ELECTRONICS

ENGINEERING

Electromagnetics

Y

I

il

-
P

NG

2l
c

Comprehensive Theory
with Solved Examples and Practice Questions




NS

ERSYH
PUBLICATIONS

MADE EASY Publications Pvt. Ltd.
Corporate Office: 44-A/4, Kalu Sarai (Near Hauz Khas Metro
Station), New Delhi-110016 | Ph.: 9021300500

Email : inffomep@madeeasy.in | Web : www.madeeasypublications.org

Electromagnetics

Copyright © by MADE EASY Publications Pvt. Ltd.

All rights are reserved. No part of this publication may be
reproduced, stored in or introduced into a retrieval system,
or transmitted in any form or by any means (electronic,
mechanical, photo-copying, recording or otherwise),
without the prior written permission of the above mentioned
publisher of this book.

Y

Wi

TG

]
e

MADE EASY Publications Pvt. Ltd. has taken due care
in collecting the data and providing the solutions, before
publishing this book. Inspite of this, if any inaccuracy or
printing error occurs then MADE EASY Publications Pvt.
Ltd. owes no responsibility. We will be grateful if you could

point out any such error. Your suggestions will be appreciated.

First Edition : 2015
Second Edition : 2016
Third Edition : 2017
Fourth Edition : 2018
Fifth Edition : 2019
Sixth Edition : 2020
Seventh Edition : 2021
Eighth Edition : 2022
Ninth Edition : 2023
Tenth Edition : 2024
Eleventh Edition : 2025

Twelfth Edition : 2026



CONTENTS
Electromagnetics

Vector Analysis 1-29
1.1 Introduction 1
1.2 Coordinate Systems 6
1.3 Vector Calculus 12

Objective Brain Teasers 26

Conventional Brain Teasers 28
Electrostatics 30-75
2.1 Introduction 30
2.2 Gauss's Law - Maxwell's Equation ........c.cvceeereressernnnens 30
2.3 Electric Flux Density 32
2.4  Applications of Gauss's Law 33
2.5 Electric Field Intensity 38
2.6 Coulomb’s Law 39
2.7 Electric fields due to Charge Distributions...........cc........ 41
2.8 Electric Potential 44
2.9 Electric Field as the Gradient

of the Potential-Maxwell’s EQUation .........cc..coeevvrnerrennnns 47
2.10 Potential due to Electric Dipole 49
2.11 Energy Density in Electrostatic Field ........ccoccoonecennevenne. 51
2.12 Current and Current Density 53
2.13 Continuity Equation 55
2.14 Boundary Conditions 57
2.15 Poisson’s and Laplace’s EQUAtions ......c..cowmeenreesecenenene 62
2.16 Capacitance 64
2.17 Induced Charge and Method of Images........ccceccunevenne. 67

2.18 Permittivity

68

69

Objective Brain Teasers

Conventional Brain Teasers

72

CHAPTER 3

Magnetostatics

16-99

3.1 Introduction

76

3.2 Biot-Savart’s Law

77

3.3 Ampere’s Circuit Law-Maxwell’s Equation.....

3.4 Magnetic Flux Density - Maxwell’s Equation

3.5 Magnetic Scalar and Vector Potentials. ...........

................. 82
................. 84
................. 86
87

3.6 Forces Due To Magnetic Fields

3.7 Magnetic Boundary Conditions

92

3.8 Permeability

94

96

Objective Brain Teasers

Conventional Brain Teasers

98

CHAPTER 4

Time-Varying Electromagnetic Fields.....

