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PREEA

WHY THis Text?

We approach the art of teaching circuits in our textbook differently than most others.
We recognize that studying circuits can be rewarding and useful, even for students
who are not majoring in electrical or computer engineering. Electric circuits
dominate so much of our modem technology that many students are interested
in learning about them. Most students who pursue engineering studies want to be
creative and design things. Most circuits texts do not focus on this basic desire, rather
spend their pages teaching why electric circuits work without affording the student
an opportunity to put this learning into practice. The longer it takes students to try
their hand in designing stuff, the more likely it is that they will become disillusioned
and perhaps change to a different major.

The authors have long believed that an early introduction to design and design
evaluation raises the excitement level and greatly increases student interest in their
chosen discipline. Over 50 years of combined teaching experience at the USAF
Academy, the University of Denver, the University of Colorado at Denver, and the
Air Force Institute of Technology, have only served to strengthen our belief. This
new edition furthers this strategy by adding more design and evaluation examples,
exercises, homework problems, and real-world applications. In addition, students
today solve problems using computers, as well as, by hand and with a calculator.
Access to personal computers is nearly ubiquitous, and key software used in circuit
analysis and design has become available for free or at very deep discounts for
students. This edition of our text includes many software examples, exercises, and
discussions geared to making the study of circuits more in line with today’s student.
Our text has always included software, but generally as an extension for solving
circuits by hand. This edition continues our effort begun with the sixth edition by
integrating software intimately into the solution of circuit problems whenever and
wherever it really helps to solve the problems. It still recognizes that using computers
does not replace the intuition that engineers must develop to analyze, design, and
make smart judgments about different working solutions or designs.

The seventh edition of The Analysis and Design of Linear Circuits improves on
the sixth edition and remains friendly to users who prefer a Laplace Early approach
or those favoring the more traditional Phasor First approach to ac circuits. A later
section discusses how to use this text to pursue either a traditional Phaser First
approach or the Laplace Early approach using three different focuses. In this edition
we have added many skills-level examples, exercises, and problems that can help
develop the student’s confidence in mastering the different objectives. The seventh
edition assumes the same student prerequisites as past editions and continues to rely
on students having access to personal computers—although computer access is not
essential for using this textbook, we believe it improves learning. This edition targets
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students of all engineering disciplines who need an introductory circuit analysis
course of one or two terms. The seventh edition continues the authors’ combined
commitment to providing a modem and innovative approach to teaching circuit
analysis and design, as well as circuit evaluation.

CoNTINUING FEATURES

OBJECTIVES

This text remains structured around a sequence of carefully defined learning
objectives and related evaluation tools based on Bloom’s Taxonomy of Educational
Objectives. The initial learning objectives focus on enabling skills at the knowledge,
comprehension, and application levels of the taxonomy that we call Chapter
Learning Objectives or CLOs. As students demonstrate mastery of these lower
levels, they are introduced to higher-level objectives involving analysis, synthesis
(design), and evaluation. Each learning objective is explicitly stated in terms of
expected student proficiency in the homework sections, and each is followed by at
least 10 homework problems specifically designed to evaluate student mastery of the
objective. This framework has been a standard feature of all seven editions of this
book and has allowed us to maintain a consistent level of expected student
performance over the years. We also list our objectives in the chapter openers to
orient the student to the expected outcomes. These objectives make it easier to
assess student learning and prepare for accreditation reviews. To fulfill ABET
Criterion 3 “the program must have documented student outcomes that prepare
graduates to attain the program educational objectives.” And to fulfill Criterion 4 “the
program must regularly use appropriate, documented processes for assessing and
evaluating the extent to which both the program educational objectives and the student
outcomes are being attained. There must be measurable outcomes and an assessment
and evaluation process that periodically documents and demonstrates the degree to
which the program outcomes are attained.”

Circutt AnaLysis aAND DEsIGN

Our experience convinces us that an interweaving of analysis and design topics
reinforces a student’s grasp of circuit analysis fundamentals. Early involvement in
design provides motivation as students apply their newly acquired analysis tools to
practical situations. Using computer simulation software to verify their designs gives
students an early degree of confidence that they have actually created a design that
meets stated specifications. Ideally, a supporting laboratory program where students
actually build and test their designs provides the final confirmation that they can
create useful products. Design efforts as described in this text are very useful in
helping to meet ABET’s design Criterion 3(c)—specifically, an ability to design a
system, component, or process to meet desired needs.. .. We identify design examples,
exercises, and homework problems with an icon ).

DesieN EvaLuaTION

Realistic design problems do not have unique solutions, so it is natural for students to
wonder how their designs compare with those of others. An often asked question is
“is my design a good one?”’ Using judgment to compare alternative solutions is a
fundamental trait of good engineering. The evaluation of alternative designs
introduces students to real-world engineering practice. We also include judgment
problems that ask students to evaluate an “off-the-shelf’’ design and ask if it could
meet a specific need. In such problems, we ask the student “Would you buy it?”’
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Including design and the evaluation of design in an introductory course helps to
convince students that circuits perform useful functions and that circuit design
courses are not simply vehicles for teaching routine skills such as node-voltage and
mesh-current analyses. Although this philosophy is implicit in all previous editions,
this edition offers expanded coverage of design and evaluation among the worked
examples, exercises, and homework problems. We use software extensively to help
students visualize specifications and results. This, in turn, helps them to create better
designs and make smart choices between competing designs. Evaluation generally
involves the practical side of design and can support ABET Criterion 3(c)—
specifically, ... to meet desired needs within realistic constraints, such as economic,
environmental, social, political, ethical, health and safety, manufacturability, and
sustainability. We identify evaluation examples, exercises, and homework problems
with an icon [ .

THe OP AMP

An early introduction and integrated treatment of the OP AMP continues to be a
central feature of this text. The modular form of OP AMP circuits simplifies analog
circuit analysis and design by minimizing the effects of loading. This feature allows
the interconnection of simple building blocks to produce complex signal processing
functions that are especially useful to instrumentation and signal shaping applica-
tions. The close agreement between theory, simulation, and hardware allows
students to analyze, design, and successfully build useful OP AMP circuits in the
laboratory. The text covers numerous OP AMP applications, such as digital-to-
analog conversion, transducer interface circuits, comparator circuits, block diagram
realization, first-order filters, and multiple-pole active filters. These applications,
which have been again expanded in this new edition, are especially useful to students
from other engineering disciplines that require knowledge of instrumentation,
filtering, or signal processing.

LaPLACE TRANSFORMS

In electrical engineering, Laplace transforms are used to treat important concepts
such as zero-state and zero-input responses, impulse and step responses, convolu-
tion, frequency response, and filter design. An important pedagogical question is
where Laplace transforms should be taught—in the Circuits course, the Signals and
Systems course, a Differential Equations course, or elsewhere? The traditional
approach has been to first teach phasors and use them to study ac circuit analysis,
steady-state ac power, polyphase circuit analysis, magnetically coupled circuits, and
frequency response. This extended treatment of phasor analysis means that Laplace
transforms are often delayed to the last weeks of the second semester and treated as
an advanced topic along with Fourier methods and two-port networks. Typically,
then, Laplace transforms are taught in earnest in a Signals and Systems course,
where their linkage to phasors is often overlooked. The authors have long advocated
an early Laplace approach, one in which Laplace transforms are introduced and
applied to circuit analysis before phasors are introduced. The advantage of treating
Laplace-based circuit analysis first is that once mastered, it makes learning phasor-
based analysis easier and more intuitive. Students quickly make the connection
between phasor analysis and the concepts of network functions, transient response,
and sinusoidal steady-state response developed through s-domain circuit analysis.
We do not claim that Laplace analysis is more fundamental or even more important
than phasor analysis. We do claim that the learning effort needed to master both
phasor analysis and Laplace analysis is not a zero-sum game. Our experience is that
less classroom time is needed to ensure mastery of both methods of analysis when
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Laplace transform analysis is treated before phasor analysis. Emphasizing transform
methods in the circuit course also better prepares students to handle the profusion of
transforms they will encounter in subsequent Signals and Systems courses.

