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E

lectromagnetic theory is a fundamental underpinning of technical education, but, at the same
time, one of the most difficult subjects for students
to master. In order to help address this difficulty and
contribute to overcoming it, here is another textbook
on electromagnetic fields and waves for undergraduates, entitled, simply, Electromagnetics. This text
provides engineering and physics students and other
users with a comprehensive knowledge and firm
grasp of electromagnetic fundamentals by emphasizing both mathematical rigor and physical understanding of electromagnetic theory, aimed toward
practical engineering applications.
The book is designed primarily (but by no means
exclusively) for junior-level undergraduate university
and college students in electrical and computer engineering, physics, and similar departments, for both
two-semester (or two-quarter) course sequences
and one-semester (one-quarter) courses. It includes
14 chapters on electrostatic fields, steady electric
currents, magnetostatic fields, slowly time-varying
(low-frequency) electromagnetic fields, rapidly timevarying (high-frequency) electromagnetic fields, uniform plane electromagnetic waves, transmission
lines, waveguides and cavity resonators, and antennas
and wireless communication systems.
Apparently, there are an extremely large number of quite different books for undergraduate electromagnetics available (perhaps more than for any
other discipline in science and engineering), which
are all very good and important. This book, however,
aims to combine the best features and advantages of
all of them. It also introduces many new pedagogical
features not present in any of the existing texts.
This text provides many nonstandard theoretically and practically important sections and chapters,
new style and approaches to presenting challenging topics and abstract electromagnetic phenomena, innovative strategies and pedagogical guides

for electromagnetic field and wave computation and
problem solving, and, most importantly, outstanding (by the judgment of students so far) workedout examples, homework problems, conceptual questions, and MATLAB exercises. The goal is to significantly improve students’ understanding of electromagnetics and their attitude toward it. Overall,
the book is meant as an “ultimate resource” for
undergraduate electromagnetics.
The distinguishing features of the book are:
371 realistic examples with very detailed and instructive solutions, tightly coupled to the theory, including strategies for problem solving
650 realistic end-of-chapter problems, strongly and
fully supported by solved examples (there is a demo
example for every homework problem)
Clear, rigorous, complete, and logical presentation
of material, balance of breadth and depth, balance
of static (one third) and dynamic (two thirds) fields,
with no missing steps
Flexibility for different options in coverage, emphasis, and ordering the material in a course or courses,
including the transmission-lines-first approach
Many nonstandard topics and subtopics and new
derivations, explanations, proofs, interpretations,
examples, pedagogical style, and visualizations
500 multiple-choice conceptual questions (on the
Companion Website), checking conceptual understanding of the book material
400 MATLAB computer exercises and projects (on
the Companion Website), many with detailed solutions (tutorials) and MATLAB codes (m files)
www.pearsonhighered.com/notaros
The following sections explain these and other features in more detail.

xi
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WORKED EXAMPLES AND
HOMEWORK PROBLEMS
The most important feature of the book is an
extremely large number of realistic examples, with
detailed and pedagogically instructive solutions, and
end-of-chapter (homework) problems, strongly and
fully supported by solved examples. There are a
total of 371 worked examples, all tightly coupled
to the theory, strongly reinforcing theoretical concepts and smoothly and systematically developing
the problem-solving skills of students, and a total of
650 end-of-chapter problems, which are essentially
offered and meant as end-of-section problems (indications appear at the ends of sections as to which
problems correspond to that section).
Most importantly, for each homework problem
or set of problems, there is always an example or
set of examples in the text whose detailed solution
provides the students and other readers with all necessary instruction and guidance to be able to solve
the problem on their own, and to complete all homework assignments and practice for tests and exams.
The abundance and quality of examples and problems are enormously important for the success of
the course and class: students always ask for more
and more solved examples, which must be relevant
for the many problems that follow (for homework
and exam preparation) – and this is exactly what this
book attempts to offer.
Examples and problems in the book emphasize physical conceptual reasoning and mathematical
synthesis of solutions, and not pure formulaic (plugand-chug) solving. They also do not carry dry and too
complicated pure mathematical formalisms. The primary goal is to teach the readers to reason through
different (more or less challenging) situations and to
help them gain confidence and really understand and
like the material. Many examples and problems have
a strong practical engineering context.
Solutions to examples show and explain every
step, with ample discussions of approaches, strategies, and alternatives. Very often, solutions are presented in more than one way to aid understanding
and development of true electromagnetic problemsolving skills. By acquiring such skills, which are
definitely not limited to a skillful browsing through
the book pages in a quest for a suitable “black-box”
formula or set of formulas nor a skillful use of pocket
calculators to plug-and-chug, the reader also acquires
true confidence and pride in electromagnetics, and

