networks of both
'types.6 Also, sketches of the magnitude and phase responses are given in Figs. 1.23 and 1.24.

4 An important exception is the all-pass STC network studied in Chapter 11.

> A filter is a circuit that passes signals in a specified frequency band (the filter passband) and stops or
severely attenuates (filters out) signals in another frequency band (the filter stopband). Filters will be
studied in Chapter 12.

© The transfer functions in Table 1.2 are given in general form. For the circuits of Fig. 1.22, K =1 and
®y=1/CR.
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90 FIGURE1.23 (a)Magnitude
and (b) phase response of STC

(b) networks of the low-pass type.

+20 dB/decade

7 0.1

L —» 2 I
@ (log scale)

—45°[decade

|

|

1 N — o 1

i 10 ‘r P, (log scale)

0 FIGURE 1.24 (2) Magnitude
0.1 and (b) phase response of STC
®) networks of the high-pass type.




CHAPTER 1 INTRODUCTION TO ELECTRONICS

These frequency response diagrams are known as Bode plots and the 3-dB frequency (w,)
is also known as the corner frequency or break frequency. The reader is urged to become
familiar with this information and to consult Appendix D if further clarifications are needed.
In particular, it is important to develop a facility for the rapid determination of the time con-
stant 7 of an STC circuit. :

Figure 1.25 shows a voltage amplifier having an input resistance R, an input capacitance C;, a
gain factor {1, and an output resistance R,. The amplifier is fed with a voltage source V, having
a source resistance R, and a load of resistance R; is connected to the output.

FIGURE 1.25 Circuit for Example 1.5.

(a) Derive an expression for the amplifier voltage gain V,/V, as a function of frequency. From
this find expressions for the dc gain and the 3-dB frequency.
(b) Calculate the values of the dc gain, the 3-dB frequency, and the frequency at which the
gain becomes 0 dB (i.c., unity) for the case R, = 20 kQ, R;= 100kQ, C; =60 pF, 1 = 144 V/V,
R,=2009Q, and R; =1 kQ.
(c) Find y,(#) for each of the following inputs:
@) »,=0.1sin10%7,V

(i) »=0.1sin10°V

(iii) v,=0.1sin 104 V

(iv) v,=0.1sin 1084,V

Solution
(a) Utilizing the voltage-divider rule, we can express V; in terms of V; as follows

Z,
V= V——
Z;+R;
where Z, is the amplifier input impedance. Since Z; is composed of two parallel elements it is
obviously easier to work in terms of ¥, = 1/Z;. Toward that end we divide the numerator and
denominator by Z,, thus obtaining

Vv, = VS;
1+RY,;
=y 1
1+R,I(I/R) +sC]
Thus,
Vi _ 1
V, 1+(R,/R)+sCR,

1.6 FREQUENCY RESPONSE OF AMPLIFIERS

This expression can be put in the standard form for a low-pass STC network (see the top line of
Table 1.2) by extracting [1 +(R,/. R;)1from the denominator; thus we have

A ! (120)
V, 1+(R/R)1+5sCI(RR)/(R;+R))]
Atthe oﬁtput side of the amplifier we can use the voltage-divider rule to write
Vo= uv,—*t—
0o = MV R+ R,
This equation can be combined with Eq. (1.20) to obtain the amplifier transfer function as
Vo oy} 1 L (1.21)
v 1+(R/R)1+(R,/R;) 1+5C[(RR)/(R;+R})]
We note that only the last factor in this expression is new (compared with the expression derived
in the last section). This factor is a result of the input capacitance C;, with the time constant being

R.vRi
R+ R, (1.22)
= C{RJIR;)

T=

We could have obtained this result by inspection: From Fig. 1.25 we see that the input circuit is
an STC network and that its time constant can be found by reducing V; to zero, with the result
that the resistance scen by C;is R; in parallel with R,. The transfer function in Eq. (1.21) is of the
form K/ (1 + (s/@,)), which corresponds to a low-pass STC network. The dc gain is found as

(5=0) =yt 1 (1.23)

K= M T ®/R) T+ (R,/Ry)

<=
s

s

The 3-dB frequency @y, can be found from

—_

- 1

== — 1.24
=TT Gk 29

Since the frequency response of this amplifier is of the Iow—pass STC type, the Bode plots for the

gain magnitude and phase will take the form shown in Fig. 1.23, where K is given by Eq. (1.23)

and @, is given by Eq. (1.24).

(b) Substituting the numerical values given into Eq. (1.23) results in

1 1
4
71+ (20/100) 1+ (200/1000)

Thus the amplifier has a dc gain of 40 dB. Substituting the numerical values into Eq. (1.24) gives
the 3-dB frequency )

K = 14 =100 V/V

1
"~ 60 pF x (20 kQ//100 kQ)

= ) = 10° rad/s.

60 x 1072 x (20 x 100/(20 + 100)) x 10°

0

Thus,

6

10
= — = 159.2 kH:
fo oy z
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Since the gain falls off at the rate of —20 dB/decade, starting at @, (see Fig. 1.23) the gain will
reach O dB in two decades (a factor of 100); thus we have

Unity-gain frequency = 100X @, = 10® rad/s or 15.92 MHz

(c) To find v,(#) we need to determine the gain magnitude and phase at 102, 10°, 10°, and 10% rad’s.
This can be done either approximately utilizing the Bode plots of Fig. 1.23 or exactly utilizing
the expression for the amplifier transfer function,

100

T(jo)= 2oy = —10
5 1+ j(w/107)

‘We shall do both:

(i) For = 102 rad/s, which is (w0/104), the Bode plots of Fig. 1.23 suggest that IT| = K = 100

and ¢ = 0°. The transfer function expression gives IT1 = 100 and ¢ = —tan~! 10~ = 0°. Thus,

u,() = 10 sin 10%, V

(ii) For o = 10° rad/s, which is (0,/10), the Bode plots of Fig. 1.23 suggest that IT| = K = 100
and ¢ =—5.7°. The transfer function expression gives [71=99.5 and ¢ = ~tan~! 0.1 = —5.7°. Thus,

u,(f) =9.95 sin(10° - 5.7°), V
(iii) For = 10° rad/s = o, |T| = 100//2 = 70.7 V/V or 37 dB and ¢ = —45°. Thus,
(1) = 7.07 sin(10% — 45°), V

(iv) For o = 108 rad/s, which is (100@y), the Bode plots suggest that IT1 = 1 and ¢ = -90°. The
transfer function expression gives

ITI=1 and ¢=—tan™! 100=-89.4°,
Thus,

4,0 = 0.1 sin(10% — 89.4°), V

1.6.5 Classification of Amplifiers Based on Frequency Response

Amplifiers can be classified based on the shape of their magnitude-response curve. Figure 1.26
shows typical frequency response curves for various amplifier types. In Fig. 1.26(a) the gain
remains constant over a wide frequency range but falls off at low and high frequencies. This
is a common type of frequency response found in audio amplifiers.

As will be shown in later chapters, internal capacitances in the device (a transistor) cause
the falloff of gain at high frequencies, just as C; did in the circuit of Example 1.5. On the other
hand, the falloff of gain at low frequencies is usually caused by coupling capacitors used to
connect one amplifier stage to another, as indicated in Fig. 1.27. This practice is usually adopted
to simplify the design process of the different stages. The coupling capacitors are usually cho-
sen quite large (a fraction of a microfarad to a few tens of microfarads) so that their reactance
(impedance) is small at the frequencies of interest. Nevertheless, at sufficiently low frequencies
the reactance of a coupling capacitor will become large enough to cause part of the signal being
coupled to appear as a voltage drop across the coupling capacitor and thus not reach the sub-
sequent stage. Coupling capacitors will thus cause loss of gain at low frequencies and cause
the gain to be zero at dc. This is not at all surprising since from Fig. 1.27 we observe that the
coupling capacitor, acting together with the input resistance of the subsequent stage, forms a

IT| (@B) IT1 (dB)

oY
eV

(a) (b)
IT| (dB)

|
|
|
|
|
1

Center frequency 2}
©

FIGURE 1.26 Frequency response for (a) a capacitively colnpled amplifier, (b) a direct-coupled amplifier,
and () a tuned or bandpass amplifier.

Two amplifier
stages

Coupling /

capacitor FIGURE 1.27 Use of a capacitor to couple

amplifier stages.

high-pass STC circuit. It is the frequency response of this high-pass circuit that accounts for the
shape of the amplifier frequency response in Fig. 1.26(a) at the low-frequency enc.i. o )

There are many applications in which it is important that the amplifier maintain its gain
at low frequencies down to dc. Furthermore, monolithic integrated-circuit (IC) technology
does not allow the fabrication of large coupling capacitors. Thus IC amplifiers are usually
designed as directly coupled or dc amplifiers (as opposed to capacitively coupled or
ac amplifiers). Figure 1.26(b) shows the frequency response of a dc amplifier. Such a frequency
response characterizes what is referred to as a low-pass amplifier. )

In a number of applications, such as in the design of radio and TV receivers, the nced
arises for an amplifier whose frequency response peaks around a certain freguer'lcy (called
the center frequency) and falls off on both sides of this frequency, as shown in Fig. 1.26(0).




4
40 @ CHAPTER 1 INTRODUCTION TO ELECTRONICS

1.7 DIGITAL LOGIC INVERTERS

Amplifiers with such a response are called tuned amplifiers, bandpass amplifiers, or
bandpass filters. A tuned amplifier forms the heart of the front-end or tuner of a communi-
cation receiver; by adjusting its center frequency to coincide with the frequency of a desired

communications channel (e.g., a radio station), the signal of this particular channel can be

received while those of other channels are attenuated or filtered out.

