THE ANALYSISAND
DESIGN & LINEAR

CIRCUITS

. wQO
2l z
Amg St
| Hertz Flaza L
| L _Lww—u0
jl % N ?i
%

ROLAND E. THOMAS
ALBERT J. ROSA IPR2014-00113
Toshiba Corporation v.

Intellectual VVentures | LLC
IV 2006



THE ANALYSIS

- AND DESIGN

' OF LINEAR
CIRCUITS

SECOND EDITION

ROLAND E. THOMAS

Professor Emeritus
UNITED STATES AIR FORCE ACADEMY _

ALBERT J. ROSA

Professor and Chairman of Engineering
UNIVERSITY OF DENVER

%

JOHN WILEY & SoONs, INC.
New York » Chichester «+ Weinheim - Brisbane « Singapore « Toronto



The paper in this book was manufactured by a mill whose forest management programs include
sustained yield harvesting of its timberlands. Sustained yield harvesting principles ensure that the
number of trees cut each year does not exceed the amount of new growth,

Copyright © 1999 by John Wiley & Sons, Inc. All rights reserved.

No part of this publication may be reproduced, stored in a retrieval system or transmitted in any
form or by any means, electronic, mechanical, photocopying recording, scanning or otherwise,
except as permitted under Sections 107 or 108 of the 1976 United States Copyright Act, without
either the prior written permission of the Publisher or authorization through payment of the
appropriate per-copy fee to the Copyright Clearance Center, 222 Rosewood Drive, Danvers, MA
01923, (508) 750-8400, fax (508) 750-4470. Requests to the Publisher for permission should be
addressed to the Permissions Department, John Wiley & Sons, Inc. 605 Third Avenue, New York,
NY 10158-0012, (212) 850-6008, E-mail: PERMREQ@WILEY.COM. To order books or for
customer service call 1-800-CALL-WILEY(225-5945).

Library of Congress Cataloging-in-Publication Data
Thomas, Roland E.
The analysis and design of linear circuits / Roland E. Thomas,
Albert J. Rosa—2nd ed.
p. cm.
Includes bibliographical references and index.
ISBN 0-471-36592-0
1. Electric circuits, Linear-Design and construction.
2. Electrie circuit analysis 1. Rosa, Albert 1.

11. Title.
TKA454.T466 1998
621.319'2—dc21 97-6794
CIp
TRADEMARK INFORMATION

MicroSim™ Schematics®, MicroSim™ PSpice®, and
MicroSim™ Probe® are registered trademarks of
MicroSim Corporation.

MICRO-CAP? is a registered trademark of Spectrum
Software, Inc.

Mathcad® is a registered trademark of Mathsoft, Inc.

Quattro Pro® is u registered trademark of Novell, Inc.



P

| II RESISTANCE CIRCUITS

CHAPTER 1 » Introduction
CHAPTER 2 « Basic circuit analysis
CHAPTER 3 » Circuit analysis techniques

CHAPTER 4 » Active circuits

 COURSE OBJECTIVES

m Anulys Given a resistance circuit with dc input signals, select an
analysis technique and find the circuit’s response in
terms of output signals or input—output relationships.

Design Given a dc signal or power processing function stated in
terms of output signals or input—output relationships, de-
sign one or more circuits that implement the specified
function within stated constraints.

i} Evaluation  Given several resistance circuits that reportedly perform
the same dc signal or power processing function, verify
the claim and rank order the circuits using stated evalua-
tion criteria.
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: g INTRODUCTION

. The electromotive action manifests itself in the form of two
- effects which I believe must be distinguished from the beginning

. by a precise definition. I will call the first of these “electric ten-
- sion,” the second “electric current.”

André-Marie Ampere, 1820,
French Mathematician/Physicist

1=1 About This Book

1=2 Symbols and Units

1=3 Circuit Variables
Summary
En Route Objectives and Associated Problems
Chapter-integrating Problems

JWARY book deals with the analysis and design of linear electric circuits. A
circuit is an interconnection of electric devices that processes energy or in-
formation. Understanding circuits is important because energy and infor-
mation are the underlying technological commodities in electrical engi-
neering. The study of circuits provides a foundation for areas of electrical
engineering such as electronics, power systems, communication systems,
and control systems.
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INTRODUCTION

This chapter describes the structure of this book, introduces basic nota-
tion, and defines the primary physical variables in electric circnits—voltage
and current. André Ampere (1775-1836) was the first to recognize the im-
portance of distinguishing between the electrical effects now called voltage
and current. He also invented the galvanometer, the forerunner of today’s
voltmeter and ammeter. A natural genius who had mastered all the then-
known mathematics by age 12, he is best known for defining the mathe-
matical relationship between electric current and magnetism. This rela-
tionship, now known as Ampére’s law. is one of the basic concepts of
modern electromagnetics.