SIGNAL PROCESSING

We begin our treatment of dynamic circuits with a separate chapter on waveforms
and signal characteristics. This chapter gives students early familiarity with impor-
tant input and output signals encountered in the study of linear circuits. Introducing
signals at the beginning of dynamic circuit analysis lets students become comfortable
with time-varying signals without having to simultaneously deal with new concepts.
A further emphasis on signal processing and systems is achieved through the use of
block diagrams, input-output relationships, and transforms methods. The ultimate
goal is for students to understand that time domain waveforms and frequency-
domain transforms are simply alternative ways to characterize signals and signal
processing. Viewing signals in both domains naturally leads to discussions of
important concepts like signal bandwidth, signal sampling, and reciprocal spreading.
It is also useful knowledge in choosing alternative design approaches to filters.

CompuTeRr Tools

Our philosophy recognizes that students come to the Circuits course already
knowing how to use several computer tools. Although many know how to use a
spreadsheet and may be familiar with math solvers and possibly simulation software,
our goal is to help them learn how to effectively use these tools. Knowing when to
use these tools and how to interpret the results is essential to understanding circuits.
Three types of computer programs are used in this text to illustrate computer-aided
circuit analysis, namely spreadsheets (Excel®), math solvers (MATLAB®), and
circuit simulators (OrCAD®). Examples, exercises, and homework problems
related to computer-aided circuit analysis are integrated into all chapters, beginning
with Chapter 1. The purpose of the examples is to help students develop a problem-
solving style that includes the intelligent use of the productivity tools routinely used
by practicing engineers. Exercises following the examples help students immediately
practice the software skill demonstrated in the example. Homework problems that
require the use of a particular computer tool are identified by a computer icon ().
In this edition we moved much of the discussion on how to use software tools to a
new web appendix and included additional examples. This approach streamlines the
text for more accomplished students and permits those needing more guidance to
have access to additional exposure. This approach directly supports ABET’s Crite-
rion 3(k)—an ability to use the techniques, skills, and modern engineering tools
necessary for engineering practice.

AprpPLiCATION EXAMPLES

The text has many examples that link directly to practical uses. The purpose of these
examples is to show the student that the topics being covered are more than a
pedagogical exercise. These real-world examples find use in common applications
and products. We have increased to thirty-one the number of Application Examples.
They include topics, such as batteries, source-load interfacing, bipolar junction
transistor (BJT) operation, digital multimeters, common-mode rejection ratio
(CMRR) in instrumentation amplifiers, electrocardiograph (ECG) and clock timing
waveforms, how to obtain a waveform equation from an oscilloscope, sample-hold
circuits, clock waveform timing circuits, resonance, impedance bridge, gain-
bandwidth product, digital filtering, frequency content of a full-wave rectifier,
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isolation and auto-transformers, and others. These examples can be used to support
ABET Criterion 3(j)—a knowledge of contemporary issues.

Text anp WEB APPENDICES

We have included an appendix on complex numbers since many students need to
review this essential mathematical knowledge. There are four web appendices: One
on the solution of linear equations (A), one on Butterworth and Chebyshev Poles
(B), a new appendix on software tools (C), and a new one with all the Exercises
worked out (D). These appendices are available at www.wiley.com/college/thomas.

New FEATURES OF THE SEVENTH EDITION
Skitts-Buitpineg ExampLes, EXErRcISES, AND PROBLEMS

Users have asked that we include easier, skills-building examples, exercises, and
problems as a means of helping students build confidence. Throughout the text, but
especially in the early chapters, we have added several one-concept examples and
exercises to key sections. In addition, we added numerous such problems in support
of each learning objective. These skill-building items are at the Bloom’s Taxonomy
“Comprehension’ level, rather than the more advanced “Application’ and “Anal-
ysis”’ levels. Answers to Exercises have always been provided with the Exercise, but
with this edition we have added solutions to each Exercise in a special Web
Appendix D. The authors would appreciate feedback as to the usefulness of these
added skills-building efforts.

CirculT DEsieN AND EvALUATION

There are dozens of new design examples and exercises. In addition, there are 17
evaluation examples (listed below) and as many evaluation exercises, many of which are
new. Our emphasis on creating solutions and choosing the better or best one has been
strengthened with the inclusion of 212 design and 54 evaluation homework problems.

Page Example Evaluation Example Topic
130 3-26 Power loss comparison
132 3-28 Interface circuit comparison
201 4-21 Block diagram realization comparison
204 4-22 Comparison of two instrumentation systems
205 4-23 Instrumentation I/O comparison
215 4-24 Temperature transducer interface design comparison
337 7-14 First-order transient circuit comparison
424 8-27 High-pass filter evaluation
559 11-7 Cascade connection loading mitigation
571 11-14 Hum elimination circuit evaluation
592 11-24 Active step-response circuit design comparison
623 12-8 High-pass filter comparison
629 12-10 Band-stop filter comparison
661 12-23 Piezoelectric pressure transducer filtering
755 14-5 Notch filter requirement comparison
778 14-9 Multipole low-pass filter time-frequency responses tradeoff
837 16-7 Residential 3-wire system evaluation
OP AMPs

The treatment of OP AMPs in Chapter 4 has been revised to further emphasize
design and evaluation. Compared to the sixth edition, several OP AMP sections have
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been expanded to include even more building blocks and practical examples for
interfacing transducers. We have also added more design examples, including one on
instrumentation amplifiers.

FReEuency REspoNSE AND AcTIVE FILTERS

We have improved Chapter 12 on frequency response and Chapter 14 on active
filters. These chapters are excellent means of understanding the frequency behavior
of circuits. We have continued our integration of software to assist the student in
understanding frequency behavior through Bode diagrams and pole-zero diagrams
in both chapters. Users have told us that Chapter 14 often proves useful to students
in subsequent design courses where knowledge of active filters may be needed. As a
result, we have expanded our coverage of active multipole notch and tuned filters.
And we added a brief overview of Butterworth, Chebyshev, and Elliptic filters. Both
chapters have more design and evaluation examples as well as more homework
problems.

MutuaL INDUCTANCE AND TRANSFORMERS

We have replaced the transformer equivalent circuit discussion with examples of the
application of the transformer’s electrical isolation properties to include a careful
definition of isolation.

AC PowEeR SYSTEMS

We have improved Chapter 16, on three-phase ac power circuits, to make it more in
line with what today’s students should know. We continued our focus away from
phasor circuit analysis toward power flow and systems, both single-phase and three-
phase, with new examples and exercises. We simplified the power flow discussion
while placing greater emphasis on the fact that power flow does not require phasors.
Power flow in a balanced three-phase circuit can be determined using only the
magnitudes of the line voltage and line current.

Two-PoRrTs

In response to several users, we have updated and moved the chapter on two-ports
(Chapter 17) from the web to the main text. This chapter is fully integrated into the
text, with examples, exercises, and problems. It has index references and answers to
selected homework problems. We have added discussion, examples, and exercises to
illustrate that two-port parameters are not just another way to find voltage and
current responses. Rather, their primary utility is to determine global circuit
properties such as voltage gain, current gain, feedback, and Thévenin equivalence.
We would appreciate feedback on the content of this chapter for consideration in
future editions.

Usineg THis EpiTion For LaPLacE EARLY

The seventh edition is designed so that it can be used as a Laplace Early version as
well as a traditional Phasor First version. The phasor analysis chapter (Chapter 8)
comes before the study of Laplace transform techniques (Chapters 9 to 11). Those
wishing to follow the traditional approach can follow the seventh edition chapter
organization through Chapter 8, on phasor analysis, with a possible delaying of
Chapter 7 until the second semester. Those choosing a Laplace Early approach can
follow the present chapter organization through Chapter 7, skip Chapter 8, and
proceed directly to the Laplace chapters. The current edition includes an
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introduction to phasor analysis in Sect. 11-5, dealing with the sinusoidal steady state.
As aresult, Laplace Early users can study phasor analysis in Chapter 8 at any point
after Chapter 11. The following table shows suggested chapter sequencing for the
traditional and Laplace Early approaches for three different subject matter
emphases. The second author used the Traditional-Electronics sequence at the
USAF Academy and has used the Laplace Early—Systems sequence at the Univer-
sity of Denver. Enough material is available in the printed text and in the Web
appendix to allow the construction of other topic sequences. Other organizational
options are available in the Instructor Manual.