Yo

— FIGURE 1.28 A logic inverter operating from a dc
r— = supply Voo .

the inverter shown in block form in Fig. 1.28: When 7, is low (close to 0 V), the output
v, will be high (close to Vpp), and vice versa.

1.7.2 The Voltage Transfer Characteristic (VTC)
To quantify the operation of the inverter, we utilize its voltage transfer characteristic (VTC,
as it is usually abbreviated). First we refer the reader to the amplifier considered in Example 1.2
whose transfer characteristic is sketched in Fig. 1.15. Observe that the transfer characteristic
indicates that this inverting amplifier can be used as a logic inverter. Specifically, if the
input is high (v; > 0.690 V), vo will be low at 0.3 V. On the other hand, if the input is low
(close to 0 V), the output will be high (close to 10 V). Thus to use this amplifier as a logic
inverter, we utilize its extreme regions of operation. This is exactly the opposite to its use as
a signal amplifier, where it would be biased at the middle of the transfer characteristic and
the signal kept sufficiently small so as to restrict operation to a short, almost linear, segment
of the transfer curve. Digital applications, on the other hand, make use of the gross non-
finearity exhibited by the VIC.

With these observations in mind, we show in Fig. 1.29 a possible VIC of a logic
inverter. For simplicity, we are using three straight lines to approximate the VIC, which is
usually a nonlinear curve such as that in Fig. 1.15. Observe that the output high level,

7o A

VOH

1.7 DIGITAL LOGIC INVERTERS’

The logic inverter is the most basic element in digital circuit design; it plays a role parallel to that
of the amplifier in analog circuits. In this section we provide an introduction to the logic inverter.

1.7.1 Function of the Inverter Vor

As its name implies, the logic inverter inverts the logic value of its input signal. Thus for a - p - .
logic 0 input, the output will be a logic 1, and vice versa. In terms of voltage levels, consider ”‘ Vou K

FIGURE 1.29 Voltage trapsfer characteristic of an inverter. The VIC is approximated by three straight-
line segments. Note the four parameters of the VIC (Vog, Vor. Vi, and Vim) and their use in determining the
noise margins (NMj and NM;).

7 Tf desired, study of this section can be postponed to just before study of the CMOS inverter (see
Section 4.10).
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denoted V,y, does not depend on the exact value of v; as long as v; does not exceed the value
labeled V;; when v, exceeds Vy;, the output decreases and the inverter enters its amplifier
region of operation, also called the transition region. It follows that V;, is an important
parameter of the inverter VTC: It is the maximum value that v; can have while being inter-
preted by the inverter as representing a logic 0.

Similarly, we observe that the output low level, denoted V,;, does not depend on the
exact value of v, as long as v; does not fall below Vy. Thus Vi is an important parameter of
the inverter VIC: It is the minimum value that v; can have while being interpreted by the
inverter as representing a logic 1.

1.7.3 Noise Margins

The insensitivity of the inverter output to the exact value of v, within allowed regions is a
great advantage that digital circuits have over analog circuits. To quantify this insensitivity
property, consider the situation that occurs often in a digital system where an inverter (or a
logic gate based on the inverter circuit) is driving another similar inverter. If the output of
the driving inverter is high at V5, we see that we have a “margin of safety” equal to the dif-
ference between V,y and Vi (see Fig. 1.29). In other words, if for some reason a disturbing
signal (called “electric noise,” or simply noise) is superimposed on the output of the driving
inverter, the driven inverter would not be “bothered” so long as this noise does not decrease
the voltage at its input below Vp;. Thus we can say that the inverter has a noise margin for
high input, NMj;, of ' i

NMy = Vou =V (1.25)

Similarly, if the output of the driving inverter is low at V,y;, the driven inverter will provide
a high output even if noise corrupts the Vy, level at its input, raising it up to nearly V. Thus
we can say that the inverter exhibits a noise margin for low input, N3, of

NM, = V-V (1.26)

In summary, four parameters, Voy, Vo, Vi, and Vy, define the VTC of an inverter and
determine its noise margins, which in turn measure the ability of the inverter to tolerate vari-
ations in the input signal levels. In this regard, observe that changes in the input signal level
within the noise margins are rejected by the inverter. Thus noise is not allowed to propagate
further through the system, a definite advantage of digital over analog circuits. Alterna-
tively, we can think of the inverter as restoring the signal levels to standard values (V and
Vou) even when it is presented with corrupted signal levels (within the noise margins). As a
summary, useful for future reference, we present a listing of the definitions of the important
parameters of the inverter VTC in Table 1.3.

Vor: Output low level

Vot Output high level

Vy: Maximum value of input interpreted by the inverter as a logic 0
Vig: Minimum value of input interpreted by the inverter as a logic 1

NM,: Noise margin for low input=V; -V,
NMj: Noise margin for high input =V~ Viy

1.7 DIGITAL LOGIC INVERTERS ’%7@ 43

vo A

Vou= Voo

Vo= 0 v Vv
DD DD Y
Ve=Vi= T

FIGURE 1.30 The VTC of an ideal inverter.

1.74 The Ideal VTC

The question naturally arises as to what constitutes an ideal VTC for an inverter. The answer
follows directly from the preceding discussion: An ideal VTC is one that maximizes the
noise margins and distributes therh equally between the low and high input regions. Such a
VTC is shown in Fig. 1.30 for an inverter operated from a dc supply Vpp. Observe that the
output high level V, is at its maximum possible value of Vpp, and the output low level is at
its minimum possible value of 0 V. Observe also that the threshold voltages V. and Vg are
equalized and placed at the middle of the power supply voltage (Vp/2). Thus the width
of the transition region between the high and low output regions has been reduced to zero.
The transition region, though obviously very important for amplifier applications, is of no
value in digital circuits. The ideal VTC exhibits a steep transition at the threshold voltage
Vpp/2 with the gain in the transition region being infinite. The noise margins are now
equal:

NMy = NM, = Vpp/2 a.27m

We will see in Chapter 4 that inverter circuits designed using the comple;nentary metal-
oxide-semiconductor (or CMOS) technology come very close to realizing the ideal VTC.

1.75 Inverter implementation
Inverters are implemented using transistors (Chapters 4 and 5) operating as voltage-controlled
switches. The simplest inverter implementation is shown in Fig. 1.31. The switch is con-
trolled by the inverter input voltage v: When v is low, the switch will be open and v, = Vpp
since no current flows through R. When v, is high, the switch will be closed and, assuming
an ideal switch, v, = 0.

Transistor switches, however, as we will see in Chapters 4 and 5, are not perfect.
Although their off resistances are very high and thus an open switch closely approximates




44 % CHAPTER 1 INTRODUCTION TO ELECTRONICS

Voo Voo Voo

R R
+ T
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Yo Yo
Vo]
v low vl- high -
(a) ® ©

FIGUBE 1.31 ) (a). The simplest implémentation of a logic inverter using a voltage-controlled switch;
(b) equivalent circuit when v, is low; and (c) equivalent circuit when v, is high. Note that the switch is
assumed to close when v is high.

an open circuit, the “on” switch has a finite closure or “on” resistance, R,,. Furthermore,
some switches (e.g., those implemented using bipolar transistors; see Chapter 5) exhibit in
addition to R,, an offset voltage, V... The result is that when 1, is high, the inverter has the
equivalent circuit shown in Fig. 1.31(c), from which V,,;, can be found.

More elaborate implementations of the logic inverter exist, and we show two of these
in Figs. 1.32(a) and 1.33(a). The circuit in Fig. 1.32(a) utilizes a pair of complementary
switches, the “pull-up” (PU) switch connects the output node to Vyp, and the “pull-down”
(PD) switch connects the output node to ground. When v, is low, the PU switch will be

Voo Voo Vop

vy high
(@) (b) ©

Fl(liURE 1.32 A more elaborate implementation of the logic inverter utilizing two complementary
switches. This is the basis of the CMOS inverter studied in Section 4.10.

1.7 DIGITAL LOGIC INVERTERS

+Vee

il s +9

FIGURE 1.33 Another inverter implementation utilizing a

double-throw switch to steer the constant current Izz t0 Ry

(when v is high) or Re (when v;is low). This is the basis of
— Ve the emitter-coupled logic (ECL) studied in Chapters 7and 11.

closed and the PD switch open, resulting in the equivalent circuit of Fig. 1.32(b). Observe
that in this case R,, of PU connects the output to Vpp, thus establishing Vog = Vpp. Also
observe that no current flows and thus no power is dissipated in the circuit. Next, if vy is
raised to the logic 1 level, the PU switch will open while the PD switch will close, resulting
in the equivalent circuit shown in Fig. 1.32(c). Here Ry, of the PD switch connects the output
to ground, thus establishing Vo, = 0. Here again no current flows, and no power is dissi-
pated. The superiority of this implementation over that using the single pull-down switch
and a resistor (known as a pull-up resistor) should be obvious. This circuit constitutes the basis
of the CMOS inverter that we will study in Section 4.10. Note that we have not included off-
set voltages in the equivalent circuits because MOS switches do not exhibit a voltage offset
(Chapter 4).

Finally, consider the inverter implementation of Fig. 1.33. Here a double-throw switch is
used to steer the constant current /g into one of two resistors connected to the positive sup-
ply V. The reader is urged to show that if a high v, results in the switch being connected to
Rc,, then a logic inversion-function is realized at v,,. Note that the output voltage is inde-
pendent of the switch resistance. This current-steering or current-mode logic arrangement is
the basis of the fastest available digital logic circuits, called emitter-coupled logic (ECL),
introduced in Chapter 7 and studied in Chapter 11. .