The first section of this chapter describes the pedagogical framework
and terminology that must be understood to use this book effectively. It
describes how the learning objectives are structured to help the student de-
velop the problem-solving abilities needed to analyze and design circuits.
The second section provides some of the standard scientific notation and
conventions used throughout the book. The last section introduces electric
voltage, current. and power—the physical variables used throughout the
book to describe the signal-processing and energy-transfer capabilities of
linear circuits.

EEN Asout THIS Book

The basic purpose of this book is to introduce the analysis and design of
linear circuits. Circuits are important in electrical engineering because they
process electrical signals thal carry energy and information. For the pres-
ent we can define a circuit as an interconnection of electrical devices, and a
signal as a time-varying electrical entity. For example. the information
stored on a compact disk is recovered in the CD-ROM player as electronic
signals that are processed by circuits to generate audio and video outputs.
In an electrical power system some form of stored energy is converted to
electrical form and transferred to loads, where the energy is converted into
the form required by the customer. The CD-ROM player and the electrical
power system both involve circuits that process and transfer electrical sig-
nals carrying energy and information.

In this text we are primarily interested in linear eireuits. An important
feature of a linear circuit is that the amplitude of the output signal is pro-
portional to the input signal amplitude. The proportionality property of
linear circuits greatly simplifies the process of circuit analysis and design.
Most circuits are only linear within a restricted range of signal levels.
When driven outside this range they become nonlinear, and proportional-
ity no longer applies. Although we will treat & few examples of nonlinear
circuits, our attention is focused on circuits operating within their linear
range.

Our study also deals with interface circuits. For the purposes of this
hook. we define an interface as a pair of accessible terminals at which sig-
nals may be observed or specified. The interface idea is particularly impor-
tant with integrated circuit (IC) technology. Integrated circuits involve
many thousands of interconnections, but only a small number are accessi-




ABOUT THIS BOOK

ble to the user. Designing systems using integrated circuits involves inter-
connecting complex circuits that have only a few accessible terminals. This
aften involves relatively simple circuits whose purpose is to change signal
levels or formats. Such interface circuits are intentionally introduced to en-
~sure that the appropriate signal conditions exist at the connections be-
tween complex integrated circuits.

COURSE OBJECTIVES

This book has a set of learning objectives and related homework that can
be used to verify your progress. The overarching course objectives are de-
fined at three levels: analysis, design, and evaluation. The analysis level in-
volves determining the output signals of a given circuit with known input
signals. Analysis has the important feature that a unique solution exists in
linear circuits. Circuit analysis will occupy the bulk of our attention, since
it pravides the foundation for understanding the interaction of signals and
circuits. The design level involves devising circuits that perform a pre-
scribed signal-processing function. In contrast to analysis, a design prob-
lem may have no solution or several solutions, The latter possibility leads
to the evaluation level: namely, rank-order circuits that perform the same
function using factors such as cost, power consumption, and part counts. In
real life the engineer’s role is a blend of analysis, design, and evaluation,
and the boundaries between these levels are often blurred. By explicitly
stating our analysis, design, and evaluation objectives, we intend to help to
prepare you for that role.

This book is divided into three parts: (1) resistance circuits (Chapters 1
through 4), (2) dynamic circuits (Chapters 5 through 11), and (3) applica-
tions (Chapters 12 through 16). The course objectives are listed at the be-
ginning of the three parts of the book. The course-integrating problems
given at the end of each part are designed to test your mastery of the
course objectives.

EN ROUTE OBJECTIVES

The course objectives are built on a foundation of intermediate milestones
called en route objectives (EROs), The EROs are listed at the end of each
chapter together with homework problems designed to test your under-
standing of basic concepts and techniques. Although they are listed at the
end of each chapter, the EROs are an integral part of the chapter and are
keyed to one or more sections of the text. Collectively, the en route objec-
tives specify the basic knowledge and understanding needed to achieve the
course objectives. At the very end of each chapter there are a number of
chapter-integrating problems. These problems combine several en route
objectives and offer an opportunity to deal with more complex problems
before attempting the broad course-integrating problems described previ-
ously. The primary purpose of the course- and chapter-integrating prob-
lems is indicated by the symbols A for analysis, dj for design, and

for evaluation.

SECTION

] — |

5
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INTRODUCTION

This book contains many worked examples to help you master the en
route objectives. These examples describe the steps needed to obtain the
final answer. They usually treat analysis problems, although design exam-
ples and application notes are also included. There are in-text exercises
that include only the problem statement and the final answer. These exer-
cises provide immediate feedback on your ability to apply the ideas dis-
cussed in a particular section. You should work out the solution in detail,
and then check your results with the answers given in the exercise.