EnPHAsls SEMESTER 1 SEMESTER 2

Traditional (Phasor First)
Power 1 2 3 4 5 6 87 8 15 16 9 10 11 12 13
Systems 7/8 9 10 11 12 13 14 15
Electronics 7/8 9 10 11 12 14 15 17

Laplace Early

Power 1 2 3 4 5 6 7 9 10 11 12 13 8 15 16
Systems 9 10 11 12 13 14 8 15
Electronics 9 10 11 12 14 8 15 17

Use oF SoFTwARE IN THIS EDITION

Software use throughout the text has been increased and strengthened to include
many new MATLAB, OrCAD, and Excel examples to help practice using the
software. We have added a new expanded web appendix to simplify students’ use of
software. There are 257 homework problems that suggest solutions using MATLAB,
OrCAD, or both.
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<
Device

FIGURE 2-1 Voltage and
current reference marks for a
two-terminal device.

Model
Linear ranii />\ 1

X

(b)

©

FIGURE 2-2 The resistor:
(a) Circuit symbol. (b) i—v
characteristics. (c) Carbon or
film resistors. (d) Wire-wound
resistors.

Power rating limits

2-1 ELEMENT CONSTRAINTS

A circuit is a collection of interconnected electrical devices. An electrical device is a
component that is treated as a separate entity. The rectangular box in Figure 2-1 is
used to represent any one of the two-terminal devices used to form circuits. A two-
terminal device is described by its i~v characteristic, that is, by the relationship
between the voltage across and current through the device. In most cases the
relationship is complicated and nonlinear, so we use a linear model that approx-
imates the dominant features of a device.

To distinguish between a device (the real thing) and its model (an approximate
stand-in), we call the model a circuit element. Thus, a device is an article of hardware
described in manufacturers’ catalogs and parts specifications. An element is a model
described in textbooks on circuit analysis. This book is no exception, and a catalog of
circuit elements will be introduced as we go on.

THE LINEAR RESISTOR

The first element in our catalog is a linear model of the device described in Figure
2-2. The actual i—v characteristic of this device is shown in Figure 2-2(b). To model
this curve accurately across the full operating range shown in the figure would
require at least a cubic equation. However, the graph in Figure 2-2(b) shows that a
straight line is a good approximation to the i—v characteristic if we operate the device
within its linear range. The power rating of the device limits the range over which the
i—v characteristics can be represented by a straight line through the origin.

For the passive sign convention used in Figure 2-2(a), the equations describing
the linear resistor element are

v=Ri or i=Gv (2-1)

where R and G are positive constants that are reciprocally related:

1

G= R (2-2)
The relationships in Eq. (2-1) are collectively known as Ohm’s law. The parameter R
is called resistance and has the unit ohms, (). The parameter G is called conductance,
with the unit siemens, S. In earlier times the unit of conductance was cleverly called
the mho, with the unit abbreviation symbol U (“ohm” spelled backward and the
ohm symbol upside down). Note that Ohm’s law presumes that the passive sign
convention is used to assign the reference marks to voltage and current.

The Ohm’s law model is represented graphically by the black straight line in Figure
2-2(b). The i—v characteristic for the Ohm’s law model defines a circuit element that is
said to be linear and bilateral. Linear means that the defining characteristicis a straight
line through the origin. Elements whose characteristics do not pass through the origin
or are not a straight line are said to be nonlinear. Bilateral means that the i—v
characteristic curve has odd symmetry about the origin." With a bilateral resistor,
reversing the polarity of the applied voltage reverses the direction but not the
magnitude of the current, and vice versa. The net result is that we can connect a
bilateral resistor into a circuit without regard to which terminal is which. This is
important because devices such as diodes and batteries are not bilateral, and we must
carefully identify each terminal.

Figures 2-2(c) and (d) show photos of discrete resistor devices.

A curve i = f(v) has odd symmetry if f(—v) = —f(v).
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The power associated with the resistor can be found from p = vi. Using Eq. (2-1)
to eliminate v from this relationship yields

p=1iR (2-3)

or using the same equations to eliminate i yields

2 v
=9 G e 2—4
p R (2-4)
Since the parameter R is positive, these equations tell us that the power is always
nonnegative. Under the passive sign convention, this means that the resistor always
absorbs or consumes power.

EXAMPLE 2-1

A 2.2-k() resistor has 12 V impressed across its terminals. Find the current through
the resistor and the power it dissipates.

SOLUTION:

By Ohm’s law i = v/R. Therefore, i = 12/2200 = 0.00545 = 5.45mA. The power
dissipated is found using Eq. (2-3) p = iR = (0.00545)* 2200 = 65.4 mW which is the
same answer we get if we were to use Eq. (2-4) p=v*R = 12%/2200 =65.4 mW or
Eq. (1-5) p=iv=0.00545 x 12=65.4 mW. [ |

Exercise 2-1

A 6-V lantern battery powers a light bulb that draws 3 mA of current. What is the resistance
of the lamp? How much power does the lantern use?

Answers: R=2kQ; p=18 mW
EXAMPLE 2-2

A resistor operates as a linear element as long as the voltage and current are within the
limits defined by its power rating. Suppose we have a 47 k() resistor with a power rating
of 0.25 W. Determine the maximum current and voltage that can be applied to the
resistor and have it remain within its linear operating range.

SOLUTION:
Using Eq. (2-3) to relate power and current, we obtain
Pmax 0.25
hvax =\ =\ g = 231 mA

Similarly, using Eq. (2-4) to relate power and voltage, we obtain

Vamax = VVRPyax = V47 x 103 x 0.25 = 108V u

Exercise 2-2

What is the maximum current that can flow through a s -W, 6.8-k() resistor? What is the
maximum voltage that can be across it?

Answers: Iyax =4.287mA; Vimax =29.15V

OPEN AND SHoORT CIRCUITS

The next two circuit elements can be thought of as limiting cases of the linear
resistor. Consider a resistor R with a voltage v applied across it. Let’s calculate the

=

‘h"@ ;5 J
(d)

-y

-

FIGURE 2-2 (Continued)
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Circuit symbols:

(a) Open-circuit symbol.
(b) Short-circuit symbol.

(open)
|

Circuit symbol

+ ON
(closed)

Circuit symbol

i~v characteristics

(@)

i~v characteristics

(®)

@

FIGURE 24
symbol and i—v

The circuit
characteristics

of an ideal switch: (a) Switch
OFE (b) Switch ON. (c) Toggle

switch. (d) DIP

switch.

current i through the resistor for different values of resistance. If v =10V and
R =1, using Ohm’s law we readily find that i =10A. If we increase the
resistance to 100}, we find i has decreased to 0.1 A or 100 mA. If we continue
to increase R to 1 M{), i becomes a very small 10 pA. Continuing this process, we
arrive at a condition where R is very nearly infinite and i just about zero. When the
current i = 0, we call the special value of resistance (i.e., R = co()) an open circuit.
Similarly, if we reduce R until it approaches zero, we find that the voltage is very
nearly zero. When v = 0, we call the special value of resistance (i.e., R=0(}) a
short circuit. The circuit symbols for these two elements are shown in Figure 2-3.
In circuit analysis the elements in a circuit model are assumed to be intercon-
nected by zero-resistance wire (that is, by short circuits).

THE IDEAL SwiITCH

A switch is a familiar device with many applications in electrical engineering. The
ideal switch can be modeled as a combination open- and short-circuit element.
Figure 2—4(a) and (b) show the circuit symbol and the i—v characteristic of an ideal
switch. When the switch is closed,

v=0 and i= anyvalue (2—5a)
and when it is open,
i=0 and v = anyvalue (2-5h)

When the switch is closed, the voltage across the element is zero and the element
will pass any current that may result. When open, the current is zero and the
element will withstand any voltage across its terminals. The power is always zero
for the ideal switch, since the product vi = 0 when the switch is either open (i = 0)
or closed (v =0). Actual switch devices have limitations, such as the maximum
current they can safely carry when closed and the maximum voltage they can
withstand when open. The switch is operated (opened or closed) by some
external influence, such as a mechanical motion, temperature, pressure, or an
electrical signal.

Figure 2-4(c) shows an actual toggle switch, which is simply used to turn things
ON and OFF, and Figure 2-4(d) shows a DIP (dual in-line package) switch designed
for use on a printed circuit board.

The ideal switch is also a basic concept in digital circuits, where OFF usually
represents a logic 0 state and ON represents a logic 1 state.

