


ELEMENTS 
OF 
ENGINEERING 
ELECTROMAGNETICS 



 



ELEMENTS 

OF 

ENGINEERING 

ELECTRO MAGNETICS 

N. NARAYANA RAO

Professor of Electrical Engineering 
University of Illinois at Urbana-Champaign 

Previously published by
Prentice-Hall, Inc.



Library of Congress Cataloging in Publication Data 

NARAYANA RAO, NANNAPANENI. 

Elements of engineering electromagnetics. 

Bibliography: p. 
Includes index. 
1. Electromagnetic theory. I. Title. 

QC670.N3 530.1'41 76-44234 
ISBN 0-13-264150-X 

© 2018 Nannapaneni Narayana Rao  

Pearson Education, Inc., has transferred the rights of this 1977 Prentice-Hall 
edition to the author in December 2017. The author has decided to make the 
book available on the web free of charge to the teachers, students, and others 
all over the world for the purpose of teaching and learning the fundamentals 
of electromagnetics. Any use involving monetary transaction violates the spirit 
of this decision.

There is a Subhashitam (Worthy Saying) in Sanskrit, which says:

Annadaanam param daanam
Vidyadaanam atahparam
Annena kshanikam triptih yaavajjiivamcha vidyayaa.

The gift of food is a great gift
Greater still is the gift of knowledge
While food provides a momentary contentment, knowledge provides a 
lasting fulfillment.

This “webook (web + book)” constitutes the gift, by the author and his 
department, of the knowledge of the subject of electromagnetics, based 
on Maxwell’s equations, which “today underpin all modern 
information and communication technologies.”



To the memory 

of 

MY FATHER 





CONTENTS 

PREFACE xi 

1lo VECTORS AND FIELDS 1 

1.1 Vector Algebra 2 
1.2 Cartesian Coordinate System 9 
1.3 Scalar and Vector Fields 14 
1.4 Sinusoidally Time-Varying Fields 18 
1.5 The Electric Field 24 
1.6 The Magnetic Field 30 
1.7 Summary 36 

Review Questions 38 
Problems 39 

~"' MAXWELL'S EQUATIONS IN 
INTEGRAL FORM 45 

2.1 The Line Integral 46 
2.2 The Surface Integral 51 
2.3 Faraday's Law 57 
2.4 Ampere's Circuital Law 62 
2.5 Gauss' Law for the Magnetic Field 69 
2.6 Gauss' Law for the Electric Field 70 
2.7 Summary 73 

Review Questions 76 
Problems 78 

vii 



viii CONTENTS 

S e MAXWELL'S EQUATIONS IN 
DIFFERENTIAL FORM 83 

3.1 Faraday's Law 84 
3.2 Ampere's Circuital Law 90 
3.3 Curl and Stokes' Theorem 95 
3.4 Gauss' Law for the Electric Field 102 
3.5 Gauss' Law for the Magnetic Field 106 
3.6 Divergence and the Divergence Theorem 107 
3.7 Summary 112 

Review Questions 115 
Problems 117 

4-e WAVE PROPAGATION IN 
FREE SPACE 121 

4.1 The Infinite Plane Current Sheet 122 
4.2 Magnetic Field Adjacent to the Current 

Sheet 124 
4.3 Successive Solution of Maxwell's 

Equations 127 
4.4 Solution by Wave Equation 132 
4.5 Uniform Plane Waves 135 
4.6 Poynting Vector and Energy Storage 147 
4.7 Summary 151 

Review Questions 154 
Problems 156 

5(0 WAVE PROPAGATION IN 
MATERIAL MEDIA 161 

5.1 Conductors 162 
5.2 Dielectrics 164 
5.3 Magnetic Materials 170 
5.4 Wave Equation and Solution 176 
5.5 Uniform Plane Waves in Dielectrics 184 
5.6 Uniform Plane Waves in Conductors 186 
5.7 Summary 189 

Review Questions 192 
Problems 193 



CONTENTS ix 

t'.H>o TRANSMISSION LINES 197 

6.1 Boundary Conditions on a Perfect Conductor 
Surface 198 

6.2 Parallel-Plate Transmission Line 204 
6.3 Transmission Line With an Arbitrary Cross 

Section 212 
6.4 Short-Circuited Transmission Line 220 
6.5 Boundary Conditions at a Dielectric 

Discontinuity 227 
6.6 Transmission-Line Discontinuity 230 
6.7 Summary 236 

Review Questions 240 
Problems 242 

710 WAVEGUIDES 247 

7.1 Uniform Plane Wave Propagation in an 
Arbitrary Direction 248 

7.2 Transverse Electric Waves irt a 
Parallel-Plate Waveguide 255 

7.3 Parallel-Plate Waveguide Discontinuity 262 
7.4 Dispersion and Group Velocity 265 
7.5 Rectangular Waveguide and Cavity 

Resonator 272 
7.6 Optical Waveguides 280 
7.7 Summary 283 

Review Questions 287 
Problems 289 

§o ANTENNAS 293 

8.1 Hertzian Dipole 294 
8.2 Radiation Resistance and Directivity 301 
8.3 Half-Wave Dipole 306 
8.4 Antenna Arrays 311 
8.5 Image Antennas 316 
8.6 Receiving Antennas 318 
8.7 Summary 321 