4.1  Introduction

100-109

100

4.2 Maxwell's Equations for Static EM Fields........

4.3  Faraday's Law of Induction

101

4.4  Transformer and Motional EMFs.......c.ceeuvue...

4.5 Displacement Current

.............. 102
105

4.6 Maxwell's Equations In Final Forms..................

4.7 Time-Varying Potentials

.............. 106
106

Objective Brain Teasers

107

Conventional Brain Teasers

108




Electromagnetics

CHAPTER 5 CHAPTER 7

Electromagnetic Waves 110-149 Antennas 174-219

5.1 Introduction 110 7.1 Introduction 174

5.2 Intrinsic Wave Impedance 110 7.2 Basic Parameters of Antennas 181

5.3 Wave Propagation in Materials 111 7.3 Simple Radiating Systems 201

5.4 Loss Tangent and Dissipation Factor ... 118 7.4  Antenna Arrays 205

5.5 Wave Propagation in Good Conductors (¢ >> we). 118 Objective Brain Teasers 213

5.6 Wave Propagation in Lossless Media ..........ccoevueereeeenne 121 Conventional Brain Teasers 217

5.7 Wave Propagation in Free Space ......c..crneeeeesennnae 122

5.8 Wave Polarization 123

5.9 Power and Poynting Vector 127 .

5.10 Normal Incidence - Plane Wave Wavegmdes 220-245
Reflection/Transmission at a Dielectric Interface ... 130 8.1  Introduction 220

5.11 Oblique Incidence Plane Wave 8.2 Rectangular Waveguide EQUations...........ccoeeceuneceunees 220
Reflection/Transmission at Dielectric Interface ........ 136 83 TM Modes 224
Objective Brain Teasers 142 84 TE Modes 231
Conventional Brain Teasers 147 85 Dominant Mode 235

8.6 Power Transmission in Rectangular Waveguides...... 237

CHAPTER 6 8.7 Circular Waveguides (Cylindrical) ......cooccomeeeermereerecernens 238

Objective Brain Teasers 241

Transmission Lines 150

6.1 Introduction 150

6.2 Transmission Line Equations 152
T CHAPTER 9
6.3 Transmission Line Circuit

(Input impedance, Reflection coefficient, SWR)........ 159

Conventional Brain Teasers 243

Basics of Radar and Optical Fibre........... 246-259
6.4 Special Cases 164
9.1 Introduction to RADAR 246
6.5 Smith Chart 165
9.2 Introduction to Optical Fibre 250
6.6 Impedance Matching Techniques ..........ccoeveemeveeereeeernens 168
Objective Brain Teasers 169
Conventional Brain Teasers 172




CHAPTER

Vector Analysis

1.1 INTRODUCTION

Vector analysis is a concise language or mathematical shorthand which greatly facilitates the analysis of
electric and magnetic fields. The quantities of interest appearing in the study of EM theory can almost be
classified as either a scalar or a vector.

Quantities that can be described by a magnitude alone are called scalars. Distance, temperature, mass
etc. are examples of scalar quantities. Other quantities, called vectors, require both a magnitude and a direction
to fully characterize them. Examples of vector quantities include velocity, force, acceleration etc.

In electromagnetics, we frequently use the concept of a field. A field is a function that assigns a particular
physical quantity to every point in aregion. In general, a field varies with both position and time. There are scalar
fields and vector fields. Temperature distribution in a room and electric potential are examples of scalar fields.
Electric field and magnetic flux density are examples of vector fields.

Note: Vectors are denoted by an arrow over a letter (A ) and scalars are denoted by simple letter (A).

1.1.1  Unit Vector

A unit vector a, along A is defined as a vector whose magnitude is unity (i.e., 1) and its direction is

along A , that is

Thus we can write A as

hN]

Il
>
Q>
>

|
=1
Q>
>
D

Remember: Any vector can be written as product of its magnitude and its unit vector.

1.1.2 Vector Addition and Subtraction
Two vectors 7 and B can be added together to give another vector C ; that is,

C = A+B -(1.3)
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Fig.: Vector addition (a) parallelogram rule, (b) head-to-tail rule.

o . o =

A+B=B+A (Commutative law).

— —

A+(B+0) (Associative law)

NOTE
~=

, * (A+B+C

Vector subtraction is similarly carried out as

— —_ = — —

D = A-B=A+(-B -(1.4)

Graphically, vector addition and subtraction are obtained by either the parallelogram rule or the
REMEMBER  head-to-tail rule.

* Kk(A+B)=kA+kB (Distributive law)
A+B 1= 14
P

1.1.3 Position and Distance Vectors:

A point Pin Cartesian coordinates may be represented by (x, y, 2).
The position vector ?p (or radius vector) of point Pis defined as the directed distance from origin Oto P.