SYMBOLS AND UNITS

Throughout this text we will use the international system (SI) of units. The
SI system includes six fundamental units: meter (m), kilogram (kg), second
(s), ampere (A), kelvin (K), and candela (cd). All the other units of mea-
sure can be derived from these six.

Like all disciplines, electrical engineering has its own terminology and
symbology. The symbols used to represent some of the more important
physical quantities and their units are listed in Table 1-1. It is not our pur-
pose to define these quantities here, nor to offer this list as an item for
memorization. Rather, the purpose of this table is merely to list in one
place all the electrical quantities used in this book.

Numerical values in engineering range over many orders of magnitude.
Consequently, the system of standard decimal prefixes in Table 1-2 is
used. These prefixes on a unit abbreviation symbol indicate the power of
10 that is applied to the numerical value of the quantity.

Exercise 1-1

Given the pattern in the statement 1 k€ = 1 kilohm = 1 x 10° ohms, fill in the
blanks in the following statements using the standard decimal prefixes.

(a) = =5x 107 watts

(b) 10.0dB = =

(c) 3.6ps= -

(d) = 0.03 microlarads =

(e) = gigahertz = 6.6 x 10° Hertz
Answers:

(a) 3.0mW =35 milliwatts

(b) 10.0 decibels = 1.0 bel

(c) 3.6 picoseconds = 3.6 x 1072 seconds
(d) 30nF or 0.03 uF = 30.0 % 107° Farads
(e) 6.6 GHz = 6.6 gigahertz

BN CIRCUIT VARIABLES

The underlying physical variables in the study of electronic systems are
charge and energy. The idea of electrical charge explains the very strong
electrical forces that occur in nature. To explain both attraction and repul-
sion, we say that there are two kinds of charge—positive and negative.
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- TasLe DBl SOME IMPORTANT QUANTITIES, THEIR SYMBOLS,
AND UNIT ABBREVIATIONS

T QuanTITY SYMBOL Unir UNIT ABBREVIATION
Time ! second 5
Fraquency F hertz Hz

I Radian frequency w radian/second rad/s
Phase angle . degree or radian ° or rad
Energy W joule J
Power P war w
Charge q coulomb c
Current i ampere A
Electric field & volt/meter Vim
Voltage o volt v
Impedance Z ohm {1
Admittance ¥ siemens §
Resistance R ohm Q
Conductance G siemens 8
Reactance X ohm 0
Susceptance B siemens s
Inductance, self L henry
Inductance, mutual M henry H
Capacitance C farad F
Magnetic flux & weber wh
Flux linkages A weber-turns wh-t
Power ratio log(palpy) bel B

Like charges repel, while unlike charges attract one another. The symbol ¢
is used to represent charge. If the amount of charge is varying with time,
we emphasize the fact by writing g(¢). In the international system (SI),
charge is measured in coulombs (abbreviated C). The smallest quantity of
charge in nature is an electron’s charge (g = 1.6 x 107°C). Thus, there are
1/qy = 6.25 x 10" electrons in 1 coulomb of charge.

Electrical charge is a rather cumbersome variable to measure in prac-
tice. Moreover, in most situations the charges are moving, so we find it
more convenient to measure the amount of charge passing a given point

' per unit time. If g(¢) is the cumulative charge passing through a point, we
define a signal variable i called current as follows:
T st
Current is a measure of the flow of electrical charge. It is the time rate
of change of charge passing a given point in a circuit. The physical dimen-
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TABLE STANDARD DECIMAL PREFIXES
MuLTipLIER PREFIX ABBREVIATION
10" exa E
10 pela P
10 tera T
10° giga G
10° mega M
10* kilo k
107! deci d
10 centi c
10 milli m
10" micro |.|.
10 nano n
147+ pico P
107"% femto f
1071® atto 4

sions of current are coulombs per second. In the SI system, the unit of cur-
rent is the ampere (abbreviated A). That s,

1 coulomb/second = 1 ampere

Since there are two types of electrical charge, there is a bookkeeping prob-
lem associated with the direction assigned to the current. In engineering it
is customary to define the direction of current as the direction of the net
flow of positive charge.

