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Preface

In keeping with our focus on space for covers for our book, we have
chosen the NASA Voyager spacecraft for the sixth edition. The reason
for this is that like any spacecraft there are many circuits that play criti-
cal roles in their functionality. The beginning of the Voyager 1 and 2
odyssey began on August 20, 1977, for Voyager 2 and on September 5,
1977, for Voyager 1. Both were launched from NASA’s Kennedy Space
Center in Florida. The Voyager 1 was launched on a faster orbit so it
eventually became the first man-made object to leave our solar system.
There is some debate over whether it has actually left the solar system,
but it certainly will at some point in time. Voyager 2 and two Pioneer
spacecraft will also leave the solar system at some point in time.
Voyager 1 is still functioning and sending back data, a truly signifi-
cant achievement for NASA engineers. The design processes that make
the Voyager operate so reliably are based on the fundamentals discussed
in this textbook. Finally, space is vast so that Voyager 1 will fly past
other solar systems; the odds of actually coming into contact with some-
thing are so remote that it may virtually fly through the universe forever!
For more about Voyager 1, go to NASA’s website: www.nasa.gov/.

Features
New to This Edition

We have added learning objectives to each chapter to reflect what we
believe are the most important items to learn from each chapter. These
should help you focus more carefully on what you should be learning.

There are many revised end-of-chapter problems, new end-of-chapter
problems, and revised practice problems, We continue to try and make our
problems as practical as possible.

In addition, we have improved Connect for this edition by increasing
the number of problems available substantially. Now, professors may select
from more than a thousand problems as they build thier online homework
assignments.

We have also built SmartBook for this edition. With SmartBook, stu-
dents get the same text as the print version, along with personalized tips on
what to study next, thanks to SmartBook’s adaptive technology.

Retained from Previous Editions

A course in circuit analysis is perhaps the first exposure students have
to electrical engineering. This is also a place where we can enhance
some of the skills that they will later need as they learn how to design.
An important part of this book is many design a problem problems.
These problems were developed to enhance skills that are an impor-
tant part of the design process. We know it is not possible to fully de-
velop a student’s design skills in a fundamental course like circuits.
To fully develop design skills a student needs a design experience



normally reserved for their senior year. This does not mean that some
of those skills cannot be developed and exercised in a circuits course.
The text already included open-ended questions that help students
use creativity, which is an important part of learning how to design.
We already have some questions that are open-ended but we desired
to add much more into our text in this important area and have devel-
oped an approach to do just that. When we develop problems for the
student to solve our goal is that in solving the problem the student
learns more about the theory and the problem solving process. Why
not have the students design problems like we do? That is exactly
what we do in each chapter. Within the normal problem set, we have
a set of problems where we ask the student to design a problem to
help other students better understand an important concept. This has
two very important results. The first will be a better understanding of
the basic theory and the second will be the enhancement of some of
the student’s basic design skills. We are making effective use of the
principle of learning by teaching. Essentially we all learn better when
we teach a subject. Designing effective problems is a key part of
the teaching process. Students should also be encouraged to develop
problems, when appropriate, which have nice numbers and do not
necessarily overemphasize complicated mathematical manipulations.

A very important advantage to our textbook, we have many Examples,
Practice Problems, Review Questions, and End-of-Chapter Problems!
Answers are provided for all practice problems and the odd numbered
end-of-chapter problems.

The main objective of the sixth edition of this book remains the
same as the previous editions—to present circuit analysis in a manner
that is clearer, more interesting, and easier to understand than other cir-
cuit textbooks, and to assist the student in beginning to see the “fun” in
engineering. This objective is achieved in the following ways:

* Chapter Openers and Summaries
Each chapter opens with a discussion about how to enhance skills
which contribute to successful problem solving as well as success-
ful careers or a career-oriented talk on a subdiscipline of electrical
engineering. This is followed by an introduction that links the chap-
ter with the previous chapters and states the chapter objectives. The
chapter ends with a summary of key points and formulas.

* Problem-Solving Methodology
Chapter 1 introduces a six-step method for solving circuit problems
which is used consistently throughout the book and media supple-
ments to promote best-practice problem-solving procedures.