—

rp = xa, +ya, +za, ..(1.5)
z
P(x,y 2)
e

z
Fig.: lllustration of position vector 7;3 = xa, +ya, + za,
The distance vector is the displacement from one point to another. Rog Q
. . . " - . . . P -~
Consider point Pwith position vector rp and point Q with position B Ty y
- Tp
vector 1, . The displacement from Pto Qs written as
X
Rrg = rq—"rp (1 -6) Fig.: Vector distance E;o

MRDE ERSYH www.madeeasypublications.org Theory with

Solved Examples



POSTAL Electromagnetics
MRDE ERSYH BOOK PACKAGE 2027 Vector Analysis 3

EXAMPLE : 1.1

Point Pand Q are located at (0, 2, 4) and (-3, 1, 5). Calculate
(a) The position vector P

(b) The distance vector from Pto Q

(c) The distance between Pand Q

(d) A vector parallel to PQ with magnitude of 10.

Solution:
(a) n, = 0a,+2a,+4a, = 2a, +4a,
(b) Req = 1p—1y =(-3,1,5)-(0,2,4) = (-3,-1,1)

=-3a, -a, +a,
(c) The distance between Pand Qis the magnitude of Bny; that is

d = [Real=+9+1+1=3317

(d) Letthe required vector be A then

A = Ad,
where A = 10 is magnitude of A
and a, = firg _+ 310
Frol 3317
then 7 = iw - = (-9.0454, ~3.0158, +3.0154,)

11.4 Vector Multiplication

When two vectors are multiplied, the result is either a scalar or a vector depending on how they are
multiplied. Thus there are two types of vector multiplication.

1.
2.

Multiplication of three vectors Z

3.

4.
1.

—

Scalar (or dot) product: A - B
Vector (or cross) product : A x B
C can result in either
C

B.
Scalar triple product : (B c

~=

—

Vector triple product : A x (B C)
Dot Product

The dot product, or the scalar product of two vectors A and B, writtenas A . B is defined geometrically
as the product of the magnitudes of 4 and B and the cosine of the angle between them.

— =

Thus AB = ABcos0,, (1.7)
Where 0,5 is the smaller angle between 4 and B. The result of A.B is called either the scalar
product because it is scalar, or the dot product due to the dot sign.

lf Z = (AxlAy|Az) and E = (B)C’B)/’BZ)

then A-B A B +AB+A,B, ..(1.8)
The dot product is commutative and distributive.
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Note: Two vectors A and B are said to be orthogonal (or perpendicular) with each otherif A.B =0

The dot product obeys the following:

Law Expression
Cumulative A-B=B-A ..(1.9)
Distributive A-B+C) = A.-B+AC ..(1.10)
AA = [AP=|AR -(1.17)
Also note that:
a,-a, = a,-a,=a,-a,=0 (1.12)
4,-4, = &4,-4,=8,-4,=1 (1.13)

2. Cross Product:
The cross product of two vectors 4 and B, written as A xB, is a vector quantity whose magnitude
is the area of the parallelepiped formed by A4 and B and is in the direction of advance of the right-

handed screw as A isturned into B.

Fig.: The cross product of A and é is a vector with magnitude equal
to the area of parallelogram and the direction as indicated

Thus AXB = ABsin®,54, ..(1.14)
where 4, is a unit vector normal to the plane containing A and B.

The vector multiplication of equation (1.14) is called cross product due to the cross sign. Itis also
called vector product because the result is a vector.

If A = (A, A, A)and B=(B, B, B,)then:
4 4 &
AxB = |A Ay A ..(1.15)
B, B, B,
AxB = (AB,-AB)a, +(AB, ~AB,a, +(AB, - AB,)4,

..(1.16
Which is obtained by ‘crossing’ terms in cyclic permutation, hence the name cross product. ( )
Vector product is not commutative and not associative but vector product is distributive.
Note that the cross product has the following properties
1. Itis not commutative:

AxB # BxA .(1.17)
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Note: AX B # Bx A

2. ltis not associative:

Ax(BxC) # (AxB)x C ..(1.18)
3. lItis distributive:
AX(B+(C) = AXB+ AX(C ..(1.19)
Note: 4 x A =0
4. Also note that
4,x8, = & ..(1.20)
4y x8; = 4, .(1.21)

>
>

..(1.22)

Q>
X
1l
<

u - If A x B =0, then sin 0,5 = 0° or 180°; this shows that A and B are parallel or antiparallel to
g each other