a strong appreciation for both its theoretical fundamentals and its practical applications.
“Physical” nontrivial examples are good also
for instructors – for lectures and recitations – as
they are much more interesting and suitable for
logical presentation and discussion in the class
than the “plug-and-chug” or purely “mathematical”
examples.

CLARITY, RIGOR, AND
COMPLETENESS
Along with the number and type of examples and
problems (and questions and exercises), the most
characteristic feature of the book is its consistent
attention to clarity, completeness, and pedagogical
soundness of presentation of the material throughout the entire text, aiming for an optimal balance of
breadth and depth. Electromagnetics, as a fundamental science and engineering discipline, provides complete physical explanations for (almost) everything
within its scope and rigorous mathematical models
for everything it covers. Thus, besides a couple of
experimental fundamental laws (like Coulomb’s law)
that have to be taken for granted for the model to
build on, all other steps in building the most impressive and exciting structure called the electromagnetic
theory can be readily presented to the reader in a
consistent and meaningful manner and with enough
detail to be understandable and appreciable. This is
exactly what this book attempts to do.
Simply speaking, literally everything is derived,
proved, and explained (except for a couple of experimental facts), with many new derivations, explanations, proofs, interpretations, and visualizations.
Difficult and important concepts and derivations are
regularly presented in more than one way to help
students understand and master the subject at hand.
Maximum effort has been devoted to a continuous
logical flow of topics, concepts, equations, and ideas,
with practically no “intentionally skipped” steps and
parts. This, however, is done in a structural and modular manner, so that the reader who feels that some
steps, derivations, and proofs can be bypassed at the
time (with an opportunity of redoing it later) can do
so, but this is left to the reader’s discretion (or to the
discretion and advice of the course instructor), not
the author’s.
Overall, my approach is to provide all possible
(or all necessary) explanations, guidance, and detail
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in the theoretical parts and examples in the text,
whereas students’ actual understanding of the material, their thinking “on their own feet,” and ability
to do independent work are tested and challenged
through numerous and relevant end-of-chapter problems and conceptual questions, and not through
filling the missing gaps in the text.
On the other hand, I am fully aware that
brevity may seem attractive to students at first glance
because it typically means fewer pages for reading assignments. However, most students will readily
acknowledge that it is indeed much easier and faster
to read, grasp, and use several pages of thoroughly
explained and presented material as opposed to a
single page of condensed material with too many
missing parts. During my dealings with students over
so many years, I have been constantly told that
they in fact prefer having everything derived and
explained, and host of sample problems solved, to
a lower page count and too many important parts,
steps, and explanations missing, and too few detailed
solutions, and this was the principal motivation for
my writing this book.
This approach, in my opinion, is also good for
instructors, as they have a self-contained, ready-touse continuous “story” for each of their lectures,
instead of a set of discrete formulas and sample
facts with little or no explanations and detail. On
the other hand, the instructor may choose to present
only main facts for a given topic in class and rely on
students for the rest, as they will be able to quickly
and readily understand all reading assignments from
the book. Indeed, I expect that every instructor
using this text will have different “favorite” topics presented in class with all details and in great
depth, including a number of examples, while “giving away” some other topics to students to cover on
their own, with more or less depth, including worked
examples.