* Student-Friendly Writing Style
All principles are presented in a lucid, logical, step-by-step man-
ner. As much as possible, we avoid wordiness and giving too much
detail that could hide concepts and impede overall understanding of
the material.

* Boxed Formulas and Key Terms
Important formulas are boxed as a means of helping students sort
out what is essential from what is not. Also, to ensure that students
clearly understand the key elements of the subject matter, key terms
are defined and highlighted.
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Margin Notes

Marginal notes are used as a pedagogical aid. They serve multiple
uses such as hints, cross-references, more exposition, warnings,
reminders not to make some particular common mistakes, and prob-
lem-solving insights.

Worked Examples

Thoroughly worked examples are liberally given at the end of ev-
ery section. The examples are regarded as a part of the text and are
clearly explained without asking the reader to fill in missing steps.
Thoroughly worked examples give students a good understanding
of the solution process and the confidence to solve problems them-
selves. Some of the problems are solved in two or three different
ways to facilitate a substantial comprehension of the subject mate-
rial as well as a comparison of different approaches.

Practice Problems

To give students practice opportunity, each illustrative example is
immediately followed by a practice problem with the answer. The
student can follow the example step-by-step to aid in the solution of
the practice problem without flipping pages or looking at the end of
the book for answers. The practice problem is also intended to test a
student’s understanding of the preceding example. It will reinforce
their grasp of the material before the student can move on to the
next section. Complete solutions to the practice problems are avail-
able to students on the website.

Design a Problem Problems

Finally, design a problem problems are meant to help the student de-
velop skills that will be needed in the design process.

Historical Tidbits

Historical sketches throughout the text provide profiles of important
pioneers and events relevant to the study of electrical engineering.

Early Op Amp Discussion
The operational amplifier (op amp) as a basic element is introduced
early in the text.

Four-Color Art Program
An interior design and four-color art program bring circuit drawings
to life and enhance key pedagogical elements throughout the text.

Extended Examples

Examples worked in detail according to the six-step problem solv-
ing method provide a road map for students to solve problems in a
consistent fashion. At least one example in each chapter is devel-
oped in this manner.

EC 2000 Chapter Openers

Based on ABET’s skill-based CRITERION 3, these chapter openers
are devoted to discussions as to how students can acquire the skills
that will lead to a significantly enhanced career as an engineer. Be-
cause these skills are so very important to the student while still in
college as well after graduation, we use the heading, “Enhancing
your Skills and your Career.”

Homework Problems

There are many new or revised end-of-chapter problems and changed
practice problems which will provide students with plenty of practice



as well as reinforce key concepts.

* Homework Problem Icons
Icons are used to highlight problems that relate to engineering de-
sign as well as problems that can be solved using PSpice, Multisim,
KCIDE, or MATLAB.

Organization

This book was written for a two-semester or three-quarter course in
linear circuit analysis. The book may also be used for a one-semester
course by a proper selection of chapters and sections by the instructor. It
is broadly divided into three parts.

* Part 1, consisting of Chapters 1 to 8, is devoted to dc circuits. It
covers the fundamental laws and theorems, circuits techniques, and
passive and active elements.

* Part 2, which contains Chapter 9 to 14, deals with ac circuits. It
introduces phasors, sinusoidal steady-state analysis, ac power, rms
values, three-phase systems, and frequency response.

The material in the three parts is more than sufficient for a two-semester
course, so the instructor must select which chapters or sections to cover.
Sections marked with the dagger sign (t) may be skipped, explained
briefly, or assigned as homework. They can be omitted without loss of
continuity. Each chapter has plenty of problems grouped according to the
sections of the related material and diverse enough that the instructor can
choose some as examples and assign some as homework. As stated ear-
lier, we are using three icons with this edition. We are using H to de-
note problems that either require PSpice in the solution process, where
the circuit complexity is such that PSpice or Multisim would make the
solution process easier, and where PSpice or Multisim makes a good
check to see if the problem has been solved correctly. We are using 3,
to denote problems where MATLAB is required in the solution process,
where MATLAB makes sense because of the problem makeup and its
complexity, and where MATLAB makes a good check to see if the prob-
lem has been solved correctly. Finally, we use @%d to identify problems
that help the student develop skills that are needed for engineering
design, More difficult problems are marked with an asterisk (*).