3. Scalar Triple Product:
Given three vectors A, B, and C, we define scalar triple product as,
A-(BxC)=B.(CxA)=C .(AxB) -(1.23)
If A =(A.A,A), B=(B,B,B)and ¢ =(C, C, C) then A4 . (B x C)is the volume of a
parallelepiped having A, B,and ¢ as edges and is easily obtained by finding the determinant of
the 3 x 3 matrix formed by A, B, and ¢ thatis
A A A
Z(EXE) = Bx By BZ ..(1.24)
C. C C
Since the result of this vector multiplication is scalar these two equations are called the
scalar triple product.

4. Vector Triple Product:
Forvectors A, B,and ¢, we define the vector triple product as

Ax(BxC) = B(A.C)-C(A.B) ..(1.25)
This is obtained using the “bac-cab” rule.

EXAMPLE : 1.2 Three field quantities are given by P =24 -4, and Q=2a, - a, +2a,,
R =2a,-34,+4,. Determine:
(a) (F+Q)x(P-Q) (b) @.(RxP) (c) P-(@xR)
(d) sin 8,5 (e) P x(QxR)
MBDE EASYH www.madeeasypublications.org Theory with
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soon pacwsce P

(f) A unit vector perpendicular to both G and R

(g) The component of £ along @

Solution:
(a) P+Qx(P-0) = 2QxP)
a a, a,
=2[2 -1 2|=2(1-0)4,+2(4+2)8& +2(0 +2)a, = 2a,+124,+ 44,
2 0 -1
a, a, a,
(b) Q-(RxP) = (2,-1,2). |2 -3 1
2 0 -1
=(2,-1,2).(3,4,6)=6-4+12=14
2 -1 2
Alternatively: Q-(RxP) = |2 -3 1|=14
2 0 -1
(c) P.(QxR) = Q-(RxP) =14
(d) sin 0 = |9,Xf"| :@=0.5976
Q1A 14
(e) Px(@xR) = QP-R) - RP-Q)
=(2,-1,2)(4+0-1)—(2,-3,1) (4 +0-2) = (2,3, 4) = 24, +34,+44,
(f) A unit vector perpendicular to both @ and g is given by
4 = gz; (5ﬁ_5‘4) = +(0.745, 0.298, - 0.596)
a, = (O745é +0.2984, —0.596 4, )
Note that, &, =1, 4,-Q = =0
The component of p along Q is
L . _ (PO)D  (4+0-2)(2-12)
Pq = |Pl cos 0.0 8 = (P-45)a, = (@3 - (4+1+4)
= %(2,—1,2) = 044444 ~0.22228, +0.4444 3,

1.2

COORDINATE SYSTEMS

A coordinate system defines points of reference from which specific vector directions may be defined.

Depending on the geometry of the application, one coordinate system may lead to more efficient vector
definitions than others. The three most commonly used co-ordinate systems used in the study of electromagnetics
are rectangular coordinates (or Cartesian coordinates), cylindrical coordinates and spherical coordinates.

Note: An orthogonal system is one in which the coordinates are mutually perpendicular

MRDE ERSYH
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1.2.1 Cartesian Coordinates

A vector at any point Pis specified in terms of three mutually perpendicular components with unit vectors
a,,a, and &,. The unit vectors 4,,4, and &, forms aright-handed set; i.e., turning &, into &, like a right handed

screw, we move in the &, direction.
Avector A in Cartesian (other wise known as rectangular) coordinates can be written as
(A, A, A)or Aa,+Aa, +Aa, ...(1.26)
Where éx,éy, a, are unit vectors along the x, y and z directions

«— Yy = constant

' z=constant

)
)
| «— X =constant
)
1
]

Fig.: A point in Cartesian coordinates is defined by the intersection
of the three planes: x = constant, y = constant, z = constant.
The three unit vectors are normal to each of the three surfaces.

The ranges of the variables are:

—c0 < x< 4 (1278)
o<y oo .(1.27b)
o< 7 < 4 o0 (1.27¢)

1.2.2 Cylindrical Coordinates

The cylindrical coordinate system is very convenient whenever we are dealing with problems having
cylindrical symmetry.