Review Questions 324 
Problems 325 



x 

9o STATIC AND QUASISTATIC FIELDS 

9.1 Gradient and Electric Potential 
9.2 Poisson's Equation 
9.3 Laplace's Equation 
9.4 Computer Solution of Laplace's Equation 
9.5 Low-Frequency Behavior Via Quasistatics 
9.6 Magnetic Circuits 
9.7 Summary 

Review Questions 
Problems 

11..«J>o SPECIAL TOPICS 

CONTENTS 

331 

332 
339 
344 
352 
357 
365 
370 
372 
374 

379 

10.1 Wave Propagation in Ionized Medium 380 
10.2 Wave Propagation in Anisotropic Medium 386 
10.3 The Smith Chart 394 
10.4 Reflection and Refraction of Plane Waves 404 
10.5 Design of a Frequency-Independent Antenna 411 
10.6 Capacitance of a Parallel-Wire Line 417 
10.7 Magnetic Vector Potential 423 

APPENDICES 431 

A. Cylindrical and Spherical 
Coordinate Systems 433 

B. Curl, Divergence, and Gradient in Cylindrical 
and Spherical Coordinate Systems 441 

C. Units and Dimensions 449 

SUGGESTED COLLATERAL AND 
FURTHER READING 455 

ANSWERS TO 
ODD-NUMBERED PROBLEMS 457 

INDEX 465 



PREFACE 

Traditionally, the first undergraduate course in engineering electromag
netics has been based upon developing static fields in a historical manner, 
and culminating in Maxwell's equations, with perhaps a brief discussion 
of uniform plane waves. This is then followed by one or more courses dealing 
with transmission lines and wave propagation. Due to the pressure of increas
ing areas of interest and fewer required courses, there has been in recent years 
a growing trend in electrical engineering curricula toward limiting the require
ment in electromagnetics to a one-semester course or its equivalent. Con
sequently, and in view of the student's earlier exposure in engineering physics 
to static fields and Maxwell's equations, it has become increasingly expedient 
to deviate from the historical approach and to base the first course in electro
magnetics upon dynamic fields and their engineering applications. 

There are many texts, including one by the author, which fulfill the require
ments of the traditional approach. There are also several books devoted to 
wave propagation and related topics; these, however, rely upon a first course 
of the traditional type or a variation ofit to provide the required background. 
Thus a need has arisen for a one-semester text in which the basic material 
is built up on time-varying fields and their engineering applications so as to 
enhance its utility for the one-semester student of engineering electromag
netics, while enabling the student who will continue to take futher (elective) 
courses in electromagnetics to learn many of the same field concepts and 
mathematical tools and techniques provided by the traditional treatment. 
This book represents an attempt to satisfy this need. 

xi 



xii PREFACE 

The thread of development of the material is evident from a reading of the 
table of contents. Some of the salient features of the first nine chapters 
consist of introducing : 

I. the bulk of the material through the use of the Cartesian coordinate 
system to keep the geometry simple and yet sufficient to learn the 
physical concepts and mathematical tools, while employing the other 
coordinate systems where necessary; 

2. Maxwell's equations for time-varying fields first in integral form and 
then in differential form very early in the book; 

3. uniform plane wave propagation by obtaining the field solution to the 
infinite plane current sheet of uniform sinusoidally time-varying den
sity; 

4. material media by considering their interaction with uniform plane 
wave fields; 

5. transmission lines by first considering uniform plane waves guided by 
two parallel, plane perfect conductors and then extending to a line of 
arbitrary cross section through graphical field mapping; 

6. waveguides by considering the superposition of two obliquely propa
gating uniform plane waves and then placing perfect conductors in 
appropriate planes so as to satisfy the boundary conditions; 

7. antennas by obtaining the complete field solution to the Hertzian 
dipole through a successive extension of the quasistatic field solution 
so as to satisfy simultaneously the two Maxwell's curl equations; and 

8. Maxwell's equations for static fields as specializations of Maxwell's 
equations for time-varying fields and then proceeding with the discus
sion of the more important topics of static and quasistatic fields. 

The final chapter is devoted to seven independent special topics, each based 
upon one or more of the previous six chapters. It is intended that the instruc
tor will choose one (or more) of these topics for discussion following the 
corresponding previous chapter(s). Material on cylindrical and spherical 
coordinate systems is presented as appendices so that it can be studied either 
immediately following the discussion of the corresponding material on the 
Cartesian coordinate system or only when necessary. 

From considerations of varying degrees of background preparation at 
different schools, a greater amount of material than can be covered in an 
average class of three semester-hour credits is included in the book. Since it 
has been found that nearly eight chapters can be completed during the 
semester, the first six chapters plus an equivalent of about two chapters from 
the remaining four is suggested to be typical of coverage. When the back
ground preparation permits an accelerated discussion of the first three chap
ters, it is possible to cover a greater amount of material. Worked-out examples 
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are distributed throughout the text to illustrate and, in some cases, extend the 
various concepts. Summary of the material and a number of questions are 
included for each chapter to facilitate review of the chapters. Problems are 
arranged in the same order as the text material, and answers are provided 
for the odd-numbered problems. 

This text is based primarily on lecture notes for classes taught by the 
author at the University of Illinois at Urbana-Champaign. The author wishes 
to express his appreciation to Patricia Sammann for the excellent typing work. 
Finally, although great care has been exercised, some errors are inevitable. 
The author earnestly requests readers to inform him of any errors that they 
may find and to contribute suggestions for improvement. 

Urbana, Illinois N. NARAYANA RAO 