APPLICATION EXAMPLE 2-3

The analog switch is an important device found in analog-to-digital interfaces.
Figures 2-5(a) and (b) show the two basic versions of the device. In either type
the switch is actuated by applying a voltage to the terminal labeled gate. The switch
in Figure 2-5(a) is said to be normally open because it is open when no voltage is
applied to the gate terminal and closes when voltage is applied. The switch in Figure
2-5(b) is said to be normally closed because it is closed when no voltage is applied to
the controlling gate and opens when voltage is applied.

Figure 2-5(c) shows an application in which complementary analog switches
are controlled by the same gate. When gate voltage is applied, the upper switch
closes and the lower opens so that point A is connected to point C. Conversely,
when no gate voltage is applied, the upper switch opens and the lower switch
closes to connect point B to point C. In the analog world this arrangement is
called a double throw switch since point C can be connected to two other points.
In the digital world it is called a two-to-one multiplexer (or MUX) because it
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allows you to select the analog input at point A or point B under control of the Gate
digital signal applied to the gate. °

In many applications an analog switch can be treated as an ideal switch. In other :
cases, it may be necessary to account for its nonideal characteristics. When the switch (a)

is open an analog switch acts like a very large resistance (Ropr), as suggested in

Figure 2-5(d). This resistance is negligible because it ranges from perhaps the
10° to 10" Q. When the switch is closed it acts like a small resistor (Ron), as : : :
suggested in Figure 2-5(e). Depending on other circuit resistances, it may be
necessary to account for Ry, because it ranges from perhaps a few m() to as (b)
high as 100 €).
Gate
7
This example illustrates how ideal switches and resistors can be combined to @>_(/o_
model another electrical device. It also suggests that no single model can serve in all
applications. It is up to the engineer to select a model that adequately represents the —< @
actual device in each application. e U
(©

IDEAL SOURCES

The signal and power sources required for the operation of electronic circuits are o
modeled using two elements: voltage sources and current sources. These sources can
produce either constant or time-varying signals. The circuit symbols and the i—v
characteristic of an ideal voltage source are shown in Figure 2-6, while the circuit
symbol and i—v characteristic of an ideal current source are shown in Figure 2-7. The (d)
symbol in Figure 2-6(a) represents either a time-varying or constant voltage source.
The battery symbol in Figure 2-6(b) is used exclusively for a constant voltage source. A oo
There is no separate symbol for a constant current source. Ron

The i—v characteristic of an ideal voltage source in Figure 2-6(c) is described by (e)
the following element equations:

Rorr

FIGURE 2-5 The analog
v=ws and = anyvalue (2-6)  switch: (a) Normally open
. . . model. (b) Normally closed
The element equations mean that the ideal voltage source produces vs volts across its  ;,;,04el. (c) Double throw
terminals and will supply whatever current may be required by the circuit to which it model. (d) Model with finite
is connected. OFF resistance. (e) Model with
finite ON resistance.

i i
———— ‘—o
+ +
+
Vs C) v Vo— v ” v
— O
I o
(a) (b)

(©)

FIGURE 2-6 Circuit symbols and i—v characteristic of
an ideal independent voltage source: (a) Time-varying.
(b) Constant (Battery). (c) Constant source i—v
characteristics.

The i—v characteristic of an ideal current source in Figure 2-7(b) is described by
the following element equations:
i=1is and v = anyvalue (2-7)
The ideal current source produces is amperes in the direction of its arrow symbol and
will furnish whatever voltage is required by the circuit to which it is connected.
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(®)

FIGURE 2-7 Circuit symbol and i—v characteristic of an ideal independent current
source: (a) Time-varying or constant source. (b) Constant source i—v characteristics.

The voltage or current produced by these ideal sources is called a forcing function
or a driving function because it represents an input that causes a circuit response.
When the voltage or current varies with time, it is customary to write v(¢) or i(z).

EXAMPLE 2-4

Given an ideal voltage source with the time-varying voltage shown in
Figure 2-8(a), sketch its i—v characteristic at the times ¢ = 0, 1, and 2 ms.

FIGURE 2-8 @=0ms,v=5V

\ S )
0 1.-- 2
0 S t (ms)

(a) (b)

SOLUTION:

At any instant in time, the time-varying source voltage has only one value. We can
treat the voltage and current at each instant of time as constants representing a
snapshot of the source i—v characteristic. For example, at ¢ = 0, the equations defining
the i—v characteristic are vs = 5V and i = any value. Figure 2-8(b) shows the i—v
relationship at the other instants of time. Curiously, the voltage source i—v charac-
teristicat# = 1 ms (vs = O andi = any value) is the same as that of a short circuit [see
Eq. (2-5a) or Figure 2-3(b)]. [ |

Exercise 2-3

A digital clock is a voltage that switches between two values at a constant rate that is used to
time digital circuits. A particular clock switches between 0 Vand 5 Vevery 10 ps. Sketch the
clock’s i-v characteristics for the times when the clock is at 0 Vand at 5'V.

Answers: On a standard i-v graph a vertical line through the origin for the times the
clock is at 0V and a vertical line crossing at 5V when the clock is at 5'V.
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ac (alternating current) signal, 267 see also waveforms
ADC, see Analog-to-digital converter
Active circuit, 155
Active device:
dependent source 155
OP AMP, 177
transistor, 173
Active filters:
basics, 736
Butterworth, LP 764, HP 783
Chebyshev, LP 773, HP 790
design, 736
first-order cascade, LP 760, HP 781
Adapter, 300Q to 75}, photo, 135
Additivity, 100, 105
Admittance (Y):
Laplace, 496
matrix, 872
parallel connection, 397, 503
parameters, 872
phasors, 397
transfer, 550
two-port parameters, 869
Aliasing, 725
Ampere (A) (unit), 5
Amplifier:
differential, 194, 200
ideal OP AMP model 179
inverting, 188
inverting summer, 190
instrumentation, 211, 221, 222
noninverting, 180
noninverting summer, 192
subtractor-double OP AMP, 198
subtractor-single OP AMP, 194
transistor, 173
voltage follower, 185
Amplitude:
descriptors, 266
functions, 242, 246, 251
Amplitude spectrum, 683, 697
Ampére, Andre-Marie,1
Analog computer, 299
Analog-to-digital converter:
flash, 224, photo 224
full-scale input, 225
resolution, 225
sample-hold, 286, photo 287
Angular frequency (w), 254
Aperodic waveform, 256
Apparent power, 832
Applications:
300-Q2 to 75-Q) adapter, 135

analog switch, 18

attenuation pad, 137

autotransformer, 815

band-limited differentiator, 300

batteries, 50

binary current divider, 51

BIJT transistor, 173

clock waveform, 271

damped sinusoidal waveform, 262

dc power supply (full-wave rectifier), 692

decibels, 610

digital clock detection, 330

digital clock skew, 595

dynamic OP AMP circuits, 300

ECG waveform, 272

exponential waveform, 249

filter (using phasors), 405

gain-bandwidth product, 617

impedance bridge, 396

isolation transformer, 821

L-pad, 126

loading, 135

Maxwell bridge, 396

potentiometer, 46

resonance, 403

sample-and-hold circuit, 286

signal bandwidth, 723

signal sampling, 724

step response descriptors, 567

time-limited integrator, 300
Assigning reference marks, 33
Asymptotically stable, 562
Average power (P), 433, 829

of a periodic signal, 694
Attenuator, in-line 137, photo, 137
Average value:

of a signal (Vy,), 267

of a periodic signal (ap), 674

of sinusoidal signal, 829

B (susceptance) (S), 397
B (bandwidth) (Hz, rad/s), 633, 637, 723, 749, 752
Balanced three-phase:
basics, 843, 847
A-A connection, 847
A-Y connection, 847
Y-A connection, 847
Y-Y connection, 847
Ballantine, Stuart, 868
Bandpass filter:
basics, 625
cascade design, 625
narrow band, see tuned
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Bandpeass filter (Continued)
parallel RLC, 637
second order, 791
series RLC, 634
tuned, 634, 750, 754
using first-order circuits, 625
using phasor analysis, 426
wide band, 633, 791
Bandstop filter:
basics, 625, 791
narrow band, see notch
notch, 637, 752, 754, 800
parallel design, 793
second order, 791
series RLC, 635
using first-order circuits, 629
Bandwidth, 633, 637, 723, 792
Battery, 19, 50
Bilateral, 16
Bipolar power, 830
Biquad filter, 802
Black, Harold S, 154
Block diagrams:
differentiator, 294
integrator, 293
gain, 101, 155, 180, 188
proportionality constant, 101
summary table basic, 178
summary table basic plus, 295
summing point, 105, 190
Bode, Hendrik, 545, 606
Bode diagram:
basics, 609
complex poles and zeros, 651
first order, 612,
real poles and zeros, 640