1.7.6 Power Dissipation R
Digital systems are implemented using very large numbers of logic gates. For space and other
economic considerations, it is desirable to implement the system with as few integrated-
circuit (IC) chips as possible. It follows that one must pack as many logic gates as pessible
on an IC chip. At present, 100,000 gates or more can be fabricated on a single IC chip in
what is known as very-large-scale integration (VLSI). To keep the power dissipated in the
chip to acceptable limits (imposed by thermal considerations), the power dissipation per
gate must be kept to a minimum. Indeed, a very important performance measure of the logic
inverter is the power it dissipates.

The simple inverter of Fig. 1.31 obviously dissipates no power when v, is low and the
switch is open. In the other state, however, the power dissipation is approximately me /R
and can be substantial. This power dissipation occurs even if the inverter is not switching
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and is thus known as static power dissipation. The inverter of Fig. 1.32 exhibits no static
power dissipation, a definite advantage. Unfortunately, however, another component of
power dissipation arises when a capacitance exists between the output node of the inverter
and ground. This is always the case, for the devices that implement the switches have inter-
nal capacitances, the wires that connect the inverter output to other circuits have capaci-
tance, and, of course, there is the input capacitance of whatever circuit the inverter is
driving. Now, as the inverter is switched from one state to another, current must flow
through the switch(es) to charge (and discharge) the load capacitance. These currents give
rise to power dissipation in the switches, called dynamic power dissipation. In Chapter 4,
we shall study dynamic power dissipation in the CMOS inverter, and we shall show that an
inverter switched at a frequency f Hz exhibits a dynamic power dissipation

Piynamic = fCVéD (1.28)

where C is the capacitance between the output node and ground and Vp, is the power-supply
voltage. This result applies (approximately) to all inverter circuits.

1.7.7 Propagation Delay

Whereas the dynamic behavior of amplifiers is specified in terms of their frequency
response, that of inverters is characterized in terms of the time delay between switching of v,
(from low to high or vice versa) and the corresponding change appearing at the output. Such

a delay, called propagation delay, arises for two reasons: The transistors that implement -

the switches exhibit finite (nonzero) switching times, and the capacitance that is inevitably
present between the inverter output node and ground needs to charge (or discharge, as the
case may be) before the output reaches its required level of Vy or V,;. We shall analyze
the inverter switching times in subsequent chapters. Such a study depends on a thorough
familiarity with the time response of single-time-constant (STC) circuits. A review of this
subject is presented in Appendix D. For our purposes here, we remind the reader of the key
equation in determining the response to a step function:

Consider a step-function input applied to an STC network of either the low-pass or high-
pass type, and let the network have a time constant 7. The output at any time 7 is given by

YO = Vo= (Y= Yo e (1.29)

where Y, is the final value, that is, the value toward which the response is heading, and Yj,
is the value of the response immediately after £ = 0. This equation states that the output at
any time ¢ is equal to the difference between the final value Y. and a gap whose initial value
is Y., — Y, and that is shrinking exponentially.

Consider the inverter of Fig. 1.31(a) with a capacitor C = 10 pF connected between the output
and ground. Let Vpp =5 V,R=1kQ, R,, =100 Q, and Vg, =0.1 V. If at £ =0, v; goes low and
neglecting the delay time of the switch, that is, assuming that it opens immediately, find the time
for the output to reach %(VOH +Vor). The time to this 50% point on the output waveform is
defined as the low-to-high propagation delay, #p,5.

solution
First we determine Vor,
circuit in Fig. 1.31(b), we find

V[)D’ |4 ffset
Vor = Votser T —RTR—O_ R

on

- 0.1+5—;0T'1><0.1=0A55V

Next, when the switch opens at t =0, the circuit takes the form shown
voltage across the capacitor cannot change instantaneously, at ¢ = 0+ the
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which is the voltage at the output prior to # = 0. From the equivalent

in Fig. 1.34(a). Since the
output will still be 0.55 V.

FIGURE 1.34 Example 1.6: (a) The inverter circuit after the switch opens (i.
of vy and vp.
V,, and heading toward Vog.

Then the capacitor charges through R, and v, rises exponentially tow:

form will be as
Eq. (1.29), vg(e) =5 V and v5(0+) =0.55 V. Thus,

vo(t) = 5-(5-0.55)¢

~t/T

where 7= CR. To find p,, we substitute

v0<tPLHj = %(VOH +Vor)
= 1(5+0.55)

The result is
tpg = 0.69T

= 0.69RC
= 0.69x10°x 107"
= 69ns

Observe that the switch is assumed to operate instantaneously. o rises expon

v
Vpp =5V
R=1kQ 0 i’
Yo
™
g S5 === Vou
*_-—4*'% (Vou +Vor)
N C=10pF |
- Vor,
! >
= = 0 Tpre t
(a) ®)

e., for 1> 0+). (b) Waveforms
entially, starting at

ard Vpp. The output wave-

shown in Fig. 1.34(b), and its equation can be obtained by substituting in
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Yy

Voo — —
on T =

S (Vo + Vo)

VOl

~Y

Yo

VOH

|
%(VOL +Vomp—————————F{——————————— ﬂl\,_.__ 50%

VOL

‘>i tTLHi<_

FIGURE 1.35 Definitions of propagation delays and transition times of the logic inverter.

We conclude this section by showing in Fig. 1.35 the formal definition of the propaga-
tion delay of an inverter. As shown, an input pulse with finite (nonzero) rise and fall
times is applied. The inverted pulse at the output exhibits finite rise and fall times (labeled
trrg and try;, where the subscript T denotes transition, LH denotes low-to-high, and AL
denotes high-to-low). There is also a delay time between the input and output wave forms.
The usual way to specify the propagation delay is to take the average of the high-to-low
propagation delay, tpg;, and the low-to-high propagation delay, 5,5 As indicated, these
delays are measured between the 50% points of the input and output waveforms. Also
note that the transition times are specified using the 10% and 90% points of the output
excursion (Vg — Vop).

' 1.8 CIRCUIT SIMULATION USING SPICE
The use of computer programs to simulate the operation of electronic circuits has become an
essential step in the circuit-design process. This is especially the case for circuits that are to,
be fabricated in integrated-circuit form. However, even circuits that are assembled on a
printed-circuit board using discrete components can and do benefit from circuit simulation.
Circuit simulation enables the designer to verify that the design will meet specifications when
actual components (with their many impeifections) are used, and it can also provide addi-
tional insiglit into circuit operation allowing the desigher to fine-tune the final design prior to
fabrication, However, notwithstanding the advantages of computer simulation, it is not a sub-
stitute for a thorough understanding of circuit operation. It should be performed only at a later
stage in the design process and, most certainly, after a paper-and-pencil design has been done.

Among the various circuit-simulation programs available for the computer-aided numer-
ical analysis of microelectronic circuits, SPICE (Simuldtion Program with Integrated Cir-
cuit Emphasis) is generally regarded to be the most widely used: SPICE is an open-source
program which has been under development by the University of California at Berkeley
since the early 1970s. PSpice is a commercial personal-computer version of SPICE that is
fiow commercially available from Cadence. Also available from Cadence is PSpice A/D—
an advanced version of PSpice that can model the behavior and, hence; simulate circuits that
process a mix of both analog and digital signals.® SPICE was originally a text-based program:
The user had to describe the circuit to be simulated and the type of simulation to be per-
formed using an input text file, called a netlist. The simulation results were also displayed
as text. As an example of more recent developments, Cadence provides a graphical inter-
face, called OrCAD Capture CIS (Component /nformation System), for circuit-schematic
entry and editing. Such graphical interface tools are referred to in the literature as schematic
entry, schematic editor, or schematic capture tools. Furthermore, PSpice A/D includes a
graphical postprocessor, called Probe, to numerically analyze and graphically display the
results of the PSpice simulations. In this text, “using PSpice” or “using SPICE” loosely
refers to using Capture CIS; PSpice A/D, and Probe to simulate 4 circuit and to numerically
analyze and graphically display the simulation results.

An évaluation (student) version of Capture CIS and PSpice A/D are included on the CD
accompanying this book. These correspond to the OrCAD Family Release 9.2 Lite Edition avail-
able from Cadence. Furthermore, the circuit diagrams entered in Capture CIS (cailed Capture
Schematics) and the corresponding PSpice simulation files of all SPICE examples in this book
can be found on the text’s CD and website (www.sedrasmith.org). Access to these files will
allow the reader to undertake further experimentation with these circuits, including investigating
the effect of changing component values and operating conditions.

It is not our objective in this book to teach the reader how SPICE works nor'the intri-
cacies of using it effectively. This can be found in the SPICE books listed in Appendix F.
Our objective in the sections of this book devoted to SPICE, usually the last section of each
chapter, is twofold: to describe the models that are used by SPICE to represent the various
electronic devices, and to illustrate how useful SPICE can be in investigating circuit
operation. ’

8 Such circuits are called mixed-signal circuits, and the simulation programs that can simulate such
circuits are called mixed-signal simulators.

1.8 CIRCUIT SIMULATION USING SPICE
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# An electrical signal source can be represented in either the
Thévenin form (a voltage source v, in series with a source
resistance R;) or the Norton form (a current source i; in
parallel with a source resistance R,). The Thévenin voltage
v, is the open-circuit voltage between the source terminals;
equal to the Norton current i is equal to the short-circuit
current between the source terminals. For the two represen-
tations to be equivalent, v, = R .

@ The sine-wave signal is completely characterized by its
peak value (or rms value which is the peak / ﬁ), its fre-
quency (@ in rad/s or fin Hz; @ = 2nfand f= 1/T where
T'is the period in seconds), and its phase with respect to
an arbitrary reference time:

# A signal can be represented either by its waveform versus
time, or as the sum of sinusoids. The latter representation
is known as the frequency spectrum of the signal.