A second signal variable called voltage is related to the change in energy
that would be experienced by a charge as it passes through a circuit. The
symbol w is commonly used to represent energy. In the SI system of units,
energy carries the units of joules (abbreviated J). If a small charge dg was
to experience a change in energy dw in passing from point A to point B in a
circuit, then the voltage » between A and B is defined as the change in en-
ergy per unit charge. We can express this definition in differential form as

_dw
dq

Voltage does not depend on the path followed by the charge dg in mov-
ing from point A to point B. Furthermore, there can be a voltage between
two points even if there is no charge motion, since voltage is a measure of
how much energy dw would be involved if a charge dg was moved. The di-
mensions of voltage are joules per coulomb. The unit of voltage in the Sl
system is the volt (abbreviated V). That is,

v (5 =

1 joule/coulomb = 1 volt
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The general definition of physical variable called power is the time rate
of change of energy:

e (1=3)

The dimensions of power are joules per second, which in the SI system is
called a watt (abbreviated W). In electrical circuits it is useful to relate
power to the signal variables current and voltage. Using the chain rule,

Eg. (1-3) can be written as
o 400 N
= (%) (%) (1-4)

Now using Egs. (1-1) and (1-2), we obtain
p =i (1-5)

The electrical power associated with a situation is determined by the prod-
uct of voltage and current. The total energy transferred during the period
from 1, to t, is found by solving for dw in Eq. (1-3) and then integrating

wy 6]
wT:f dw=fpdr (1-6)
L] h

EXAMPLE 1-1

The electron beam in the cathode-ray tube shown in Figure 1-1 carries
0™ electrons per second and is accelerated by a voltage of 50 kV. Find
he power in the electron beam.

Anode (+)

Cathode (—) /

=il

50 kV

1/~
1\

SOLUTION:
Since current is the rate of charge flow, we can find the net current by mul-
tiplying the charge of the electron gg by the rate of electron flow dng/dt.

= qu?:EE =16 X 107 ") {10 = 1.6 ¥ 102 A

Therefore, the beam power is
p=vi=(50X10°(1.6 X 107%) =08 W [ |
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Charge (pC)
30
20
10

0
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—10}—

Current (nA)

40 —
30—
20 —
10 —
0 |

Time (ms)

(a)

—10

—20 |-

FIGURE

Timé tms)
(b)
1 -2

EXAMPLE 1-2

The current through a circuit element is 50 mA. Find the total charge
and the number of electrons transferred during a period of 100 ns.

SOLUTION:
The relationship between current and charge is given in Eq. (1-1) as
;- da
dt

Since the current i is given, we calculate the charge transferred by solving
this equation for dg and then integrating
4 -7
go=[ dg= j i di
l ¢
107

=j 50 X 1073 dr = 50 X 10°°C = 5nC
]

There are 1/gg = 6.25 x 108 electrons/coulomb, so the number of electrons
transferred is

ng = (5 X 1077 C)(6.25 X 10" electrons/C) = 31.2 X 10° electrons W

A device dissipates 100 W of power. How much energy is delivered to it in 10
seconds?

Answer: 1kJ
=i

The graph in Figure 1-2(a) shows the charge ¢(r) flowing past a point in a wire
as a function of time.

(a) Find the current i(r) atr=1,2.5,3.5,4.5, and 5.5 ms.

(b) Skeich the variation of i(¢) versus time.

Answers:
(a) —10 nA,+40nA, 0nA, -20 nA, 0 nA.
(b) The variations in i(f) are shown in Figure 1-2(b).

THE PASSIVE SIGN CONVENTION

We have defined three circuit variables (current, voltage, and power) using
two basic variables (charge and energy). Charge and energy, like mass,
length, and time, are basic concepts of physics that provide the scientific
foundation for electrical engineering. However, engineering problems
rarely involve charge and energy directly, but are usually stated in terms of
voltage, current, and power. The reason for this is simple: The circuit vari-
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ables are much easier to measure and therefore are the most useful work-
ing variables in engineering practice.

At this point, it is important to stress the physical differences between
current and voltage variables. Current is a measure of the time rate of
charge passing a point in a circuit. We think of current as a through vari-
able, since il describes the flow of electrical charge through a point in a cir-
cuit. On the other hand, voltage is not measured at a single point, but
rather between two points or across an electrical device. Consequently., we
think of voltage as an across variable that inherently involves two points.

The arrow and the plus and minus symbols in Figure 1-3 are reference
marks that define the positive directions for the current and voltage associ-
ated with an electrical device. These reference marks do not represent an
assertion about what is happening physically in the circuit. The response of
an electrical circuit is determined by physical laws, and not by the refer-
ence marks assigned to the circuit variables.

The reference marks are benchmarks assigned at the beginning of the
analysis. When the actual direction and reference direction agree, the an-
swers found by circuit analysis will have positive algebraic signs. When
they disagree, the algebraic signs of the answers will be negative. For ex-
ample, if circuit analysis reveals that the current variable in Figure 1-3 is
positive [i.e., i(r) > 0], then the sign of this answer, together with the as-
signed reference direction, indicates that the current passes through point
A in Figure 1-3 from left to right. Conversely, when analysis reveals that
the current variable is negative. then this result, combined with the as-
signed reference direction, tells us that the current passes through point A
from right to left. In summary, the algebraic sign of the answer together
with arbitrarily assigned reference marks tell us the actual directions of a
voltage or current variable.