using OrCAD, 645, Web App C
using MATLAB, 653, Web App C

Bridge circuits:
bridge-T, 126, 150
impedance, 396
Maxwell, 396
reference bridge, 218, 219
Wheatstone, 102, 140, 148
Bromwich, Thomas John, 447
Brune, Otto, 545
Budak, Aram, footnote 771
Buffer, 185
Bus, 858
Butterworth:

discussion of poles, Web App B

high-pass response, 783
low-pass response, 764
overview, 758
pole-zero diagram, 777
polynomials, 766

step response, 778

C (capacitor), 281

Capacitance (F), 281

Campbell, George A, 735

Capacitive reactance (Xc¢), 392
power-factor correction, 841

Capacitor (C):
average power, 432
basics, 281
bypass(for BJT), 544
dc response, 304
energy, 282
impedance, 388, 495, 712
i-v relationships, 281
parallel connection, 301
photos, 281, 282
series connection, 302
standard values, see inside rear cover
super capacitor, 376, footnote 588
two-wire feed through, 309
Cascade connection, 196, 557, 737
Cascade design:
dc OP AMP, 201
transfer function, 582, 585
first-order filters, 625
multiple-order filters, 736
Cauer, Wilhelm, 545, 758
Cauer or Elliptic filter, 758
Causal waveform, 266
Center frequency, 632, 749
Chain rule, 196, 557
Chapter Learning Objectives (CLOs), 3
Characteristic equation:
first order, 316
second order, 348, 356
Charge (q(¢)), 5, 281
Chebychev:
discussion of poles, Web App B
high-pass response, 788
low-pass response, 770
overview, 758
pole-zero diagram, 777
polynomials, 773
step response, 778
Circuit, 2, 16, 22
Circuit analysis:
combined constraints (dc), 28
computer aided, 11, 55, Web App C
definition, 2
dependent sources, 156
phasor domain, 391, using OrCAD 400
phasor domain, mesh current, 427
phasor domain, node voltage, 420
single phase, 834
three-phase, 849
using Laplace transforms, 473, 501
using Fourier series, 686
using Fourier transforms, 712
Circuit design:
ac voltage divider, 394
bandpass filter, 628, 750, 792
bandstop filter, 630, 752, 755
Bode plot, 645
Butterworth, LP 767, HP 785
Chebychev, LP 773, HP 790
complex poles, 522, 523
dc voltage divider, 47
discussion, 2
first-order cascade, LP 762, HP 781
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first-order step response (Laplace), 566
high-pass filters, 622, 743, 745
input-output relationship, 297
low-pass filters, 614, 615, 624, 740, 742, 778
interface circuits (dc), 127, 128, 130, 131, 133
interface circuit (ac), 418
network function, 584, 585, 586, 590, 592, 593
OP AMP inverter, 188, 585
OP AMP interface circuit, 204, 205
OP AMP non-inverter, 181
OP AMP subtractor, 199
OP AMP summer, 191
OP AMP transducer interface, 215, 217, 219, 223
phasor load design, 414
poles and zeros, 505
power factor correction, 842
RC circuit, 335
RLC circuits, 366, 367, 573, 634, 637, 640, 690
second-order active filters, 737
second-order step response, 365, 367, 511
second-order voltage divider, 598
transistor inverter, 176
Circuit determinant, 519, 525, 530, 532
Circuit reduction, 52, 400, 501
Circuit theorems:
maximum power transfer, 123, 434
proportionality, 101, 407, 507
superposition, 105, 408, 508
Thévenin/Norton, 109, 412, 513
Clock waveform, 271
Combined constraints, 28, 491, 712
Comparator:
basics, 223
flash ADC, 224
zero-crossing detector, 224
Complex frequency (s = — a =+ jB), 352, also footnote 352
Complex frequency variable s (Laplace), 449
Complex numbers:
Arithmetic operations, App A, 890
conjugate, App A, 890
imaginary part, App A, 889
polar form, App A, 889
real part, App A, 889
Complex poles, 465
Complex power:
and load impedance, 833
basics, 831
conservation of, 835
Composite waveforms:
basics, 258
damped ramp, 260
damped sinusoid, 261
double exponential, 264
double-sided exponential, 260, 707
exponential rise, 259
signal’s fundamental frequency, 264, 675
signal’s harmonic frequencies, 264, 675
signum function, 258, 707
Computer tools:
basics, 10, 57, Web App C
Excel, 247, 344, 521, 693
MATLAB, Web App C
OrCAD, Web App C

Conductance (G), 16, 397, 496
Conjugate match (max power), 435
Connections models, 21
Connection constraints:

definition, 21

using phasors, 386

using Laplace transforms, 491

using Fourier transforms, 712
Convolution:

applications of, 577

basics, 575

equivalence between t- and

s-domains, 577

graphical interpretation, 578

integral, 577, 715

theorem, 562
Corner frequency, 612
Coulomb (C) (unit), 5
Coupled inductors:

basics, 804

energy, 808

dot convention, 806

i-v relationships, 804

mutual inductance, 804

self inductance, 805
Coupling coefficient (k), 809
Course learning objectives (CLOs), 2, intro to

each chapter

Cover-up algorithm, 464
Cramer’s rule, Web App A
Critical frequencies (wc)), 460
Critically damped, 353
Crystal filters, 802
Current:

definition, 5

lag, lead, 387, 388

line, 849, 853

mesh, 92

short circuit, 111

Norton, 109

phase, 844, 852
Current division:

basics, 47, 398, 503

binary, 51

two path, 49
Current gain (B), 155, two-port Ty, 832
Current source:

dependent, 155, 493

Fourier representation of, 712

ideal, 20, 493

i-v characteristics, 20

Laplace representation of, 492

practical, 21

symbol, 20
Current transfer function, 550
Cutoff frequency, 607, see also respective filters
Cyclic frequency (f), 253

A-connection, 847

A-Y transformation, 848

DAC, see Digital-to-analog converter
Damped ramp, 260

Damped sinusoid, 261
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Damping:
cases, 353
types, 353
Damping ratio ({), 360, 522, 737
Darlington, Sidney, 545
dc (direct current):
current source, 20
signal, 240
voltage source, 19
Decade, 610
Decibel, 609
Defibrillation waveform, 278
Delay time, 567
Delyannis-Friend circuit, footnote 749
Dependent source:
analysis, 156
basics, 155
CCCS, 155
CCVS, 155
Laplace representation of, 493
parameters, pu, B, g, 1, 155
Thévenin/Norton, 171
VCCS, 155
VCVS, 155
Design, see Circuit design
Determinant, Web App A
circuit, 519
Device, 16
Differential amplifier:
one-stage, 194
two-stage, 198
instrumentation, 200, 222
Differential equation:
classical solution first order, 315
classical solution second order, 347, 356, 360
solution by Laplace transforms, 473
solution by Fourier transforms, 712
Differentiator:
band-limited, 300
definition, 293
Differentiation property:
Laplace, 454
Fourier, 705
Digital-to-analog converter:
discussion of, 208
full-scale output, 208
photos, 208
R-2R ladder, 209
resolution, 208
weighted summer, 208
Digital Multimeter (DMM), 111, 186
Dirac, Paul, footnote 243
Dirichlet, PG.L., 673
Dirichlet conditions, 675, 698, 700
Dot convention, 806
Double exponential, 264
Double-sided exponential, 260, 707
Driving function, 20
Driving-point impedance, 549
Duality, 48, 292, 315, 356, 638
Duality property, 708
Dynamic OP AMP circuits, 293