Comprehensive problems follow the end-of-chapter problems. They
are mostly applications problems that require skills learned from that
particular chapter.

Prerequisites

As with most introductory circuit courses, the main prerequisites, for a
course using this textbook, are physics and calculus. Although familiar-
ity with complex numbers is helpful in the later part of the book, it is not
required. A very important asset of this text is that ALL the mathemati-
cal equations and fundamentals of physics needed by the student, are
included in the text.

vii
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in an organized manner using the six-step problem-solving methodology
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matically generates a Word document and/or a PowerPoint presentation.
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Craft your teaching resources to match the way you teach! With McGraw-
Hill Create, http://create. mheducation.com, you can easily rearrange chap-
ters, combine material from other content sources, and quickly upload
content you have written like your course syllabus or teaching notes. Find
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Create even allows you to personalize your book’s appearance by select-
ing the cover and adding your name, school, and course information. Or-
der a Create book and you’ll receive a complimentary print review copy
in three to five business days or a complimentary electronic review copy
(eComp) via e-mail in minutes. Go to http://create.mheducation.com to-
day and register to experience how McGraw-Hill Create empowers you to
teach your students your way.



Charles K. Alexander

About the Authors

Charles K. Alexander is professor of electrical and computer engineer-
ing in the Washkewicz College of Engineering at Cleveland State Univer-
sity, Cleveland, Ohio. He is also the director of the Center for Research
in Electronics and Aerospace Technology (CREATE). From 2002 until
2006 he was dean of the Fenn College of Engineering. He has held the
position of dean of engineering at Cleveland State University, California
State University, Northridge, and Temple University (acting dean for six
years). He has held the position of department chair at Temple Univer-
sity and Tennessee Technological University as well as the position of
Stocker Visiting Professor (an endowed chair) at Ohio University. He
has held faculty status at all of the aforementioned universities.

Dr. Alexander has secured funding for two centers of research at
Ohio University and Cleveland State University. He has been the direc-
tor of three additional research centers at Temple and Tennessee Tech
and has obtained research funding of approximately $100 million (in
today’s dollars). He has served as a consultant to 23 private and govern-
mental organizations including the Air Force and the Navy.

He received the honorary Dr. Eng. from Ohio Northern University
(2009), his PhD (1971) and M.S.E.E. (1967) from Ohio University, and
the B.S.E.E. (1965) from Ohio Northern University.

Dr. Alexander has authored many publications, including a work-
book and a videotape lecture series, and is coauthor of Fundamentals
of Electric Circuits, currently in its fifth edition, Engineering Skills for
Career Success, Problem Solving Made ALMOST Easy, the fifth edi-
tion of the Standard Handbook of Electronic Engineering, and Applied
Circuit Analysis, all with McGraw-Hill. He has delivered more than
500 paper, professional, and technical presentations.

Dr. Alexander is a Life Fellow of the IEEE and served as its presi-
dent and CEO in 1997. In addition he has held several volunteer posi-
tions within the IEEE during his more than 45 years of service. This
includes serving from 1991 to 1999 on the IEEE board of directors.

He has received several local, regional, national, and international
awards for teaching and research, including an honorary Doctor of Engi-
neering degree, Fellow of the IEEE, the IEEE-USA Jim Watson Student
Professional Awareness Achievement Award, the IEEE Undergraduate
Teaching Award, the Distinguished Professor Award, the Distinguished
Engineering Education Achievement Award, the Distinguished Engi-
neering Education Leadership Award, the IEEE Centennial Medal, and
the IEEE/RAB Innovation Award.



Matthew N. O. Sadiku received his PhD from Tennessee Technological
University, Cookeville. From 1984 to 1988, he was an assistant professor
at Florida Atlantic University, where he did graduate work in computer
science. From 1988 to 2000, he was at Temple University, Philadelphia,
Pennsylvania, where he became a full professor. From 2000 to 2002,
he was with Lucent/Avaya, Holmdel, New Jersey, as a system engineer
and with Boeing Satellite Systems as a senior scientist. He is currently a
professor at Prairie View A&M University.