# Analog signals have magnitudes that can assume any
value. Electronic circuits that process analog signals are
called analog circuits. Sampling the magnitude of an ana-
log signal at discrete instants of time and fepresenting
each sigrial sample by a numbet, results in a digital signal.
Digital signals are processed by digital circuits.

® The simplest digital signals are obtained when the binary
system is used. An individual digital signal then assumes
one of only two possible values: low and high (say, 0 V and
+5'V), corresponding to logic 0 and logic 1, respectively.

#@ An analog-to-digital converter (ADC) provides at its out-
put the digits of the binary number representing the ana-
log signal sample applied to its input. The output digital
signal can then be processed using digital circuits. Refer
to Fig. 1.9 and Eg. 1.3.

# The transfer characteristic, v, versus v, of a linear ampli-
fier is a straight line with a slope equal to the voltage gain.
Refer to Fig. 1.11.

# Amplifiers increase the signal power and thus require dc
power supplies for their operation.

& The amplifier voltage gain can be expressed as a ratio
A,in V/V or in decibels, 20 loglA )}, dB. Similarly, for cur-
rent gain: A; A/A or 20 loglA/, dB. For power gain: A,
W/W or 10 log A, dB. -

8 Linear amplification can be obtained from a device hav-
ing a nonlinear transfer characteristic by employing dc
biasing and keeping the input signal amplitude small. Refer
to Fig. 1.14.

# Depending on the signal to be amplified (voltage or cur-
rent) and on the desired form of output signal (voltage or

current), there are four basic amplifier types: voltage,
current, transconductance, and transresistance amplifiers.
For the circuit models and ideal characteristics of these
four amplifier types, refer to Table 1.1. A given amplifier
can be modeled by any one of the four models, in which
case their parameters are related by the formulas in
Eqgs. (1.14) to (1.16).

A sinusoid is the only signal whose wave form is un-
changed through a linear circuit. Sinusoidal signals are
used to measure the frequency response of amplifiers.

The transfer function T(s) = V,(s)/V(s) of a voltage
amplifier can be determined from circuit analysis. Substi-
tuting s =jegives T( j @), whose magnitude I7( jw)! is the
magnitude response, and whose phase ¢(a) is the phase
response, of the amplifier.

Amplifiers are classified according to the shape of their
frequency response, I7( jm)l. Refer to Fig. 1.26.

Single-time-constant (STC) networks are those networks
that are composed of, or can be reduced to, one reactive
component (L or C) and one resistance (R). The time con-
stant 7 is either L/R or CR.

STC networks can be classified into two categories: low-
pass (LP) and high-pass (HP). LP networks pass dc and
low frequencies and attenuate high frequencies. The op-
posite is true for HP networks.

The gain of an LP (HP) STC circuit drops by 3 dB below
the zero-frequency (infinite-frequency) value at a fre-
quency @y = 1/7. At high frequencies (low frequencies)
the gain falls off at the rate of 6 dB/octave or 20 dB/decade.
Refer to Table 1.2 on page 34 and Figs. (1.23) and (1.24).
Further details are given in Appendix E.

The digital logic inverter is the basic building block of
digital circuits, just as the amplifier is the basic building
block of analog circuits.

The static operation of the inverter is described by its volt-
age transfer characteristic (VTC). The break-points of the
transfer characteristic determine the inverter noise mar-
gins; refer to Fig. 1.29 and Table 1.3. In particular, note
that NMy; = Vo — Vi and NM, = Vi, — V.

The inverter is implemented using transistors operating as
voltage-controlled switches. The arrangement utilizing
two switches operated in a complementary fashion results
in a high-performance inverter. This is the basis for the
CMOS inverter studied in Chapter 4.

An important performance parameter of the inverter is the
amount of power it dissipates. There are two components of
power dissipation: static and dynamic. The first is a result
of current flow in either the 0 or 1 state or both. The second

occurs when the inverter is switched and has a capacitor
load. Dynamic power dissipation is given approximately by
fCV3p.

5,
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Another very important performance parameter of the in-
verter is its propagation delay (see Fig. 1.35 for definitions).

PROBLEMS'?

CIRCUIT BASICS

As a review of the basics of circuit analysis and in order for
the readers to gauge their preparedness for the study of elec-
tronic circuits, this section presents a number of relevant cir-
cuit analysis problems. For a summary of Thévenin’s and
Norton’s theorems, refer to Appendix D. The problems are
grouped in appropriate categories.

RESISTORS AND OHM’S LAW

1.1 Ohm’s law relates V, I, and R for a resistor. For each of
the situations following, find the missing item:

(a) R=1kQ, V=10V
(b) V=10V,T = L mA

() R=10kQ, I=10mA
(@ R=100Q,V=10V

1.2 Measurements taken on various resistors are shown below.
For each, calculate the power dissipated in the resistor and the
power rating necessary for safe operation using standard compo-
nents with power ratings of 1/8 W, 1/4 W, 1/2W, 1 W, or 2 W:

(a) 1kQ conducting 30 mA
(b) 1kQ conducting 40 mA
(c) 10kQ conducting 3 mA
(d) 10kQ conducting 4 mA
(e) 1kQ dropping 20V
(f) 1kQ dropping 11 V

1.3 Ohm’s law and the power law for a resistor relate V] I,
R, and P, making only two variables independent. For each
pair identified below; find the other two:

(2) R=1kQ, I=10mA

() V=10V,I=1mA

(©) ‘/:IOV,P:IW

(d) I=10mA, P=0.1W

(&) R=1kQ, P=1W
COMBINING RESISTORS ’

T.4 You are given three resistors whose values are 10 k€,
20 kQ, and 40 kQ. How many different resistances can you

create using series and parallel combinations of these three?
List them in value order, lowest first. Be thorough and
organized. (Hint: In your search, first consider all parallel
combinations, then consider series combinations, and then
consider series-paralle] combinations, of which there are two
kinds).

1.3 In the analysis and test of electronic circuits, it is often
useful to connect one resistor in parallel with another to
obtain a nonstandard value, one which is smaller than the
smaller of the two resistors. Often, particularly during circuit
testing, one resistor is already installed, in which case the sec-
ond, when connected in parallel, is said to “shunt” the first. If
the original resistor is 10 kQ, what is the value of the shunting
resistor needed to reduce the combined value by 1%, 5%,
10%, and 50%? What is the result of shunting a 10-kQ resistor
by 1 MQ? By 100 kQ? By 10 kQ?

VOLTAGE DIVIDERS

1.6 Figure P1.6(a) shows a two-resistor voltage divider. Its
function is to generate a voltage V;, (smaller than the power-
supply voltage Vjp) at its output node X. The circuit looking
back at node X is equivalent to that shown in Fig. P1.6(b).
Observe that this is the Thévenin equivalent of the voltage
divider circuit. Find expressions for V, and R,.

Voo
R
X Ry x
oV, = —E“N\'—Q
R, : Vo I
- RO -
(@) (b)
FIGURE P1.6

! Somewhat difficult problems are marked with an asterisk (*); more difficult problems are marked with two asterisks (**); and very difficult
(and/or time-consuming) problems are marked with three asterisks (%),

* Design-orienied problems are marked with a D.
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1.7 A two-resistor voltage divider employing a 3.3-k2 and
a 6.8-kQ resistor is connected to a 9-V ground-referenced
power supply to provide a relatively low voltage. Sketch the
circuit. Assuming exact-valued resistors, what output voltage
(measured to ground) and equivalent output resistance result?
If the resistors used are not ideal but have a +5% manufactur-
ing tolerance, what are the extreme output voltages and resis-
tances that can result?

1.8 You are given three resistors, each of 10 k2, and a 9-V
battery whose negative terminal is connected to ground. With
a yoltage divider using some or all of your resistors, how
many positive-voltage sources of magnitude less than 9 V can
you design? List them in order, smallest first. What is the out-
put resistance (i.e., the Thévenin resistance) of each?

B*1.9 Two resistors, with nominal values of 4.7 kQ and
10 kQ, are used in a voltage divider with a +15-V supply to
create a nominal +10-V output. Assuming the resistor values
10 be exact, what is the actual output voltage produced?
Which resistor must be shunted (paralleled) by what third
resistor to create a voltage-divider output of 10.00 V? If an
output resistance of exactly 3.33 k(2 is also required, what do
yoli suggest? What should be done if the requirement is 10.00 V
and 3.00 kQ while still using the original 4.7-kQ and 10-kQ
resistors?

CURRENT DIVIDERS

1.10 Current dividers play an important role in circuit
design. Therefore it is important to develop a facility for deal-
ing with current dividers in circuit analysis. Figure P1.10
shows a two-resistor current divider fed with an ideal current
source 1. Show that

_ _ Ry
R +R,
__R
=
R, +R,

I

1

and find the voltage V that develops across the current
divider.

yn e

1 Ry R,

< +o0

FIGURE P1.10

D1.11 Design a simple ciirrent divider that will reduce the
current provided to a 1-kQ2 load to 20% of that available from
the source.

D1.12 A designer scarches for a simple circuit to provide
one-third of a signal current / to a load resistance R. Sug-
gest a solution using one resistor. What must its value be?
What is the input resistance of the resulting current divider?
For a particular value R, the designer discovers that the
otherwise-best-available resistor is 10% too high. Suggest
two circuit topologies using one additional resistor that
will solve this problem. What is the value of the resistor
required? What is the inpuit resistance of the current divider
in each case?