ECG waveform, 272
Edison, Thomas, 828
Effective value, see Root-mean-square
Element, 16
Element constraints:
basics, 16
using phasors, 386
using Laplace transforms, 492
using Fourier transforms, 712
Elliptic or Cauer filter, 758
Energy (w):
capacitor, 283
coupled inductors, 808
definition, 5
inductor, 289
phasors, 431
signal, 718
Energy spectral density, 720
Equal-capacitor method, BP 749, BR 752
Equal-element method, LP 739, HP 745
Equivalent circuits:
admittance, 503
capacitance, 301
definition, 36
of C and L at dc, 304
impedance, 501, 549
inductance, 303
resistance, 36
sources, 39
summary of, 42, (Table) 43
Thévenin/Norton, 109, 412, 513, 827
transformer, 827
Euler’s relationship, 380, 832, 889
Evaluation:
bandpass circuits, 635
bandstop circuits, 629, 755
basic design concepts, 125
cascade connections, 559, 560, 778
eliminate 60 Hz hum, 571
high-pass filters, 424, 623
interface circuits, 130, 131, 132, 133
introduction, 2
loading, 559
low-pass filters, 778
OP AMP circuits, 201, 204, 205, 207, 215
pressure transducers, 661
RC circuits, 337
Residential power distribution, 837
RLC bandpass filter circuit, 634
step response designs, 337, 592
transfer function designs, 591, 592, 593
Even symmetry, 684
Exponential order, 449
Exponential waveform:
basics, 246
double, 264
double-sided, 260
properties of, 248
rise, 259
Laplace transform of, 450

Fan-out, 605
Farad (F) (unit), 281
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Faraday, Michael, 281, 803
Filter:
60 Hz notch, 446, 752, 756
active, 736
bandpass, 425, 608, 754
bandstop, 608, 752, 754
basics, 608
biquad, 802
Butterworth, LP 764, HP 783
Chebychev, LP 770, HP 788
crystal, 802
first-order cascade, LP 760, HP 781
gold standard, 717
high pass, 424, 608, 743, 781, 783, 788
low pass, 405, 608, 738, 760, 764, 770
notch, 637, 752, 754
passive, 736
summary of second-order filters, 737
tuned, 634, 748, 754
using MATLAB, 740, 745, Web App C
using OrCAD, 742, 745, 755, 778, Web App C
Final conditions, 332
Final-value property, 480
First-order circuit:
basics, 315
design with (bandpass), 627
design with (bandstop), 630
design with (high pass), 622
design with (low pass), 614, 615, 624
differential equation, RC 316, RL 317
exponential input transient response, 339
frequency response (high pass), 619
frequency response (low pass), 611
RC and RL circuits, 316
sinusoidal input transient response, 339
step response, 324
zero-input response, 315, 508
zero-state response, 330, 508
First-Order cascade filters, LP 760, HP 781
pole-zero diagram, 777
step response, 778
Flash converter (ADC), 225, photo 225
Flux (¢), 287, 804, 811
Flux linkage (\), 287
coupled coils, 805
transformers, 811
Forced pole, 520
Forced response, 324, 499, 532
Forcing function, 20
Foster, Ronald M, 545
Fourier, Jean Baptiste, 673
Fourier series:
alternative form, 682
amplitude spectrum, 683
average power, 694
coefficients, 675
composite waveforms, 265
gold standard, 717
in circuit analysis, 686
line spectra, 683
overview, 674
phase spectrum, 683
rms value, 694

symmetries, 684

table of common waveforms, 681

using MATLAB, 677, Web App C
Fourier transforms (F(w)):

basics, 697

convolution, 715

energy signals, 718

energy spectral density, 720

impulse response, 715

in circuit analysis, 712

inverse transforms, 700

Parseval’s theorem, 718

relationship to Laplace, 701

table of, 711, see inside rear cover

transfer function, 716

transform pair, 698

transform properties, 704

using MATLAB, 699, 722, Web App C
Frequency:

angular, 254

center (fy, wy), 632, 749

complex (s), 360

corner (fc, oc), 612

critical (fc, wc), 460

cutoff (fc, oc), 607, 633

cyclic (f), 253

damped natural (B), 352

fundamental, 264, 675

harmonic, 264, 675

natural, 352

negative, 698

neper (a), 352

notch, 637, 752

radian (B, w), 352

resonant (fy, wg), 389, 403

spectrum, 675

undamped natural (wg), 360
Frequency response:

and step response, 656

Bode diagrams, 609

definition, 607

descriptors, 607

first-order bandpass, 617

first-order bandstop, 627

first-order high pass, 625

first-order low pass, 611

RLC circuits bandpass, 631

RLC circuits bandstop, 635
Fundamental frequency, 264, 675
Full-scale output (DAC), 208

G(s) (step response transform), 564
g(t) (step response), 564
Gain (K):
current, 155
follower, 185
inverter, 188
non-inverter, 180
proportionality constant, 101, 407
two-port Ty or 77, 882
voltage, 155
Gain-bandwidth product, 617
Gain function, 607
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Gauland, Lucien, 803
Gibbs, Josiah, 803
Ground, 9

Ground loop, 821

H(s) (impulse response transform), 561
h(t) (impulse response), 561
Half-wave symmetry, 685
Harmonic frequency, 264, 675
Heaviside, Oliver, footnote 352, 447, 490
Henry, Joseph, 280, 803
Henry (H) (unit), 287
Hertz (unit), 254
Hidden symmetry, 685
High-pass filter:

basics, 619, 780

Butterworth, 783

Chebychev, 788

first order, 619

first order cascade, 781

second order equal element, 745

second order unity gain, 745
h-matrix, 874
Home power distribution, 445
Homogeneity, 100
Homogeneous equation, 316
h-parameters, 874
Hybrid parameters, 869, 874

i (the current variable), 5
Ideal models:
capacitor, 282
current source, 20
dependent source, 155
inductor, 288
OP AMP, 178
open circuit, 17
resistor, 16
short circuit, 17
switch, 18
BJT transistor, 173
voltage source, 19
Ideal transformer:
basics, 810
i-v relationships, 813
input impedance, 813
Impedance (Z):
bridge, 396
concept, 388
driving-point, 549
frequency effects on, 388
input, 549
magnitude scaling, 588
matrix (two-ports), 870
parallel connection Laplace, 502
parallel connection phasor
domain, 397
ratio of phasors V and I, 388
ratio of V(s) and I(s), 495
ratio of V(w) and I(w), 712
series connection Laplace, 501
series connection phasor domain, 392
Improper rational function, 268

Impulse function (3(¢)), 242
Impulse response (h(t)), 561, diagram 565
Impulse response transform (H(s)):

and convolution, 575, 715

basics, 561

diagram, 565

from network function, 561

from step response, 564
Inductance (H):

definition, 286

mutual (M), 805

self (L), 805
Inductive reactance (X)), 392

power factor correction, 841
Inductor (L):

average power, 432

basics, 287

chokes, footnote 588

dc equivalence, 304

energy, 289

impedance (Fourier transform), 712

impedance (Laplace transform), 495

impedance (phasor domain), 388

i-v relationships, 288

parallel connection, 303

photos, 288

series connection, 303

standard values, see inside rear cover
Initial conditions, 332, 494, 496
Initial-value property, 480
Input, 100
Input impedance, 549
In phase, 387
Instantaneous power (p(¢)):

basics, 431, 829

three-phase, 858
Instantaneous value, 266
Instrumentation systems:

active transducers, 213

basics, 211

passive transducers (photos), 217
Instrumentation amplifier, 222
Integration property:

Laplace, 453

Fourier, 706
Integrator:

description, 293

time-limited, 300
Interface, 2
Interface circuit, 125, 212

Inverse Laplace transforms, 463, see inside rear cover

Inverting amplifier, 190
Joule (J) (unit), 6

K, see Gain

Kirchhoff’s laws:
basics, 21
current (KCL), 22
phasor domain, 386
in Laplace transforms, 491
in Fourier transforms, 712
voltage (KVL), 24
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L (inductor), 287, self-inductance 805
L-pad, 126, photo 126
Ladder circuit, 52
Lagging power factor, 841
Laplace transforms (F(s)):
basics, 448
complex differentiation property, 488
differentiation property, 454
inverse, 451, 463
integration property, 453
poles and zeros, 460
properties and pairs, 451
relationship to Fourier transforms, 701
solving differential/integrodifferential
eq, 473
table of pairs, 458, inside back cover
table of properties, 458, inside back cover
translation property, 456
uniqueness property, 451
using MATLAB, Web App C
Leading power factor, 841
Linear:
circuit, 2,
definition, 16
element, 16
Linearity properties:
additivity, 100
Fourier, 704
homogeneity, 100
Laplace, 452
proportionality, 101
superposition, 101
Line current, 844
Line spectra, 683
Line voltage, 844
Load-flow problem:
single-phase, 838
three-phase, 854, 858
Loading:
definition, 136
follower used to avoid, 186
OP AMP, 189
s domain, 558
Logarithmic amplifier, 231
Lookback impedance, 414,
Lookback resistance, 117
Loop, 22
Low-pass filter:
basics, 611, 758
Butterworth, 764
Chebycheyv, 770
comparisons, 776
first order, 611
first order cascade, 760
gold standard, 717
second order equal element, 739
second order unity gain, 739