In Figure 1-3, the current reference arrow enters the device at the ter-
minal marked with the plus voltage reference mark. This orientation is
called the passive sign convention. Under this convention, the power p(1) is
positive when the device absorbs power and is negative when it delivers
power to the rest of the circuit. Since p(f) = v(f) % i(t), a device absorbs
power when the voltage and current variables have the same algebraic sign
and delivers power when they have opposite signs. Certain devices, such as
heaters (a toaster. for example), can only absorb power. The voltage and
current variables associated with these devices must always have the same
algebraic sign. On the other hand, a battery absorbs power [p(¢) > 0] when
it is being charged and delivers power [p(f) < 0] when it is discharging.
Thus, the voltage and current variables for a battery can have the same or
the opposite algebraic signs.

The passive sign convention is used throughout this book. It is also the
convention used by circuit simulation computer programs, such as SPICE
and MICRO-CAP.! To interpret correctly the results of circuit analysis, it

1 We discuss computer-aided circuit analysis in subsequent chapters. MICRO-CAP is a
trademark of Spectrum Software, Inc.

Rest of
the v(r)
cireuit

G Volage and

current reference marks for a mwo-
terminal device.
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va(?) v(f) vel(t)
+o 4o + 0
A B 3
34
GNEEERD Ground sym-

bol indicates a common voltage refer-
ence point.

is important to remember that the reference marks (arrows and plus/minus
signs) are reference directions, not indications of the circuit response. The
actual direction of a response is determined by comparing its reference di-
rection with the algebraic signs of the result predicted by circuit analysis
based on physical laws.

GROUND

Since voltage is defined between two points, it is often useful to define a
common voltage reference point called ground. The voltages at all other
points in a circuit are then defined with respect to this common reference
point. We indicate the voltage reference point using the ground symbol
shown in Figure 1-4. Under this convention we sometimes refer to the vari-
ables v, (1), vg(t), and v(r) as the voltages at points A. B, and C, respec-
tively. This terminology appears to contradict the fact that voltage is an
across variable that involves two points. However. the terminology means
that the variables v,(f), vg(f). and v.(f) are the voltages defined between
points A. B, and C, and the common voltage reference point at point G.

Using a common reference point for across variables is not an idea
unique to electrical circuits. For example, the elevation of a mountain is
the number of feet or meters between the top of the mountain and a
common reference point at sea level. If a geographic point lies below sea
level, then its elevation is assigned a negative algebraic sign. So it is with
voltages. If circuit analysis reveals that the voltage variable at point A is
negative [i.e., v,(¢) < 0], then this fact together with the reference marks
in Figure 14 indicate that the potential at point A is less than the ground
potential.

EXAMPLE 1-3

Figure 1-5 shows a circuit formed by interconnecting five devices, each
of which has two terminals. A voltage and current variable has been as-
signed to each device using the passive sign convention. The working
variables for each device are observed to be as follows:

DEVICE | DEvICE 2 DEvICE 3 Device 4 DEVICE 5
v +100V ? +25V +75V 75V
i 7 +5 mA +5 mA ? +5mA
p -1W +0.5 W 9 075 W ?

(a) Find the missing variable for each device and state whether the de-
vice is absorbing or delivering power.

(b) Check your work by showing that the sum of the device powers is
ZETo.




SOLUTION:
(a) We use p =i to solve for the missing variable since two of the three
circuit variables are given for each device.

Device 1:i; = py/v; =-1/100 =-10 mA [p(r) < 0, delivering power]
Device 2: v, = p,/i, = 0.5/0.005 = 100 V [p(¢) > 0, absorbing power]
Device 3: p; = 2515 =25x0.005=0.125 W [p(r) > 0, absorbing power]
Device 4: i, = pylv,=0.75/75=10 mA [p(f) > 0, absorbing power]
Device 5: ps = vsis = =75 x 0.005 = -0.375 W [p(?) < 0, delivering
power]
(b) Summing the device powers yields
prtpt+tpit+tpy+ps=—1+05+0.125+ 0.75 - 0.375
= +1375-1375=0

This example shows that the sum of the power absorbed by devices is
equal in magnitude to the sum of the power supplied by devices. A power
balance always exists in the types of circuits treated in this book and can be
used as an overall check of circuit analysis calculations. [ |

Exercise 1-4

The working variables of a set of two-terminal electrical devices are observed to
be as follows:

Device 1 Device 2 Device 3 DEvICE 4 DEVICE 5
i +10V 7 —-15V 5V 7
i -3A -3 A +10 mA 2 =12 mA
P ? +40 W ? +10 mW —120 mW

Using the passive sign convention, find the magnitude and sign of the unknown
variable and state whether the device is absorbing or delivering power.