Dr. Sadiku is the author of more than 240 professional papers and
over 60 books, including Elements of Electromagnetics (Oxford Uni-
versity Press, 6th ed., 2015), Numerical Techniques in Electromagnet-
ics with MATLAB (CRC, 3rd ed., 2009), and Metropolitan Area Net-
works (CRC Press, 1995). Some of his books have been translated into

French, Korean, Chinese (and Chinese Long Form in China Taiwan), Italian,

Portuguese, and Spanish. He was the recipient of the 2000 McGraw-Hill/
Jacob Millman Award for outstanding contributions in the field of elec-
trical engineering. He was also the recipient of Regents Professor award
for 2012 to 2013 by the Texas A&M University System.

His current research interests are in the areas of numerical modeling
of electromagnetic systems and computer communication networks. He
is a registered professional engineer and a fellow of the Institute of Elec-
trical and Electronics Engineers (IEEE) “for contributions to computa-
tional electromagnetics and engineering education.” He was the IEEE
Region 2 Student Activities Committee Chairman. He was an associ-
ate editor for JEEE Transactions on Education and is a member of the
Association for Computing Machinery (ACM).

Matthew N. O. Sadiku

xi



Contents

Preface iv
About the Authors x

AAN
PART 1 DC Circuits 1
IBBpter 1 Basic Concepts 3

il Introduction 4

1.2  Systems of Units 5

13  Chargeand Current 6

14  Voltage 9

1.5  Powerand Energy 10

1.6  Circuit Elements 14

1.7  Problem Solving 16
Problems 20

fipter 2 Basic Laws 23

Introduction 24

Ohm’s Law 24

Nodes, Branches, and Loops 29
Kirchhoff's Laws 31

Series Resistors and Voltage Division 37
Parallel Resistors and Current Division 38
Wye-Delta Transformations 45