M (mutual inductance), 805
Magnitude scaling, 588
Matrix:
admittance or y-matrix, 872
basics, Web App A

hybrid or A-matrix, 874
impedance or z-matrix, 870
mesh-current analysis, 96
node-voltage analysis, 79
s-domain analysis, 518, 529
transmission or ¢-matrix, 876
using MATLAB, Web App C
using complex numbers, 429
Matched condition:
dc, 123
conjugate, 435
MATLAB:
applications, Web App C
discussion, 10, 56
Maximum signal transfer:
basics, 122
current, 123
power, 123, 434
voltage, 123
Maxwell bridge, 396
Maxwell, James Clerk, 239
Mesh-current analysis:
basics, 92
by inspection, 94
fundamental property, 92
using Fourier transform analysis, 712
using Laplace transform analysis, 525
using phasor analysis, 420
summary of, 100
supermesh, 97
symmetrical matrix Ax = b, 96
with current sources, 97
with dependent sources, 167
Multiple poles, 470
Mutual inductance (M), 805

Napier, John, footnote 352
Natural frequency, 352
Natural pole, 520
Natural response, 324, 499, 532
Neper frequency (s™), 352, also footnote 352
Netlist, 57
Network function:
and phasors, 574
definition, 507, 546
design of, 581,
design comparison 591, 593
determining, 550
driving-point impedance (Z(s)), 549
impulse response, 562
sinusoidal steady-state response, 568
step response, 564
transfer function (7(s)), 549
with current/voltage dividers, 550, 581
with OP AMPs, 551, 582
Node, 22
Node voltage, 74
Node-voltage analysis:
basics, 74
by inspection, 78
fundamental property, 74
using Fourier transform analysis, 712
using Laplace transform analysis, 516
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Node-voltage analysis (Continued)
using phasor analysis, 419
summary of, 91
supernode, 84
symmetrical matrix Ax=b, 77
with dependent sources, 159
with OP AMPs, 199
with voltage sources, 84

Non-causal waveform, 266, 698

Noninverting amplifier, 180

Nonlinear:
element, 16
analysis, 119

Nonreciprocal network, 870

Norton equivalent circuit, 109
phasor domain, 412
s domain, 513

Notch filter, 637, 752, 754

Notch frequency, 637, 751

Nyquist, Harry, footnote 724

Nyquist rate, 725

Octave, 610

Odd symmetry, 684

Ohm (Q) (unit), 16

Ohm’s law, 16

Ohm, Simon Georg, 15

OP AMP:
basics, 177
closed-loop gain, 180
dependent source model, 179
effect of finite gain, 182
photos, 177
ideal model, 178
in the s domain, 493
notation, 177
open-loop gain (A), footnote 178
operating modes, 178
transfer characteristics, 178
use as a VCVS, 231

OP AMP circuits:
analog-to-digital circuit, 224
applications, 208

bandpass filter, 628, 634, 749, 754, 791

bandstop filter, 629, 751, 754, 793
bipolar power supply, 236

buffer, 185

comparator circuits, 223

design, 201

differential amplifier, 194
differentiator, 294
digital-to-analog circuits, 208

high-pass filter, 622, 623, 743, 781, 783, 788

integrator, 293
instrumentation systems, 211
inverting amplifier, 188
log-amp, 231

low-pass filter, 615, 738, 760, 764, 770

noninverting amplifier, 180

Sallen-Key realization, LP 739, HP 744

subtractor (one-stage), 194
subtractor (two-stage), 198
summary of (Table), 195, 289

summing amplifier (inverting), 190
summing amplifier (non-inverting), 192

voltage follower, 185
Open circuit, 17
Open-circuit voltage (voc), 110
Operational amplifier, see OP AMP
OrCAD (Pspice), 57
applications, Web App C
O’scope probe, 544
Out of phase, 387
Output, 100
Overdamped response, 353
Overshoot, 567

p (the power variable), 6

Parallel connection:
admittances, 397, 503
capacitors, 301
current sources, 43
definition, 26
impedances, 397
inductors, 303
resistors, 36

Parseval’s theorem, 718, applications 720

Partial fraction expansion:
of complex poles, 465

of improper rational functions, 468

of multiple poles, 470
of simple poles, 463
Passband, 607, 759
Passive sign convention, 7
Passive filter, 736
Peak-to-peak value of a signal, 266
Peak value of a signal, 266
Perfect coupling, 811
Period (7y), 252
Periodic waveform, 256, 674
average value of, 267

Fourier series of, rms value of, 268, 694

Phase angle (&), 253

Phase converter, 867

Phase current, 844

Phase function, 607

Phase sequence, 844

Phase spectrum, 683, 697

Phase voltage, 844

Phasor:
and network functions, 574
definition, 380
diagram, 380
domain, 391
properties, 381
rotating, 381

Phasor circuit analysis:
basics, 385
device constraints, 386
connection constraints, 386
current division, 397
energy and power, 431
filters, 405, 424, 426
frequency vs. impedance, 388
general circuit analysis, 419
impedance concept, 388
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proportionality, 407
source transformation, 413
superposition, 408
Thévenin and Norton equivalents, 412
voltage division, 392
Photoresistor:
photo, 217
interfacing, 217
Piecewise continuous, 449
Piezoelectric transducer, 310
Planar circuit, 92, 419, 525
Pole:
basics, 460
circuit determinant, 532
complex, 465, 531
double real, 531
forced, 520, 532
form of filter response, 737
multiple, 470
natural, 530, 532
number of, 534
simple, 463, 531
stable, 532
Pole-zero diagram:
and circuit response, 532
basics, 460
finding transforms from, 472
more comments, 531
left hand plane, 532
of second-order filter types, 777
software applications, 462, Web App C
Port, 125, 549, 869
Potentiometer, 46, photos, 46
Power (p(¢)):
apparent, 832
average (P), 433, 694, 829
complex (S), 831
definition, 6
flow, single phase, 838, three phase, 858
instantaneous, 431, 829
maximum, 123, 434
phasors, 431
reactive (Q), 829
three-phase, 854, 858, 859
Power factor (pf):
angle, 832
basics, 832
correction, 841
Power triangle, 832
Primary winding, 810
Proper rational function, 463
Proportionality:
dc circuits, 101
phasor domain, 407
s domain, 507
Prototype, 584

Quality factor (Q), 633, 749
Quantities, table of, 4, see inside front cover
Quiescent or Q-point, 120

R (resistor), 16
Radians per second (Unit), 254

Ragazzini, John R., 177
Ramp function (r(t)), 244
Range of practical components, 588, see inside rear cover
Rational function, 463, 507
Reactance (X), 392
Reactive power (Q), 830
Real frequency variable (w), 697
Reciprocal network, 870
Reciprocal spreading, 657, 710
Residue, 463
sums of, 467
Resistance (), 16, 392
lookback, 117
Resistor (R):
average power, 432
color code, see inside near cover
i-v relationships, 16
impedance, 388, 495, 712
linear, 16
parallel connection, 36
photos, 16, 17
power, 17
series connection, 36
standard values, see inside rear cover
Resolution (DAC), 208
Resonance, 389, 403, 634
Resonant frequency, 389, 403, 634
Response: see also transient and frequency responses
ac steady state, 343
dc steady state, 304, 343, 564
critically damped, 353
forced, 324, 532
frequency, 607
impulse, 561
natural, 324, 532
overdamped, 353
sinusoidal steady state, 343, 568
step, 324, 360, 564
underdamped, 353
zero input, 316, 330, 508
zero state, 330, 508
Reversal property, 707
Rise time, 567
RC and RL circuits:
characteristic equations, RC 316, RL 317
frequency response, 613, 615, 620, 623
step response design, 335
step response evaluation, 337
zero-input response, 315
RLC circuits:
basics, 345
characteristic equation, 348
frequency response, 631
design, 366, 367, 634, 637
parallel, 355, 637
series, 346, 634
zero-input response, 347, 349
Root-mean-square (V) value, 258, 694
Rotating phasor, 381