SECTION 1-3 13
(F1GURE 1 5]
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Answers:
Device 1: p =—30 W (delivering power)
Device 2: v =—13.3 V (absorbing power)
Device 3: p =—150 mW (delivering power)
Device 4: i = +2 mA (absorbing power)
Device 5: v =+10 V (absorbing power)

Figure 1-6 shows a circuit with six two-terminal devices and their assigned volt-

age and current variables. The working variables for each element are observed
to be as follows:

DEvICE | DEVICE 2 DEVICE 3 Device 4 DEVICE § DEVICE 6

] +75V +5V ? +1.53V 7 +12.5V
i -3A ? +0.5 A +1.5A +25A +1 A
P 7 +10W +1.25W 7 —-125'W i

(a) Using the passive sign convention, find the missing variable for each device
and state whether the device is absorbing or delivering power.
(b) Use the power balance to check your work.

Answers:

(a) Device 1: p; = —22.5 W (delivering power)
Device 2:i, = +2 A (absorbing power)
Device 3: v; = +2.5 V (absorbing power)
Device 4: p, = +11.25 W (absorbing power)

Device 5:v; = =5V (delivering power)
Device 6: p, = +12.5 W (absorbing power)
(b) 35-35=0




PROBLEMS

SUMMARY

= Circuits are important in electrical engineering because they process sig-
nals that carry energy and information. A eirenit is an interconnection of
electrical devices. A signal is an electrical current or voltage that carries
energy or information. An interface is a pair of accessible terminals at
which signals may be observed or specified.

* This book defines overall course objectives at the analysis, design, and
evaluation levels. In circuit analysis the circuit and input signals are
given and the object is to find the output signals. The object of circuit
design is to devise one or more circuits that produce prescribed output
signals for given inputs signals. The evaluation problem involves ap-
praising alternative circuit designs using criteria such as cost, power con-
sumption, and parts count,

= Charge (¢) and energy (w) are the basic physical variables involved in
electrical phenomena. Current (i), voltage (v), and power (p) are the de-
rived variables used in circuit analysis and design. In the SI system,
charge is measured in coulombs (C), energy in joules (J), current in am-
peres (A), voltage in volts (V), and power in watts (W).

s Cwrrent is defined as dg/dt and is a measure of the flow of electrical
charge. Voltage is defined as dw/dg and is a measure of the energy re-
quired to move a small charge from one point to another. Power is de-
fined as dw/dt and is a measure of the rate at which energy is being
transferred. Power is related to current and voltage as p = vi.

» The reference marks (arrows and plus/minus signs) assigned to a device
are reference directions, not indications of the way a circuit responds.
The actual direction of the response is determined by comparing the ref-
erence direction and the algebraic sign of the answer found by circuit
analysis using physical laws.

® Under the passive sign convention, the current reference arrow is di-
rected toward the terminal with the positive voltage reference mark.
Under this convention, the device power is positive when it absorbs
power and is negative when it delivers power. When current and voltage
have the same (opposite) algebraic signs, the device is absorbing (deliv-
ering) power.

EN ROUTE OBJECTIVES AND ASSOCIATED PROBLEMS
ERO 11 ELECTRICAL SYMBOLS AND UNITS (SECT. 1-2)

Given an electrical quantity described in terms of words. scientific notation, or dec-
imal prefix notation, converl the quantity to an alternate deseription.

1=l Write the following statements in symbolic form:
(a) twelve milliamperes
(b) four hundred fifty five kilohertz



(b) 10 %kradic
(¢) 202 MW
(d) 2.02]
~ (e) 1.1 MQ
1=3 Express the following quantities using appropriate engineering pre-
fixes (i.e., state the numeric to the nearest standard prefix).
(a) 2.200.000 volts
(b) 2300 x 107 farads
(¢) 6200 ohms
(d) 7.52x 10°joules
(e) 0.000235 henrys
1-4 Commerecial electrical power companies measure energy consump-
tion in kilowatt-hours, denoted kWh. One kilowatt-hour is the
amount of energy transferred by 1 kW of power in a time period of
1 hour. During a one-month time period, a power company billing
statement reports a user’s total energy usage to be 2128 kWh. Deter-
~_mine the number of joules used during the billing period.
I=5 Fillin the blanks in the following statements.
(a) To convert capacitance from microfarads to picofarads, multiply
by
(b) To convert resistance from kilohms to megohms, multiply by

(¢) To convert current from amperes to milliamperes, multiply by

(d) To convert power [rom watls to megawatts, multiply by
I=6 The decibel (dB) is one tenth of a bel. The number of dB in a power

ratio is defined to be 10 log,y(p,/p;). Signal power levels are often

specified in dBm, which is the number of decibels referenced to a

power level of p; = 1 milliwatt.