OPTIONS IN COVERAGE OF THE
MATERIAL
This book promotes and implements the direct or
chronological and not inverse order of topics in
teaching/learning electromagnetics, which can briefly
be characterized as: first static and then dynamic
topics, or first fields (static, quasistatic, and rapidly
time-varying) and then waves (uniform plane waves,

xiii

transmission lines, waveguides, and antennas). In
addition, the book features a favorable balance of
static (one third) and dynamic (two thirds) fields.
Ideally, a course or a sequence of courses using
this text would completely cover the book material,
with a likelihood that some portions would be given
to students as a reading assignment only. However,
the book allows a lot of flexibility and many different options in actually covering the material, or
parts of it, and ordering the topics in a course (or
courses).
One scenario is to quickly go through Chapters
1–7, do just basic concepts and equations, and a
couple of examples in each chapter, quickly reach
Chapter 8 (general Maxwell’s equations, etc.), and
then do everything else as applications of general
Maxwell’s equations, including selected topics from
Chapters 1–7 and more or less complete coverage
of all other chapters. This scenario would essentially reflect the inverse (nonchronological) order
of topics in teaching/learning electromagnetics. In
fact, there may be many different scenarios suitable for different areas of emphasis and specialized
outcomes of the course and the available time, all
of them advancing in chronological order, through
Chapters 1–14 of the book, just with different
speeds and different levels of coverage of individual
chapters.
To help the instructors create a plan for using the
book material in their courses and students and other
readers prioritize the book contents in accordance
with their learning objectives and needs, Tables 1
and 2 provide classifications of all book chapters
and sections, respectively, in two levels, indicating
which chapters and sections within chapters are suggested as more likely candidates to be skipped or
skimmed (covered lightly). This is just a guideline,
and I expect that there will be numerous extremely
creative, effective, and diverse combinations of book
topics and subtopics constituting course outlines and
learning/training plans, customized to best meet the
preferences, interests, and needs of instructors, students, and other book users.
Most importantly, if chapters and sections are
skipped or skimmed in the class, they are not skipped
nor skimmed in the book, and the student will always
be able to quickly find and apprehend additional
information and fill any missing gaps using pieces of
the book material from chapters and sections that are
not planned to be covered in detail.
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Table 1. Classification of book chapters in two groups, where “mandatory” chapters are those that
would likely be covered in most courses, while some of the “elective” chapters could be skipped (or skimmed)
based on specific areas of emphasis and desired outcomes of the course or sequence of courses and the available time. In selecting the material for the course(s), this classification at the chapter level could be combined
with the classification at the section level given in Table 2.
“Mandatory” Chapters: 1, 3, 4, 6, 8, 9, 12

“Elective” Chapters: 2, 5, 7, 10, 11, 13, 14

1. Electrostatic Field in Free Space

2. Dielectrics, Capacitance, and Electric Energy

3. Steady Electric Currents

5. Magnetostatic Field in Material Media

4. Magnetostatic Field in Free Space

7. Inductance and Magnetic Energy

6. Slowly Time-Varying Electromagnetic Field

10. Reflection and Transmission of Plane Waves

8. Rapidly Time-Varying Electromagnetic Field

11. Field Analysis of Transmission Lines

9. Uniform Plane Electromagnetic Waves

13. Waveguides and Cavity Resonators

12. Circuit Analysis of Transmission Lines

14. Antennas and Wireless Communication Systems

Table 2. Classification of book sections in two “tiers” in terms of the suggested priority for coverage; if
one or more sections in any of the chapters are to be skipped (or skimmed) given the areas of emphasis and
specialized outcomes of the course or courses and the available time, then it is suggested that they be selected
from the “tier two” sections, which certainly does not rule out possible omission (or lighter coverage) of some
of the “tier one” sections as well.
Chapter