D1.13 A particular electronic signal source generates cur-
rents in the rarige 0 mA to 1 mA under the condition that its
load voltage not exceed 1 V. For loads causing more than 1V
to appear across the generator, the output current is no longer
assured but will be reduced by some unknown amount. This
circuit limitation, oecurring, for example, at the peak of a sig-
nal sine wave, will lead to undesirable signal distortion that
must be avoided. If a 10-kQ load is to be connected, what
must be done? What is the name of the circuit you must
use? How many resistors are needed? What is (are) the(ir)
value(s)?

THEVENIN-EQUIVALENT CIRCUITS

1.14 For the circuit iri Fig. P1.14, find the Thévenin equiva-
lent circuit between terminals (a) 1 and 2, (b) 2 and 3; and
(c) 1 and 3.

o1
1x0 2
4]

3V =, »————072
102
<

‘03

FIGURE P1.14

1.15 Through repeated application of Thévenin’s theorem,
find the Thévenin-equivalent of the circuit in Fig. P1.15
between node 4 and ground and hence find the current that
flows through a load resistance of 1.5 kQ connected between
node 4 and ground.

1 10kQ

2 leQ 3 10kQ 4

I

FIGURE P1.15

CIRCUIT ANALYSIS

1.16 Forthe circuit shown in Fig. P1.16, find the current i'n
a[i resistors and the voltage (with respect to ground) at their
common node using-two methods:

(a) Current: Define branch cuxjrents I, and I, in R, and R,
respectively; identify two equations; and solve them. '
(b) Voltage: Define the node Vohage' V at the common node;
identify a single equation; and solve it.

‘Which method do you prefer? Why?

+15V
+10V
R, R,
50 10kQ
Ry
2k

FIGURE P1.16

1.17 The circuit shown in Fig. P1.17 represents the equiva-
lent circuit of an unbalanced bridge. It is required to calculate
the current in the detector branch (Rs) and the voltage across
it. Although this can be done using loop and node equations, a
much easier approach is possible: Find the Thévenin equivalent
of the circuit to the left of node 1 and the Thévenin equivalent
of the circuit to the right of node 2. Then solve the resulting
simplified circuit.

FIGURE P1.17

1.18 For the circuit in Fig. P1.18, find the equivalent resistance
to ground, R, To do this, apply a voltage V, between terminal X
and ground and find the current drawn from V,. Note that you
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can use particular special properties of the circuit to get the result
directly! Now, if R, is raised to 1.2 kQ, what does R, become?

X
Ry
R < i <SRy
1kQ :: $1k0
Rs
AV""
1kQ -
R, SRy
1k :: $1x0

L

FIGURE P1.18

AC CIRCUITS

1.19 The periodicity of recurrent waveforms, such as sine
waves O square waves, can be completely specified using only
one of three possible parameters: radian frequency, @, in radi-
ans per second (rad/s); (conventional) frequency, f, in Hertz
(Hz); or period 7, in seconds (s). As well, each of the parame-
ters can be specified numierically in one of several ways: using
letter prefixes associated with the basic units, using scientific
notation, or using some combination of both. Thus, for exam-
ple, a particular period may be specified as 100 ns, 0.1 us,
107! Us, 10° ps,or1x 1077s. (For the definition of the various
prefixes used in electronics, see Appendix H.) For each of ﬂ.le
measures listed below, express the trio of terms in scientific
notation associated with the basic unit (e.g., 1077 s rather than

1077 ps).

(@ T=10"%ms

(b) f=1GHz

(©) ©=6.28x10%rad/s

(d) T=10s

(e) f=60Hz

(f) w=1krad/s

(g) f=1900 MHz

1.20 Find the complex impedance, Z, of each of the follow-
ing basic circuit elements at 60 Hz, 100 kHz, and 1 GHz:

(a) R=1kQ

(b) C=10nF

(c) C=2pF

(d) L=10mH

(¢) L=1nH

1.21 Find the complex impedance at 10 kHz of the follow-
ing networks:

(a) 1kQ in series with 10 nF

(b) 1k in parallel with 0.01 yF
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(c) 100 k< in parallel with 100 pF
(d) 100 Q in series with 10 mH

SECTION 1.1: SIGNALS

1.22 Any given signal source provides an open-circuit volt-
age, v, and a short-circuit current i, For the following
sources, calculate the internal resistance, R;; the Norton cur-
rent, i; and the Thévenin voltage, v,:

(a) v,, =10V, i, =100 uA
®) 2,,=0.1V,i,. =10 uA

1.23 A particular signal source produces an output of
30 mV when loaded by a 100-k€ resistor and 10 mV when
loaded by a 10-kQ resistor. Calculate the Thévenin voltage,
Norton current, and source resistance.

1.24 A temperature sensor is specified to provide 2 mV/°C.
‘When connected to a load resistance of 10 k<, the output
voltage was measured to change by 10 mV, corresponding to
a change in temperature of 10°C. What is the source resis-
tance of the sensor?

1.25 Refer to the Thévenin and Norton representations of
the signal source (Fig. 1.1). If the current supplied by the
source is denoted i, and the voltage appearing between the
source output terminals is denoted v,, sketch and clearly label
v, versus i, for 0 <i,< i

T1.26 The connection of a signal source to an associated
signal processor or amplifier generally involves some degree
of signal loss as measured at the processor or amplifier input.
Considering the two signal-source representations shown in
Fig. 1.1, provide two sketches showing each signal-source
representation connected to the input terminals (and corre-
sponding input resistance) of a signal processor. What signal-
processor input resistance will result in 90% of the open-circuit
voltage being delivered to the processor? What input resis-
tance will result in 90% of the short-circuit signal current
entering the processor?

SECTION 1.2: FREQUENCY SPECTRUM
OF SIGNALS
1.27 To familiarize yourself with typical values of angular

frequency @, conventional frequency £, and period 7, com-
plete the entries in the following table:

. 1x10°
1% 10

6.28x10°

o oo o
=N
=3

1.28 Tor the following peak or rms values of some impor-
tant sine waves, calculate the corresponding other value:

(@) 117 V4, a household-power voltage in North America
(b) 33.9 Vp., a somewhat common peak voltage in rectifier
circuits

(¢) 220 Vyp, 2 household-power voltage in parts of Europe
(d) 220 kV,,;, a high-voltage transmission-line voltage in
North America

1.29 Give expressions for the sine-wave voltage signals
having:

(a) 10-V peak amplitude and 10-kHz frequency
(b) 120-V rms and 60-Hz frequency

(c) 0.2-V peak-to-peak and 1000-rad/s frequency
(d) 100-mV peak and 1-ms period

1.30  Using the information provided by Eq. (1.2) in associ-
ation with Fig. 1.4, characterize the signal represented by v(f) =
172 + 2/7 (sin 20007¢ + ésin 60007t +§ sin 10,0007t + ---).
Sketch the waveform. What is its average value? Its peak-to-
peak value? Its lowest value? Its highest value? Its frequency?
Its period?

1.37 Measurements taken of a square-wave signal using a
frequency-selective voltmeter (called a spectrum analyzer)
show its spectrum to contain adjacent components (spectral
lines) at 98 kHz and 126 kHz of amplitudes 63 mV and 49 mV,
respectively. For this signal, what would direct measurement
of the fundamental show its frequency and amplitude to be?
What is the rms value of the fundamental? What are the peak-
to-peak amplitude and period of the originating square wave?

T.32 What is the fundamental frequency of the highest-
frequency square wave for which the fifth harmonic is barety
audible by a relatively young listener? What is the fundamen-
tal frequency of the Jowest-frequency square wave for which
the fifth and some of the higher harmonics are directly heard?
(Note that the psychoacoustic properties of human hearing
allow a listener to sense the lower harmonics as well),

1.33 Find the amplitude of a symmetrical square wave of
period T that provides the same power as a sine wave of peak
amplitude V and the same frequency. Does this result depend
on equality of the frequencies of the two waveforms?

SECTION 1.3: ANALOG AND DIGITAL SIGNALS

1.34 Give the binary representation of the following deci-
mal numbers: 0, 5, 8, 25, and 57.

1.35 Consider a 4-bit digital word byb,b;b, in a format
called signed-magnitude, in which the most-significant bit,
bs, is interpreted as a sign bit—O0 for positive and 1 for nega-
tive values. List the values that can be represented by this
scheme. What is peculiar about the representation of zero?
For a particular analog-to-digital converter (ADC), each
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Vet .
2R 4R 8R ZR
by
b by by N
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— = lo
— - - - —>=
- =
FIGURE P1.37

change in by corresponds to a 0.5-V changa in the analog
input. What is the full range of the ana?o.g signal that can be
represented? What signed-magnitude digital code results for
an input of +2.5 V? For —3.0 V? For +2.7 V? For 2.8 v?

4.36 Consider an N-bit ADC whose analog input varies
between 0 and Vs (where the subscript FS denotes “full scale”).

(a) Show that the least significant bit (1_4SB) coxrésgonds toa
change in the analog signal of Vps/(2" —1). This is the res-
olution of the converter. )

(b) Convince yourself that the maximum error in thei conver-
sion (called the quantization error) is\ 'half the resolution; that
is, the quantization error = Vps/2(2" - 1). )

(¢) For Vgg = 10V, how many bits are required to obta.u? a
resolution of 5 mV or better? What is the actual resolution
obtained? What is the resulting quantization error?

1.37 Figure P1.37 shows the circuit of an N-bit digitahl-'to-
analog converter (DAC). Each of the N bits of the digital
word to be converted controls one of the switches. When the
bit is 0, the switch is in the position labeled 0; when the bitis 1,
the switch is in the position labeled 1. The analog output is the
current io. Vi is a constant reference voltage.

(a) Show that

io =V_ref[’ﬁ+b_2+‘..+b_g]
R 2 1 22 21\

(b) Which bit is the LSB? Which is the MSB? )

(c) For Ve =10V, R=5kQ, and N= 6, find the maximum

value of i, obtained. What is the change in i, resulting from

the LSB changing from 0 to 1?