s-plane geometry relationships, 522
Sallen-Key, footnote 736, LP 739, HP 744
Sample-and-hold circuit, 286, 376
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Sampling:
aliasing, 725
anti-aliasing, 725
Nyquist rate, footnote 724
strictly band-limited, 725
theorem, 724
Secondary winding, 810
Scale factor, 460
Scaling property, 710
Second-order circuit:
bandpass prototype, 748
bandstop prototype, 751
differential equation, 347, 355, 360
integrodifferential equation, 347
high-pass prototype, 743
low-pass prototype, 738
parallel RLC, 355, 637
Sallen-Key, footnote 736
series RLC, 346, 631, 635
step response, 360
zero-input response, 347, 355
Self inductance (L), 805
Sensor, see Transducer
Series connection:
basics, 26
capacitors, 302
impedances, 392, 501
inductors, 303
resistors, 36
voltage sources, 43
Shannon, Claude, footnote 724
Short circuit, 17
Short-circuit current (isc), 111
Siemens (S) (unit), 16
Signals:
ac, 267
amplification, 155
composite, 258
dc, 240, 267
damped ramp, 260
damped sinusoid, 261
double exponential, 264
double-sided exponential, 260, 707
exponential, 246
exponential rise, 259
introduction, 2, 240
inversion, 158
impulse, 243
ramp, 244
signum (sgn(t)), 258, 707
sinc x (sin x/x), 701
sinusoidal, 251
step function, 241
Signum function (sgn(¢)), 258, 707
Single-line representation of power systems, 859
Simple pole(s), 463
Single phase circuit analysis, 834
Single phase power flow, 838
Singularity functions, 244
Sinusoidal steady-state response:
basics, 343
from network functions, 568, diagram 570
using phasors, 385

Sinusoidal waveform:
basics, 251
damped, 261
Fourier transform of, 711
Laplace transform of, 458
properties of, 256
phasor representation, 380
Solving linear algebraic equations, 80,
Web App A
Source:
current (ideal), 20
dependent, 155
equivalent, 39
practical (i and v), 21
three phase, 843
voltage, 19
Source transformation:
dc, 39
phasor domain, 413
s domain, 514
Spectrum, 673, 675, 697
Stability:
and pole loci, 532, 534
asymptotic, 562
inherently stable, 534
marginally stable, 532
Standard form (second-order eq.), 361
State variable, 283, 289, 332
Steady-state response, 343,
547, 568
Step function (u(z)), 241
Step response (g(t)):
definition, 564
descriptors, 567
diagram 565
Step response transform (G(s)):
and frequency response, 657
diagram, 565
first-order circuit, 324
from impulse response, 564
from network function, 564
second-order circuit, 360
using MATLAB, Web App C
Step-down transformer, 811
Step-up transformer, 811
Stopband, 607, 760
Strain gauge:
interfacing, 219
photo, 217
Summing amplifier, 190, 192
Supermesh, 97
Supernode, 84
Superposition:
ac (phasor domain), 408
dc, 101, 105
s domain, 508
Susceptance (B), 397
Switch:
analog, 18
ideal, 18
models, 19
photos of, 18
Symbols and Units, 3
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t-parameters, 876
T(s) (transfer function), 546
Tank circuit, 639
Temporal descriptors, 266
Tesla, Nikola, 828
Test signals, 548
Thévenin, Leon Charles, 73
Thévenin equivalent circuit:
basics, 109
derivation of theorem, 117
of a transformer, 827
phasor domain, 412
s domain, 513
with dependent sources, 171
with nonlinear loads, 119
Three-phase power analysis:
balanced connections, 847
basics, 849
instantaneous power, 858
power flow, 854, 858
single-line diagram, 859
Y-A connection, 852
Thermistor, 217
Thermocouple, 215, curves 235
Time constant:
definition, 246
RC circuit, 316
RL circuit, 317
Time shift (7s):
effect on exponential, 249
effect on impulse, 244
effect on ramp, 244
effect on sinusoid, 232
effect on step function, 242
Transconductance (g), 155
Transducers:
accelerometer, 235
active, 211
design with, 215, 217, 219, 223
interface circuit, 212
passive, 217, photos 217
photocell, 213
photoresistor, 217, photo 217
pressure, 235
strain gauge, 217, photo 217
thermistors, 217, photo 217
thermocouples, 215, curves, 235
Transfer function:
admittance, 550
current, 550
definition, 549
determining, 550
Fourier domain, 716
impedance, 550
voltage, 550
Transform pair:
Fourier, 704, see inside rear cover
Laplace, 449, see inside rear cover
Transformed circuits, 491
Transformers:
autotransformer, 815, 819
basics, 810
equivalent circuit, 827

ideal, 810
impedance matching, 815
isolation transformer, 821
i-v characteristics, 813, two-port 888
linear, 816
maximum power transfer, 815
perfect coupling, 811
phasor model, 816
photos, 810
step down, 811
step up, 811
three-phase, 867
turns ratio, 811
windings, 810
zero power loss, 812
Transient response:
first-order (classical), RC 314, RL 315
second-order (classical), series 345,
parallel, 355
using Laplace, 497, 508, 561, 564
using MATLAB, Web App C
using OrCAD, 322, Web App C
Transition band, 760
Transistor (BJT):
basics, 173
biasing, 70
bypass capacitor, 544
digital switch, 229
operating modes, 174
photos, 173
Translation property:
Fourier transform, 709
Laplace transform, 456
Transmission matrix, 876
Transmission parameters, 869, 876
Transresistance (r), 155
Tuned filter, 634, 750, 754
Turns ratio, 811
Two-port network, 125, 549, 869
admittance parameters, 869, 872
conversion table, 880
hybrid or h-parameters, 869, 874
impedance parameters, 869, 870
network, 869
parameters, 869
transfer function, 549
transmission or f-parameters, 869, 876
two-port connections, 879
two-port conversions, 879
y-parameters, 872
z-parameters, 870

Undamped natural frequency (o),
360, 522
Under-damped response, 353
Unilateral two-port network, 888
Unipolar power, 830
Uniqueness property:
Fourier transform, 698, 703
Laplace transform, 451
Unit output method, 103, 407
Units, table of 4, inside front cover
Unity gain method, LP 739, HP 745
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v (the voltage variable), 5
Virtual keyboard, 733
Volt (V) (unit), 5
Volta, Alessandro, footnote 5
Volt-Amperes (VA) (unit), 832
Volt-Amperes Reactive (VAR) (unit), 830
Voltage:
average value (V,,), 267, ag, 675
definition, 5
lag, lead, 387, 388
line, 844
maximum value (Vyax), 266
minimum value (Vyn), 266
node, 74
open circuit, 111
peak value (V), 266
peak-to-peak value (Vpp), 266
root-mean-square value (Vyys), 268
root-mean-square value of periodic functions, 695
Thévenin, 111
phase, 844
Voltage division, 44, 392, 502, 581, 589, 713
Voltage follower, 185
Voltage gain (., K), 155, 180, two-port Ty, 882
Voltage source:
ac source symbol, 19
battery symbol, 19
dependent, 155
Fourier representation of, 712
i-v characteristics, 19
Laplace representation of, 492
practical, 21

Wagner, K.W., 735
Watt, James, footnote 5
Watt (W) (unit), 6
Waveforms:
basics, 240
amplitude descriptors, 266
damped ramp, 260

damped sinusoid, 261

dc signals, 240

double exponential, 264

double-sided exponential, 260, 707

exponentials (e~ 77, 246

generation using MATLAB, Web App C

generation using OrCAD, Web App C

impulse (3(¢)), 242

instantaneous value, 266

partial descriptors, 266

ramp (r(t)), 244

signum function (sgn(¢)), 258, 707

sinc (sin x/x), 701

singularity functions, 244

sinusoids (cos ot + @), 251

step (u(r)), 241

temporal descriptors, 266
Waveform symmetries, 684
Weber (WD) (unit), 287, 804
Weber-turns (Wb-t) (unit), 287, 804
Westinghouse, George, 828

X (reactance), 392

Y (admittance), 397
Y-connection, 847
y-parameters, 872

Z (impedance):

Fourier, 712

Laplace, 495

phasors, 388
z-parameters, 870
Zero, 460, 737
Zero crossing detector, 224
ZeroBinput response, 316, 347, 349, 508
Zero power loss, 812
ZeroBstate response, 330, 508
Zeta ({) damping ratio, 360, 522