“Tier One” Sections

“Tier Two” Sections

1. Electrostatic Field in Free Space

1.1–1.4, 1.6, 1.8–1.10, 1.13–1.16

1.5, 1.7, 1.11, 1.12, 1.17–1.21

2. Dielectrics, Capacitance, and Electric Energy

2.1, 2.6, 2.7, 2.9, 2.10, 2.12,
2.13, 2.15, 2.16

2.2–2.5, 2.8, 2.11, 2.14, 2.17

3. Steady Electric Currents

3.1–3.4, 3.8, 3.10, 3.12

3.5–3.7, 3.9, 3.11, 3.13

4. Magnetostatic Field in Free Space

4.1, 4.2, 4.4–4.7, 4.9

4.3, 4.8, 4.10–4.13

5. Magnetostatic Field in Material Media

5.1, 5.5, 5.6, 5.8, 5.11

5.2–5.4, 5.7, 5.9, 5.10

6. Slowly Time-Varying Electromagnetic Field

6.2–6.5

6.1, 6.6–6.8

7. Inductance and Magnetic Energy

7.1, 7.4, 7.5

7.2, 7.3, 7.6

8. Rapidly Time-Varying Electromagnetic Field

8.2, 8.4, 8.6–8.8, 8.11, 8.12

8.1, 8.3, 8.5, 8.9, 8.10

9. Uniform Plane Electromagnetic Waves

9.3–9.7, 9.11, 9.14

9.1, 9.2, 9.8–9.10, 9.12, 9.13

10. Reflection and Transmission of Plane Waves

10.1, 10.2, 10.4–10.7

10.3, 10.8, 10.9

11. Field Analysis of Transmission Lines

11.4–11.6, 11.8

11.1–11.3, 11.7, 11.9, 11.10

12. Circuit Analysis of Transmission Lines

12.1–12.6, 12.11, 12.12, 12.15

12.7–12.10, 12.13, 12.14,
12.16–12.18

13. Waveguides and Cavity Resonators

13.1–13.3, 13.6, 13.8, 13.9,
13.12

13.4, 13.5, 13.7, 13.10, 13.11,
13.13, 13.14

14. Antennas and Wireless Communication
Systems

14.1, 14.2, 14.4–14.6, 14.8,
14.14, 14.15

14.3, 14.7, 14.9–14.13
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Table 3. Ordering the book material for the transmission-lines-first approach; Chapter 12 (Circuit
Analysis of Transmission Lines) is written using only pure circuit-theory concepts (all field-theory aspects of
transmission lines are placed in Chapter 11 – Field Analysis of Transmission Lines), so it can be taken at the very
beginning of the course (or at any other time in the course). Note that two sections introducing (or reviewing)
complex representatives of time-harmonic voltages and currents (Sections 8.6 and 8.7) must be done before
Chapter 12.
Section 8.6: Time-Harmonic Electromagnetics
Section 8.7: Complex Representatives of Time-Harmonic Field and Circuit Quantities
Chapter 12: Circuit Analysis of Transmission Lines (or a selection of sections from Chapter 12 – see Table 2)
Chapters 1-11, 13, 14 or a selection of chapters (see Table 1) and sections (see Table 2)

TRANSMISSION-LINES-FIRST
APPROACH
One possible exception from the chronological
sequence of chapters (topics) in using this text
implies a different placement of Chapter 12 (Circuit
Analysis of Transmission Lines), which is written in
such a manner that it can be taken at any time,
even at the very beginning of the course, hence
constituting the transmission-lines-first approach to
teaching the course and learning the material.
Namely, the field and circuit analyses of transmission
lines are completely decoupled in the book, so that
any field-theory aspects are placed in Chapter 11
(Field Analysis of Transmission Lines) and only pure
circuit-theory concepts are used in Chapter 12 with
per-unit-length characteristics (distributed parameters) of the lines being taken for granted (are
assumed to be known) from the field analysis if
the circuit analysis is done first. Table 3 shows the
transmission-lines-first scenario using this book.