1.38 In compact-disc (CD) audio technology, the audio

signal is sampled at 44.1 kHz. Each sample is represented by
16 bits. What is the speed of this system in bits/second?

SECTION 1.4: AMPLIFIERS

1.39 Various amplifier and load combinations are mea-
sured as listed below using rms values. For cach, find the
voltage, current, and power gains (A,, 4;, and A, respectively)
both as ratios and in dB:

(@) 9=100mV, i;=100 A, v,=10V, R, =100 Q

(b) v=10 4V, i;=100nA, vo =2V, Ry = 10kQ
) u=1V,i=1mA, 5=10V,R,=10Q

1.406 An amplifier operating from %3 V supplies provides
8 2.2-Vpoy sine wave across a 100-Q load when provided
with a 0.2V input from which 1.0 mApey is drawn. ~ljhe
average current in each supply is measured to be 20 mA. Find
the voltage gain, current gain, and power gain expressed as
ratios and in dB as well as the supply power, amplifier dissi-
pation, and amplifier efficiency.

1.41 An amplifier using balanced power supplies is known
to saturate for signals extending within 1.2 V of either supply.
For linear operation, its gain is 500 V/V. What is the rms
value of the largest undistorted sine-wave output availa.ble,
and input needed, with £5-V supplies? With £10-V supplies?
With +15-V supplies? ~

1.42 Symmetrically saturating amplifiers, operating in the
so-called clipping mode, can be used to convert sine waves to
pseudo-square waves. For an amplifier with a small-signal
gain of 1000 and clipping levels of £9 V, what peak value of
input sinusoid is needed to produce an output whose exlrgmef
are just at the edge of clipping? Clipped 90% of the time?
Clipped 99% of the time?

1.43 A particular amplifier operating from a single supply
exhibits clipped peaks for signals intended to extend above
8 V and below 1.5 V. What is the peak value of the largest
possible undistorted sine wave when this amplifier %s biased
at 4 V? At what bias point is the largest undistorted sine wave
available? ’

D*1.44 An amplifier designed using a single metal-
oxide-semiconductor (MOS) transistor has the transfer
characteristic

vp = 10-5(z;-2)"

where v; and v, are in volts. This transfer characteristilc
applies for 2< 1< vp+2 and v positive. At the limits of this
region the amplifier saturates.

(a) Sketch and clearly label the transfer characteristic. %at
are the saturation levels Li and L and the corresponding
values of v;?




(b) Bias the amplifier to obtain a dc output voltage of 5 V.
What value of input dc voltage V; is required?
(c) Calculate the value of the small-signal voltage gain at the
bias point.
(d) Tfa sinusoidal input signal is superimposed on the dc bias
voltage V,, that is,

u=V;+V,cos ax
find the resulting v,. Using the trigonometric identity cos’ 6=
% + % cos 20, express v, as the sum of a dc component, a sig-
nal component with frequency , and a sinusoidal component
with frequency 2. The latter component is undesirable and is
a result of the nonlinear transfer characteristic of the ampli-
fier. If it is required to limit the ratio of the second-harmonic
component to the fundamental component to 1% (this ratio is
known as the second-harmonic distortion), what is the corre-
sponding upper limit on V;? What output amplitude results?

SECTION 1.5: CIRCUIT MODELS
FOR AMPLIFIERS

1.45 Consider the voltage-amplifier circuit model shown
in Fig. 1.17(b), in which A,,= 10 V/V under the following
conditions:

(a) R;=10R, R, ="10R,
() R=R, R, =R,
(¢) R,=R/10,R; =R,/10

Calculate the overall voltage gain v,/v, in each case, expressed
both directly and in dB.

1.48 An amplifier with 40 dB of small-signal open-circuit
voltage gain, an input resistance of 1 M€, and an output resis-
tance of 10 Q drives a load of 100 Q. What voltage and power
gains (expressed in dB) would you expect with the load con-
nected? If the amplifier has a peak output-current limitation
of 100 mA, what is the rms value of the largest sine-wave
input for which an undistorted output is possible? What is the
corresponding output power available?

T.47 A 10-mV signal source having an internal resistance
of 100 kQ is connected to an amplifier for which the input
resistance is 10-kQ, the open-circuit voltage gain is 1000 V/V,
and the output resistance is 1 kQ. The amplifier is connected
in turn to a 100-£2 load. What overall voltage gain results as
measured from the source internal voltage to the load? Where
did all the gain go? What would the gain be if the source was
connected directly to the load? What is the ratio of these two
gains? This ratio is a useful measure of the benefit the ampli-
fier brings.

1.48 A buffer amplifier with a gain of 1 V/V has an input
resistance of 1 MQ and an output resistance of 10 Q. It is
connected between a 1-V, 100-kQ source and a 100-Q load.
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‘What load voltage results? What are the corresponding volt-
age, current, and power gains expressed in dB?

1.49 Consider the cascade amplifier of Example 1.3. Find
the overall voltage gain v,/v, obtained when the first and sec-
ond stages are interchanged. Compare this value with the result
in Example 1.3, and comment.

1.59 You are given two amplifiers, A and B, to connect in
cascade between a 10-mV, 100-kQ source and a 100-Q Ioad.
The amplifiers have voltage gain, input resistance, and output
resistance as follows: For A, 100 V/V, 10 kQ, 10 k€, respec-
tively; for B, 1 V/V, 100k, 100 kQ, respectively. Your problem
is to decide how the amplifiers should be connected. To pro-
ceed, evaluate the two possible connections between source S
and load L, namely, SABL and SBAL. Find the voltage gain
for each both as a ratio and in dB. Which amplifier arrange-
ment is best?

D*1.51 A designer has available voltage amplifiers with an
input resistance of 10 kQ, an output resistance of 1 k€, and an
open-circuit voltage gain of 10. The signal source has a 10 kQ
resistance and provides a 10-mV rms signal, and it is required
te provide a signal of at least 2 V rms to 2 1-kQ load. How
many amplifier stages are required? What is the output volt-
age actually obtained.

D*1.52 Design an amplifier that provides 0.5 W of signal
power to a 100-Q load resistance. The signal source provides
a 30-mV mms signal and has a resistance of 0.5 MQ. Three
types of voltage amplifier stages arc available:

(@) A high-input-resistance type with R; = 1 MQ, 4,, = 10,
and R, = 10 kQ

(b) A high-gain type with R, = 10 kQ, A,, = 100, and R, = 1 kQ
(©) A low-output-resistance type with R, = 10 kQ, 4,, = 1,
and R, =20 Q

Design a suitable amplifier using a combination of these
stages. Your design should utilize the minimum number of
stages and should ensure that the signal level is not reduced
below 10 mV at any point in the amplifier chain. Find the
foad voltage and power output realized.

D*1.53 It is required to design a voltage amplifier to be
driven from a signal source having a 10-mV peak amplitude
and a source resistance of 10 kQ to supply a peak output of 3 V
across a 1-kQ load.

(a) What is the required voltage gain from the source to the
load?
(b) If the peak current available from the source is 0.1 UA,
what is the smallest input resistance allowed? For the design
with this value of R;, find the overall current gain and power
gain.

(c) If the amplifier power supply limits the peak value of the
output open-circuit voltage to 5 V, what is the largest output
resistance allowed? . -

(d) For the design with R; as in (b) and R, as in (c), what is the

- N A
required value of open-circuit voltage gain | i.e., - of

i

R, ==
the amplifier?

(e) If, as a possible design option, you are able to increase
R; to the pearest value of the form 1 x 10" Q iand tf’ dec?ease
R, to the nearest value of the form 1 x 10™ Q, find (i) tl?e input
resistance achievable; (ii) the output resistance achievable;
and (iii) the openi-circuit voltage gain now required to meet
the specifications.

P1.54 A voltage amplifier with an input resistance of 10 kQ,
an output resistance of 200 €, and a gain of 1000 V/V is con-
nected between a 100-kQ source with an open-circuit voltage
of 10 mV and a 100-€2 load. For this situation:

(a) What output voltage results?

(b) What is the voltage gain from source to load? )
(¢) What is the voltage gain froni the amplifier input to the
Joad?

(d) If the output voltage across the load is twice that needed
and there are signs of internal amplifier overload, suggest the
location and value of a single resistor that would produce the
desired output. Choose an arrangement that would cause min-
imum disruption to an operating circuit. (Hint: Use paraliel
rather than series connections.)

1.55 A current amplifier for which R, = 1 k€, R, = 10 k€,
and A, = 100 A/A is to be connected between a 100-mV
source with a resistance of 100 kQ and a load of 1 kQ. What
are the values of current gain i,/i;, of voltage gain v,/v,, and
of power gain expressed directly and in dB?

1.56 A transconductance amplifier with R; =2 kQ, G,, =40
mA/V, and R, = 20 kQ is fed with a voltage source having a
source resistance of 2 k() and is loaded with a 1-k€ resis-
tance. Find the voltage gain realized.

D**1.57 A designer is required to provide, across a 10-kQ
load, the weighted sum, v, = 10v; + 20w, of input signals v
and v, each having a source resistance of 10 kQ. She has a
number of transconductance amplifiers for which the input
and output resistances are both 10 kQ and G,, = 20 mA/V,
together with a selection of suitable resistors. Sketch an
appropriate amplifier topology with additional resistors
selected to provide the desired result, (Hint: In your design,
arrange to add currents.)

1.58 Figure P1.58 shows a transconductance amplifier

whose ottput is fed back to its input. Find the input resis-
tance R, of the resulting one-port network. (Hint: Apply a test
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voltage v, between the two input terminals, and find the cur-
rent i, drawn from the source. Then, R, = v,/i,.)