2.7.1 Delta to Wye Conversion

2.7.2 Wye to Delta Conversion

Problems 51

BElEpter 3 Methods of Analysis 59

31 Introduction 60

3.2  Nodal Analysis 60

3.3  Nodal Analysis with Voltage Sources 66

34  Mesh Analysis 71

3.5  Mesh Analysis with Current Sources 76
Problems 78

BEhapter 4
41 Introduction 90
4.2  Linearity Property 90

Circuit Theorems 89

43  Superposition 93

4.4 Source Transformation 97

45  Thevenin’s Theorem 101

4.6  Norton's Theorem 107

4.7  Maximum Power Transfer 111
Problems 113

IlEpter 5  Operational Amplifiers 121

5.1 Introduction 122

5.2  Operational Amplifiers 122

53  Ideal Op Amp 126

54  Inverting Amplifier 127

55  Noninverting Amplifier 129

5.6  Summing Amplifier 131

5.7  Difference Amplifier 133

58  Cascaded Op Amp Circuits 137
Problems 140

Iikhapter 6

6.1 Introduction 152

6.2  Capacitors 152

6.3  Series and Parallel Capacitors 158

6.4 Inductors 162

6.5 Series and Parallel Inductors 166
Problems 170

Capacitors and Inductors 151

BEhapter 7 First-Order Circuits 179

71 Introduction 180

7.2  The Source-Free RC Circuit 181

7.3  The Source-Free RL Circuit 185

7.4  Singularity Functions 191

7.5  Step Response of an RC Circuit 199

7.6  Step Response of an RL Circuit 206
Problems 210

EliChapter 8 Second-Order Circuits 219

8.1 Introduction 220
8.2  Finding Initial and Final Values 221
8.3  The Source-free Series

RLC Circuit 2925



8.4

The Source-Free Parallel
RLC Circuit 232

85  Step Response of a Series RLC
Circuit 237
8.6  Step Response of a Parallel RLC
Circuit 242
Problems 245
N\ N
PART 2 AC Circuits 253
IBlSpter 9  Sinusoids and Phasors 255
9.1 Introduction 256
9.2  Sinusoids 257
9.3  Phasors 262
9.4  Phasor Relationships for
Circuit Elements 271
9.5 Impedance and Admittance 273
9.6  Kirchhoff's Laws in the Frequency
Domain 275
9.7  Impedance Combinations 276
Problems 282
IEEBter 10  Sinusoidal Steady-State
Analysis 289
10.1  Introduction 290
10.2 Nodal Analysis 290
10.3 Mesh Analysis 293
10.4 Superposition Theorem 297
10.5 Source Transformation 300
10.6 Thevenin and Norton
Equivalent Circuits 302
Problems 307
IEESpter 11 AC Power Analysis 317
11.1  Introduction 318
11.2  Instantaneous and Average Power 318
11.3  Maximum Average Power Transfer 324
11.4  Effective or RMS Value 327
11.5 Apparent Power and
Power Factor 330
11.6 Complex Power 333

Problems 337

ISRapter 12

12.1
122
12.3
124
125

12.6
12.7

EEREHepter 13

131
13.2
133
13.4
13.5
13.6

IREpter 14

14.1
149
143
14.4
145
146
14.7

14.8

Three-Phase Circuits 345

Introduction 346

Balanced Three-Phase Voltages 347
Balanced Wye-Wye Connection 351
Balanced Wye-Delta Connection 354
Balanced Delta-Delta

Connection 356

Balanced Delta-Wye Connection 358

Power in a Balanced System 361
Problems 367

Magnetically Coupled
Circuits 373

Introduction 374

Mutual Inductance 375
Energy in a Coupled Circuit 382
Linear Transformers 385

Ideal Transformers 391

Ideal Autotransformers 399
Problems 402

Frequency Response 413

Introduction 414

Transfer Function 414

The Decibel Scale 417

Bode Plots 419

Series Resonance 429

Parallel Resonance 434
Passive Filters 437

14.7.1 Low-Pass Filter

14.7.2 High-Pass Filter

14.7.3 Band-Pass Filter

14.7.4 Band-Stop Filter

Active Filters 442

14.8.1 First-Order Low-Pass Filter
14.8.2 First-Order High-Pass Filter
14.8.3 Band-Pass Filter

14.8.4 Band-Reject (or Notch) Filter
Problems 449

Appendix A Answers to Odd-Numbered

Problems A-1

xiii



PART ONE
PCEcuits

QUTLINE

Basic Concepts

~ Basic lLaws
Methods of Analysis
Circuit Theorems
Operational Amplifiers
Capacitors and Inductors
First-Order Circuits
Second-Order Circuits

1
2
3
4
5
-
1
8







Basic Concepts

Some books are to be tasted, others to be swallowed, and some few to be
chewed and digested.

—Francis Bacon

\

i ol Ll )

ABET EC 2000 criteria (3.a), “an ability to apply knowledge
of mathematics, science, and engineering.”

As students, you are required to study mathematics, science, and engi-
neering with the purpose of being able to apply that knowledge to the
solution of engineering problems. The skill here is the ability to apply
the fundamentals of these areas in the solution of a problem. So how do
you develop and enhance this skill?

The best approach is to work as many problems as possible in all
of your courses. However, if you are really going to be successful with
this, you must spend time analyzing where and when and why you have
difficulty in easily arriving at successful solutions. You may be surprised
to learn that most of your problem-solving problems are with mathemat-
ics rather than your understanding of theory. You may also learn that
you start working the problem too soon. Taking time to think about the
problem and how you should solve it will always save you time and
frustration in the end.

What I have found that works best for me is to apply our six-
step problem-solving technique. Then I carefully identify the areas
where I have difficulty solving the problem. Many times, my actual
deficiencies are in my understanding and ability to use correctly certain
mathematical principles. I then return to my fundamental math texts and
carefully review the appropriate sections, and in some cases, work some
example problems in that text. This brings me to another important thing
you should always do: Keep nearby all your basic mathematics, science,
and engineering textbooks.

This process of continually looking up material you thought you
had acquired in earlier courses may seem very tedious at first; however,
as your skills develop and your knowledge increases, this process will
become easier and easier. On a personal note, it is this very process that
led me from being a much less than average student to someone who
could earn a Ph.D. and become a successful researcher.

Photo by Charles Alexander