(a) Express the following power levels in dBm: 60 W, 10 W, and
8 kW.

(b) Express the following power levels in W: 60 dBm, =35 dBm, and
200 dBm.

ERO 1—2 CIRCUIT VARIABLES (SECT. 1-3)

Given any two of the three signal variables (i, v, p) or the two basic variables (g.
w), find the magnitude and direction (sign) of the unspecified variables.

-7 An ampere-hour (Ah) meter measures the integral, wuh respect to

= AN BUPOLS i U oas AT A 24 1 s el s

time, of the current in a "conductor. Durmg a 12-nour pcnod a certain

meter records 3000 Ah.

(a) Find the number of coulombs that flowed through the meter dur-
ing the recording period.

(b) Find the average current during the recording period.
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1-2

1=3  Express the following quantities using appropriate engineering pre-

1-4  Commercial electrical power companies measure energy consump-

1=5 " Fill in the blanks in the following statements.

1=6  The decibel (dB) is one tenth of a bel. The number of dB in a power

(¢) two hundred picoseconds
(d) two thousand one hundred volts
Write out the meaning of the following symbols in words:
(a) 66 kHz
(b) 10 krad/s
(c) 2.02 MW
(d) 2.027
(e) 1.1 MO

fixes (i.e., state the numeric to the nearest standard prefix).
(a) 2.200,000 volts

(b) 2300 x 107 farads

(c¢) 6200 ohms

(d) 7.52 x 10°joules

(e) 0.000235 henrys

tion in kilowatt-hours, denoted kWh. One kilowatt-hour is the
amount of energy transferred by 1 kW of power in a time period of
1 hour. During a one-month time period, a power company billing
statement reports a user’s total energy usage to be 2128 kWh. Deter-
mine the number of joules used during the billing period.

(a) To convert capacitance from microfarads to picofarads, multiply
by
(b) To convert resistance from kilohms to megohms, multiply by

(¢) To convert current from amperes to milliamperes, multiply by

(d) To convert power from watts to megawatts, multiply by

ratio is defined to be 10 log,y(p./p,). Signal power levels are often

specified in dBm, which is the number of decibels referenced to a

power level of p, = 1 milliwatt.

(a) Express the following power levels in dBm: 60 W, 10 pW, and
8 kW.

(b) Express the following power levels in W: 60 dBm, —35 dBm, and
200 dBm.

ERO 1—2 CIRCUIT VARIABLES (SECT. 1-3)

Given any two of the three signal variables (i, », p) or the two basic variables (g,
w), find the magnitude and direction (sign) of the unspecified variables,

I=7  An ampere-hour (Ah) meter measures the integral, with respect to

time, of the current in a conductor. During a 12-hour period a certain

meter records 3000 Ah.

(a) Find the number of coulombs that flowed through the meter dur-
ing the recording period.

(b) Find the average current during the recording period.



PROBLEMS

‘ @ Figure P1-8 shows a plot of the net positive charge flowing in a
wire versus time. Sketch the corresponding current during the same
time period.

The net positive charge flowing through a device varies as g(f) =
37 C. Find the current through the device att=0s,t=1s.andt=3s.

The current through a device is given by i(t) = 0.05¢ A. How many
coulombs enter the device between time 7=0sandr=35s?

{.} Figure P1-11 shows a plot of the net positive charge flowing in
a wire versus time. Sketch the corresponding current during the same

time period.
(1) (C)
\
20 "
e 20e—(%fu-‘_‘?3—).:z4xw—35
10

H(ms)

=12 An incandescent lamp absorbs 75 W when connected to a 120-V
source.
(a) Find the current through the lamp.
(b) Find the cost of operating the lamp for 8 hours when electricity
costs 7.2 cents/kW-hr.

The 12-V automobile battery in Figure P1-13 has an output capac-
ity of 200 ampere-hours (Ah) when connected to a headlamp that ab-
sorbs 50 watts of power. Assume the battery voltage is constant.

(a) Find the current supplied by the battery.
b) How long can the battery power the headlight?

-14 A certain semiconductor material carries a current density 4 x 10* A
per square meter (m”) and has 5 x 107 free electrons/m’. Find the av-
erage velocity of the electrons flowing in the material. Hint: the charge
on an electron is 1.6 x 1077 C.