FIGURE P1.58

D1.59 It is required to design an amplifier to sense the
open-circuit output voltage of a transducer and to provide a
proportional voltage across a load resistor. The equivalent
source resistance of the transducer is specified to vary in the
range of 1 kQ to 10 kQ. Also, the load resistance varies in the
range of 1 kQ to 10 kQ. The change in load voltage corre-
spondiug to the specified change in R, should be 10% at most.
Similarly, the change in load voltage corresponding to the speei-
fied change in R, shotild.be limited to 10%. Also, corresponding
to a 10-mV transducer open-circuit output voltage, the ampli-
fier should provide a minimum of 1 V across the load. What
type of amplifier is required? Sketch its circuit model, and
specify the values of its parameters. Specify appropriate val-
ues for R, and R, of the form 1 x 10™ Q.

D1.60 It is required to design an amplifier to sense the
short-circuit output current of a transducer and to provide a
proportional current through a load resistor. The cquivalégt
source resistance of the transducer is specified to vary in-the
range of 1 kQ to 10 k. Similarly, the load resislancc‘ i8
known to vary over the range of 1 kQ to 10 k€. The change i‘n
load cutrent corresponding to the specified change in Ryis
required to be limited, to 10%. Similarly, the change in load
current corresponding to the specified change in Ry, ;hould be
10% at most. Also, for a neminal short-circuit output current
of the transducer of 10 uA, the amplifier is required to pro-
vide a minimum of 1 mA through the load. What type of
amplifier is required? Sketch the circuit model of the amPIi-
fier, and specify values for its parameters. Select appropriate
values for R; and R, in the form 1x 10" Q.

D1.61 It is required to design an amplifier to sense the
open-circuit output voltage of a transducer and to pro'vifie a
proportional current through a load resistor. The equl\falgnt
source resistance of the transducer is specified to vary in the
range of 1 kQ to 10 kQ. Also, the load resistance is known to




58 @ CHAPTER 1T INTRODUCTION TO ELECTRONICS

vary in the range of 1 kQ to 10 kQ. The change in the current
supplied to the load corresponding to the specified change in
R, is to be 10% at most. Similarly, the change in load current
corresponding to the specified change in R, is to be 10% at
most. Also, for a nominal transducer open-circuit output volt-
age of 10 mV, the amplifier is required to provide a minimum
of 1 mA current through the load. What type of amplifier is
required? Sketch the amplifier circuit model, and specify val-
ues for its parameters. For R; and R,, specify values in the
form 1x 10" Q.

B1.62 It is required to design an amplifier to sense the
short-circuit output current of a transducer and to provide a
proportional voltage across a load resistor. The equivalent
source resistance of the transducer is specified to vary in the
range of 1 kQ to 10 kQ. Similarly, the load resistance is
known to vary in the range of 1 k€ to 10 kQ. The change in
load voltage corresponding to the specified change in R
should be 10% at most. Similarly, the change in load voltage
corresponding to the specified change in R, is to be limited to
10%. Also, for a nominal transducer short-circuit output cur-
rent of 10 yA, the amplifier is required to provide a minimum
voltage across the load of 1 V. What type of amplifier is
required? Sketch its circuit model, and specify the values of
the model parameters: For R; and R, specify appropriate values
in the form 1 x 10™ Q.

1.63 For the circuit in Fig. P1.63, show that

Y _ -BR;
v, re+(B+ 1Ry

and

Ve _ Re
v, Rp+[r,/(B+1)]

<
RS

FIGURE P1.63

1.64 An amplifier with an input resistance of 10 kQ, when
driven by a current source of 1 #tA and a source resistance of
100 k€, has a short-circuit output current of 10 mA and an
open-circuit output voltage of 10 V. When driving a 4-kQ
load, what are the values of the voltage gain, current gain, and
power gain expressed as ratios and in dB?

1.65 Figure P1.65(a) shows two transconductance ampli-
fiers connected in a special configuration. Find v, in terms of v;
and v,. Let g, = 100 mA/V and R=5kQ. If v, =0, =1V, find
the value of v,. Also, find v, for the case v, = 1.01 V and v, =
0.99 V. (Note: This circuit is called a differential amplifier
and is given the symbol shown in Fig. P1.65(b). A particular
type of differential amplifier known as an operational ampli-
fier will be studied in Chapter 2.)

Ui 8ml1

FIGURE P1.65

SECTION 1.6: FREQUENCY RESPONSE
OF AMPLIFIERS

1.66 Using the voltage-divider rule, derive the transfer func-
tions T'(s) =V ,(s)/V,(s) of the circuits shown in Fig. 1.22,
and show that the transfer functions are of the form given at
the top of Table 1.2.

1.67 Figure P1.67 shows a signal source connected to the
input of an amplifier. Here R; is the source resistance, and
R; and C; arc the input resistance and input capacitance,

respectively, of the amplifier. Derive an expression for
V(s5)/V(s), and show that it is of the low-pass STC type.
Find the 3-dB frequency for the case R, =20 kQ, R; =80 kQ,
and C;=5 pF.

FIGURE P1.67

4.68 For the circuit shown in Fig. P1.68, find the transfer
function T(s) = V,(s)/V(s), and arrange it in the appro-
priate standard form from Table 1.2. Is this a high-pass or a
Tow-pass network? What is its transmission at very high fre-
quencies? [Estimate this directly, as well as by letting s — o
in your expression for 7(s).] What is the corner frequency @,?
For R, = 10kQ, R, =40 kQ, and C = 0.1 yF, find f;. What is
the value of |T(jg)|?

R, ¢

FIGURE P1.68

D1.69 It is required to couple a voltage source V; with a
resistance R to a load R;, via a capacitor C. Derive an expres-
sion for the transfer function from source to load (ie.,V,/ V),
and show that it is of the high-pass STC type. For R, = 5 kQ
and R; = 20 kQ, find the smallest coupling capacitor that will
result in a 3-dB frequency no greater than 10 Hz.

FIGURE P1.72
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1.76 Measurement of the frequency response of an ampli-
fier yields the data in the following table:

Provide plausible approximate values for the missing entries.
Also, sketch and clearly label the magnitude frequency response
(i.e., provide a Bode plot) for this amplifier.

1.71 Measurement of the frequericy response of an ampli-
fier yields the data in the following table:

Provide approximate plausible values for the m_issing table
entries. Also, sketch and clearly label the magnitude fre-
quency response (Bode plot) of this amplifier.

1.72 The unity-gain voltage amplifiers in the circuit of
Fig. P1.72 have infinite input resistances and zero ou.tput
resistances and thus function as perfect puffers. Convince
yourself that the overall gain V,,/V; will drop by 3 dB below
the value at dc at the frequency for which the gain of each RC
circuit is 1.0 dB down. What is that frequency in terms of CR?

1.73 Aninternal node of a high-frequency ampl?ﬁcr vvjhose
Thévenin-equivalent node resistance is 100 kQ 18 ac.c1dcn—
tally shunted to ground by a capacitor (i.e., the node is con-
nected to ground through a capacitor) through a manufaf:E\mn.g
error. If the measured 3 dB bandwidth of the atqplmer is
reduced from the expected 6 MHz to 120 kHz, estimate the
value of the shunting capacitor. If the original cutoff fre-

quency can be attributed to a small parasitic capacitor at the
nd), what

same internal node (i.e., between the node and grou
would you-estimate it to be?




D*%1.74 A designer wishing to lower the overall upper 3-dB
frequency of a three-stage amplifier to 10 kHz considets
shunting one of two nodes: Node A, between the output of
the first stage and the input of the second stage, and Node B,
between the output of the second stage and the input of the
third stage, to ground with a small capacitor. While measur-
ing the overall frequency response of the amplifier, she shunts
a capacitor of 1 nF, first to node A and then to node B, lower-
ing the 3-dB frequency from 2 MHz to 150 kHz and 15 kHz,
respectively. If she knows that each amplifier stage has an
input resistance of 100 kQ, what output resistance must the
gi;iying stage have at node A? At node B? What capacitor
value should she connect to which node to solve her design’
pﬁoblem most economically?

D1.75 An amplifier with an input resistance of 100 kQ
and an output resistance of 1 kQ is to be capacitor-coupled
to a 10-k€2 source and a 1-kQ load. Available capacitors have
valyes only of the form 1x 10™ F. What are the values of
thga smallest capacitors needed to ensure that the corner fre-
duency associated with cach is less than 100 Hz? What actual
corner frequencies result? For the situation in which the basic
amplifier has an open-circuit voltage gain (4,,) of 100 V/V,
find an expression for T(s) = V (s)/V (s).

*1.76 A voltage amplificr has the transfer function

100
2
A

Using the Bode plots for low-pass and high-pass STC net-
works (Figs. 1.23 and 1.24), sketch a Bode plot for I4,]. Give
approxjmate values for the gain magnitude atf= 10 Hz, 10*Hz,
10°Hz, 10* Hz, 10° Hz, 10° Hz, and 107 Hz. Find the band-
width of the amplifier (defined as the frequency range over
which the gain remains within 3 dB of the maximum value).

*1.,77 For the circuit shown in Fig. P1.77 first, evaluate
Ty(s) = Vi(5)/V(s) and the corresponding cutoff (corner)
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frequency. Second, evaluate T,(s) = V,(s)/V,(s) and the
corresponding cutoff frequency. Put each of the transfer func-
tions in the standard form (see Table 1.2), and combine them
to form the overall transfer function, T(s) = T;(s) X T,(s).
Provide a Bode magnitude plot for |7 (jw)|. What is the
bandwidth between 3-dB cutoff points?