MULTIPLE-CHOICE CONCEPTUAL
QUESTIONS
The book provides, on the Companion Website, a
total of 500 conceptual questions. These are multiplechoice questions that focus on the core concepts
of the material, requiring conceptual reasoning and
understanding rather than calculations. They serve
as checkpoints for readers following the theoretical
parts and worked examples (like homework problems, conceptual questions are referred to at the ends
of sections). Generally, conceptual questions may
appear simple, but students often find them harder
than the standard problems. Pedagogically, they are

an invaluable resource. They are also ideal for
in-class questions and discussions (so-called active
teaching and learning) to be combined with traditional lecturing – if so desired.
In addition, conceptual questions are perfectly
suited for class assessments, namely, to assess students’ performance and evaluate the effectiveness
of instruction, usually as the “gain” between the
course “pretest” and “posttest” scores, and especially in light of ABET and similar accreditation
criteria (the key word in these criteria is “assessment”). Selected conceptual questions from the large
collection provided in the book can readily be
used by instructors as partial and final assessment
instruments for individual topics at different points
in the course and for the entire class.

MATLAB EXERCISES, TUTORIALS,
AND PROJECTS
The book provides, on the Companion Website,
a very large and comprehensive collection of
MATLAB computer exercises, strongly coupled to
the book material, both the theory and the worked
examples, and designed to help students develop a
stronger intuition and a deeper understanding of
electromagnetics, and find it more attractive and likable. MATLAB is chosen principally because it is a
generally accepted standard in science and engineering education worldwide.
There are a total of 400 MATLAB exercises,
which are referred to regularly within all book chapters, at the ends of sections, to supplement problems
and conceptual questions. Each section of this collection starts with a comparatively very large number of tutorial exercises with detailed completely
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worked out solutions, as well as MATLAB codes (m
files). This resource provides abundant opportunities
for instructors for assigning in-class and homework
projects – if so desired.

VECTOR ALGEBRA AND CALCULUS
Elements of vector algebra and vector calculus
are presented and used gradually across the book
sections with an emphasis on physical insight and
immediate links to electromagnetic field theory concepts, instead of having a purely mathematical review
in a separate chapter. They are fully integrated
with the development of the electromagnetic theory,
where they actually belong and really come to life.
The mathematical concepts of gradient, divergence, curl, and Laplacian, as well as line (circulation), surface (flux), and volume integrals, are
literally derived from physics (electromagnetics),
where they naturally emanate as integral parts of
electromagnetic equations and laws and where their
physical meaning is almost obvious and can readily be made very visual. Furthermore, the text is
written in such a way that even a reader with little background in vector algebra and vector calculus
will indeed be able to learn or refresh vector analysis concepts directly through the first several chapters (please see Appendix 3 – Vector Algebra and
Calculus Index).

LINKS TO CIRCUIT THEORY
The book provides detailed discussions of the links
between electromagnetic theory and circuit theory
throughout all of its chapters. It contains physical
explanations for all elements of circuit theory, for
both dc and ac regimes. All basic circuit-theory equations (circuit laws, element laws, etc.) are derived
from electromagnetic theory. The goal is for the
reader to develop both an appreciation of electromagnetic theory as a foundation of circuit theory
and electrical engineering as a whole, as well as an
understanding of limitations of circuit theory as an
approximation of field theory.

HISTORICAL ASIDES
Throughout almost all chapters of the book, dozens
of Historical Asides appear with quite detailed and

fascinating biographies of famous scientists and pioneers in the field of electricity and magnetism. There
are a total of 40 biographies, which are, in my view,
not only very interesting historically and informative in terms of providing the factual chronological
review of the development of one of the most impressive, consistent, and complete theories of the entire
scientific and technological world – the electromagnetic theory – but they also often provide additional
technical facts and explanations that complement the
material in the text. I also feel that some basic knowledge about the discoverers – who made such epochal
scientific achievements and far-reaching contributions to humanity – like Faraday, Maxwell, Henry,
Hertz, Coulomb, Tesla, Heaviside, Oersted, Ampère,
Ohm, Weber, and others should be made an irreplaceable part of a sort of “general education” of our
engineering and physics students.

SUPPLEMENTS
The book is accompanied by the Solutions Manual
(for instructors) with detailed solutions to all
end-of-chapter problems (written in the same manner as the solutions in the examples in the book),
answers to all conceptual questions, and MATLAB
codes (m files) for all MATLAB computer exercises
and projects, as well as by PowerPoint slides with all
illustrations from the text and by other supplements.
Pearson eText of the book is also available.
www.pearsonhighered.com/notaros
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