115 A total of 50 ampere-hours are supplied to a 12-V battery during
recharging. Determine the number of joules supplied to the battery.

__Assume battery voltage is constant.

1=16 The voltage between two points is 100 V. How much energy is re-
__quired to move a charge of 3 J from one point to the other?
=17 A two-terminal device has the current versus voltage characteristics
shown in Figure P1-17. Assuming the passive sign convention,
(a) Determine the device power when it operates at point A and state
whether the device is absorbing or delivering power.
(b) Repeat part (a) when the device operates at points B and C.
(c) Identify the operating point on the curve (it could be a point other
than A, B, or C) at which the device delivers the most power.
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FIGURE P1-17 i(A)
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1-18 Under the passive sign convention, the current through and voltage
across a two-terminal device are i =20 mA andv=5V.

(a) Find the device power and state whether the device is absorbing
or delivering power.
(b) Repeat (a) when i =-20 mA.

1=19 The voltage across a two-terminal device is always 15 V. The maxi-
mum power the device can dissipate is 0.5 W. Determine the maxi-
mum current magnitude allowed by the device power rating.

1-20 A laser produces 10-kW bursts of power that last 20 ns. If the burst
rate is 50 bursts per second, what is the average power in the laser’s
output?

1=21 Two electrical devices are connected at an interface, as shown in
Figure P1-21. Using the reference marks shown in the figure, find the
power transferred and state whether the power is transferred from A
to B or B to A when
(a) v=+12Vand (b) v=-33 V and

[ =-22A i =-1.2mA
(¢) v=+15Vand (d) v=-37.5V and
{ =+40 mA i =—43mA

1-22 Figure P1-22 shows an electric circuit with a voltage and current
variable assigned to each of the six devices. The device signal vari-
ables are observed to be as follows:

Devicel Device 2 Device 3 Device 4 Device 5 DEvICE 6

2 +H5V +10V ? +15V ? 1
i -3A ? +0.5 A +2,5 A +3.5 A -1 A
4 ? +30W +25W ? -35W +10W




Ele 0 RE P11 =27

- Find the unknown signal variable associated with each device and
‘state whether the device is absorbing or delivering power. Use the

__power balance to check your work.

{3 Figure P1-23 shows an electric circuit with a voltage and current

‘variable assigned to each of the eight devices. The device signal vari-

ables are observed to be as follows:

Device 1 Device 2 Device 3 Device4 Device 5 Device 6 Device7  Device 8

u 12V ) 2 =12¥ +12V +8V ? +1V
i +2 A -4 A -8 A -2 A 2A 7 2A ?
P 2 +32W ~-160 W 7 3 48w +6 W +2 W

Find the unknown signal variable associated with each device and
state whether the device is absorbing or delivering power. Use the
power balance to check your work.

i7 FIGURE P1-23

-+

1-24 The voltage across and current through a two-terminal device are
o(f) =57V and i(t) = -5¢ ' mA.
(a) Find the power delivered by the device at t =0, =5 ms, and t =
25 ms.
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(b) Find the total energy delivered by the device during the interval

O<i<en
1=25 The voltage across and current through a two-terminal device are

() =120 cos 1000t V and i(r) =4 sin 1000¢ A.

(a) Show that the device absorbs power during some time intervals
and delivers power during others.

(b) Find the maximum power absorbed by the device and the maxi-
mum power delivered by the device. Hint: cos x sin x = Y2 sin 2x.

CHAPTER-INTEGRATING PROBLEMS

1=26 POWER RATIO IN dB

In complete darkness the voltage across and current through a two-
terminal light detector are +5.6 V and +8 nA. In full sunlight the volt-
age and current are +0.9 V and +4 mA. Express the light/dark power
ratio of the device in decibels (dB). (See Problem 1-6 for the defini-
tion of a decibel.)

1=27 INCREMENTAL SENSITIVITY

Incremental sensitivity is an indication of the smallest change that can
be detected by a measuring device or system. It is defined as the
change in output indication caused by a specified change in the input
stimulus. A temperature measuring system produces outputs of 1 mA
and 2.5 V when the input temperature is 10°C. At 200°C the outputs
are 5 mA and 7.5 V., Determine the sensitivity of the system in mW
per °C.

1=28 STORAGE BATTERY EFFICIENCY

The ampere-hour efficiency of a storage battery is the ratio of its
ampere-hour output to the ampere-hour input required to recharge
the battery. A certain 24-V battery has a rated output of 500 ampere-
hours. When the battery is completely drained, a battery charger must
deliver 65 A for 8 hours to recharge the battery. Assume the battery
voltage is constant.

(a) Determine the ampere-hour efficiency of the battery.

(b) Determine the number of joules required to recharge the battery.