D**1,78 A transconductance amplifier having the equiva-
lent circuit shown in Table 1.1 is fed with a voltage source V,
having a source resistance R,, and its output is connected to a
load consisting of a resistance R in parallel with a capaci-
tance C,. For given values of R, R;, and Cy, it is required to
specify the values of the amplifier parameters R;, G,,, and R,
to meet the following design constraints:

(2) At most, x% of the input signal is lost in coupling the sig-
nal source to the amplifier (i.e., V,>[1-(x/100)]V,).

(b) The 3-dB frequency of the amplifier is equal to or greater
than a specified value f; 4.

(c) The dc gain V,/V is equal to or greater than a specified
value Ag.

Show that these constraints can be met by selecting

Rz (@ - 1)1{_
x

| S S —
27f305C~ (1/Ry)

o Ag/[1~(x/100)]
" (RR)

Find R, R,, and G, for R, = 10 kQ, x = 20%, A, = 80,
R, =10kQ, C; =10 pF, and fy = 3 MHz.

*1.79 Use the voltage-divider rule to find the transfer
function V,(s)/V,(s) of the circuit in Fig. P1.79. Show that
the transfer function can be made independent of frequency if
the condition C|R; = C,R; applies. Under this condition the
circuit is called a compensated attenuator and is frequently

c
R, 2
1 MO IO(I)IHF
+ il g
V C V R, Rs v,
10 pF GV, 10k $20k0
G, = 100 mA/V

FIGURE P1.77

employed in the design of oscilloscope probes. Find the trans-
mission of the compensated attenuator in terms of R; and R;.

<
Ry ==C
<
<
<
2(

Vi
>
R

FIGURE P1.79
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*1.80 An amplifier with a frequency response of the type
shown in Fig. 1.21 is specified to have a phase shift of magni-
tude no greater than 11.4° over the amplifier bandwidth,
which extends from 100 Hz to 1 kHz. It has been found that
the gain falloff at the low-frequency end is determined by the
response of a high-pass STC circuit and that at the high-
frequency end it is determined by a low-pass STC circit.
What do you expect the corner frequencies of these two cir-
cuits to be? What is the drop in gain in decibels (relative to
the maximum gain) at the two frequencies that define the
amplifier bandwidth? What are the frequencies at which the
drop in gain is 3 dB?

SECTION 1.7: DIGITAL LOGIC INVERTERS

1.8% A particular logic inverter is specified to have V; =13V,
Vig=1.7V, V=0V, and V, = 3.3 V. Find the high and low
noise margins, NMy and NM.

1.82 The voltage-transfer characteristic of a particular logic
inverter is modeled by three straight-line segments in the
manner shown in Fig. 1.29. If V; =15V, V=25V, V, =
0.5V, and V,,;; =4V, find: '

(a) The noise margins

(b) The value of v, at which v, = v, (known as the inverter
threshold)

(c) The voltage gain in the transition region

1.83 For a particular inverter design using a power supply
Voo, Vor = 0.1Vpp, Vey = 0.8V, Vi = 0.4Vpp, and Vi =
0.6 Vp. What are the noise margins? What is the width of the
transition region? For a minimum noise margin of 1V, what
value of Vy, is required? ’

1.84 A logic circuit family that used to be very popular is
Transistor-Transistor Logic (TTL). The TTL logic gates and
other building blocks are available commercially in small-
scale integrated (SSI) and medium-scale-integrated (MSI)
packages. Such packages can be assembled on printed-circuit
boards to implement a digital system. The device data sheets
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provide the following specifications of the basic TTL inverter
(of the SN7400 type):

Logic-1 input level required to ensure a logic-0 level at the
output: MIN (minimum) 2 V.

Logic-0 input level required to ensure a logic-1 level at the
output: MAX (maximum) 0.8 V

Logic-1 output voltage: MIN 2.4 V, TYP (typical) 3.3 V

Logic-0 output voltage: TYP 0.22 V, MAX 04 V

Logic-0-level supply current: TYP 3 mA, MAX S mA

Logic-1-level supply current: TYP 1 mA, MAX 2 mA

Propagation delay time to logic-0 level (fpy,): TYP 7 ms,
MAX 15 ns

Propagation delay time to logic-1 level (¢p;): TYP 11 ns,
MAX 22 ns

(a) Find the worst-case values of the noise margins.

(b) Assuming that the inverter is in the 1-state 50% of the
time and in the O-state 50% of the time, find the average static
power dissipation in a typical circuit. The power supply is 5 V.
(c) Assuming that the inverter drives a capacitance C; =45 pF
and is switched at a 1-MHz rate, use the formula in Eq. (1.28)
to estimate the dynamic power dissipation.

(d) Find the propagation delay #p.

1.85 Consider an inverter implemented as in Fig. 1.31(a). Let
Vop=5V,R=2KkQ, Vs, = 0.1 V, R, =200 Q, V;; =1V, and
Vig=2V.

(a) Find Vi, Vou, NMy, and NM;.

(b) The inverter is driving N identical inverters. Each of these
load inverters, or fan-out inverters as they are usually called,
is specified to require an input current of 0.2 mA when the
input voltage (of the fan-out inverter) is high and zero current
when the input voltage is low. Noting that the input currents
of the fan-out inverters will have to be supplied through R of
the driving inverter, find the resulting value of V5 and of
NMy as a function of the number of fan-out inverters N.
Hence find the maximum value N can have while the inverter
is still providing an NM}, value at least equal to its NMy.

(c) Find the static power dissipation in the inverter in the two
cases: (i) the output is low, and (ii) the output is high and
driving the maximum fan-out found in (b).

1.86 A logic inverter is implemented using the arrange-
ment of Fig. 1.32 with switches having Ry, = 1 kQ, Vpp =5V,
and Vi, =V =V, /2.

(a) Find Voy, Voy, NM;, and NMy.

(b) If yrises instantaneously from 0 V to +5 V and assuming
the switches operate instantaneously—that is, at ¢ = 0, PU
opens, and PD closes—find an expression for v,() assuming
that a capacitance C is connected between the output node
and ground. Hence find the high-to-low propagation delay
(tpyr) for C =1 pF. Also find #;,, (see Fig. 1.35).




(c) Repeat (b) for v, falling instantancously from +5 V to O V.
Again assume that PD opens and PU closes instantaneously.
Find an expression for v,(z), and hence find £p; and 17,

1.87 For the current-mode inverter shown in Fig. 1.33, let
Vee=5V, Iz=1mA, and Ry = Ry =2 kQ. Find V,,, and V.

1.88 Consider a logic inverter of the type shown in Fig. 1.32.
Let Vpp =5V, and let a 10-pF capacitance be connected
between the output node and ground. If the inverter is
switched at the rate of 100 MHz, use the expression in
Eq. (1.28) to estimate the dynamic power dissipation. What is
the average current drawn from the dc power supply?

D**1.89 We wish to investigate the design of the inverter
shown in Fig. 1.31(a). In particular we wish to determine the
value for R. Selection of a suitable value for R is deter-
mined by two considerations: propagation delay, and power
dissipation.

(a) Show that if v; changes instantaneously from high to low
and assuming that the switch opens instantaneously, the out-
put voltage obtained across a load capacitance C will be
-t/
vo(1) = Voyr—(Vog—Vor)e '
where 7, = CR. Hence show that the time required for v,(z)
to reach the 50% point, %(VOH + Vo), is

tery = 0.69CR
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(b) Following a steady state, if v, goes high and assuming
that the switch closes immediately and has the equivalent
circuit in Fig. 1.31, show that the output falls exponentially
accordingto_~"
/7.

90(1) = Vor + (Voy—Vore
where 7, = C(RIIR,,) = CR,, for R,,;<R. Hence show that
the time for v,(#) to reach the 50% point is

Ly = 0.69CR,,

(c) Use the results of (a) and (b) to obtain the inverter propa-
gation delay, defined as the average of 7p;5 and py;, as

Tp=0.35CR for R, <R

(d) Assuming that Vg, of the switch is much smaller than
Vpp, show that for an inverter that spends half the time in the
0 state and half the time in the 1 state, the average static
power dissipation is

_ Vb

2R

(e) Now that the trade-offs in selecting R should be obvious,
show that, for V;,, =5 V and C = 10 pF, to obtain a propaga-
tion delay no greater than 10 ns and a power dissipation no
greater than 10 mW, R should be in a specific range. Find that
range and select an appropriate value for R. Then determine
the resulting values of ¢, and P.
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Operational Amplifiers

INTRODUCTION

Having learned basic amplifier concepts and terminology, we are now ready to undertake
the study of a circuit building block of universal importance: the operational amplifier (op
amp). Op amps have been in use for a long time, their initial applications being primarily in
the areas of analog computation and sophisticated instrumentation. Early op amps were con-
structed from discrete components (vacuum tubes and then transistors, and resistors), and
their cost was prohibitively high (tens of dollars). In the mid-1960s the first integrated-
circuit (IC) op amp was produced. This unit (the uA 709) was made up of a relatively large
number of transistors and resistors all on the same silicon chip. Although its characteristics
were poor (by today’s standards) and its price was still quite high, its appearance signaled a
new era in electronic circuit design. Electronics engineers started using op amps in large
quantities, which caused their price to drop dramatically. They also demanded better-quality
Op amps. Semiconductor manufacturers responded quickly, and within the span of a few
years, high-quality op amps became available at extremely low prices (tens of cents) from a
large number of suppliers.

One of the reasons for the popularity of the op amp is its versatility. As we will shortly
see, one can do almost anything with op amps! Equally important is the fact that the IC op
amp has characteristics that closely approach the assumed ideal. This implies that it is quite
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