A point Pin cylindrical coordinates is represented as (p, ¢, z). Observe closely and note how we define
each space variable; p is the radius of the cylinder passing through P or the radial distance from the z-axis; ¢,
called the azimuthal angle, is measured from the x-axis in the xy-plane; and z is the same as in the Cartesian
system. The ranges of the variables are:

0<p<e ...(1.28)
0<o<2n i —00< Z< 40

Avector A in cylindrical coordinates can be written as
(A, Ay A)or Ad, + A, +Al, ..(1.29)
V4

?Z (P4, 04, 24)

z = a constant

¢ = a constant
X [ p = a constant x
(a) (b)
Fig.: (a) The point is defined by the intersection of the cylinder and the two planes.
(b) Point P and unit vectors in the cylindrical coordinate system.

MRDE ERSYH www.madeeasypublications.org So]veghg‘)’(gn‘glig;
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Notice that the unit vectors ép,é¢ and &, are mutually perpendicular because our coordinate systemis orthogonal.

8,8 = 8,-4,=a,-8,=0 -.(1.30)
8,8, = &4,-4,=4,-4,=1 -(1.31)
4, %48, = a, (132)
4,xa, = &, .(1.33)
a,%x&, = g, .(1.34)

1.2.3 Relationship between Cartesian and Cylindrical Coordinate System

The relationships between the variables (x, y, 2) of the Cartesian coordinate system and those of the
cylindrical system (p, ¢, 2) are easily obtained from figure below.

Point transformation, P = 4[x° +y2,, 0= tan‘1£, z=2z ...(1.35)
or,
X=pCcoso, y=psing, z=2z ...(1.36)
Whereas equation (1.35) is for transforming a point from Cartesian (x, y, 2) to cylindrical (p, ¢, ) coordinates,
equation (1.36) is for (p, 0, 2) — (x, y, 2) transformation.

The relationships between &,.4,,a, and a,.8,.a, are
p sino
Vector transformation, 4, = cos¢a, —sin¢g, ...(1.37 a) 0 cos § 5
4, = singd, +Ccosod, .(137p) et P
a, = a, ...(1.37¢)
V4
or, ) - _ ,
g, = cos¢a, +sinoa, ..(1.382) s
g, = —-sinoa, +C0S04,  ...(1.38Db)
éz = éz ...(1.380) X
Finally, the relationship between (A, A, A)) and (A, A;, A,) are Fig.: Relationship between (x, y, z)
and (p, o, z)
A cos¢ sing OJA,
Ayl = |-sino cos¢ 0||A, ..(1.39)
A, 0 0 1a,
A cos¢ -sing O]|A
Al = sing cos¢ Of|A, ...(1.40)
AZ O O 1 AZ

1.2.4 Spherical Coordinates

The spherical coordinate system is most appropriate when dealing with problems having a degree of
spherical symmetry. A point Pcan be represented as (r, 0, ¢). From figure, we notice that ris defined as the distance
from the origin to point P or the radius of a sphere centered at the origin and passing through P; 6 (called the
colatitudes) is the angle between the z-axis and the position vector of P; and ¢ is measured from the x-axis (the
same azimuthal angle in cylindrical coordinates). According to these definitions, the ranges of the variables are

0<r<e -..(1.41)
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Q.1

Q.2

Q.3

Q.4

Q.5

Q.6

Electronics
Engineering

OBJECTIVE
BRAIN TEASERS

A point is represented in Cartesian coordinates
as A3, 4, 5), the radial component p in cylindrical
coordinates will be

(@) less than (b) greater than

(c) equalto (d) unrelated to

rin spherical coordinates.

Consider a closed surface S surrounding a
volume V. If 7 is the position vector of a point
inside S, with A the unit normal on S, the value

of the integral p2r -/ dS is
S

(@) 3V
(c) 6V

Consider a vector E = za, +(x+y)a,, the z
component of the vector in cylindrical coordinates
will be

(@) z

(b) zcos ¢ + (x + y) sin o

(€) —=zsind + (x + y) cos o

(d) zero

The direction of vector A is radially outward
from the origin, with Al = kr” where
r>=x2+ y? + z%and kis a constant. The value
of nforwhich v.A =0is

(@ -2 (b) 2

(c) 1 (d)0

Let a pointin spherical and cylindrical coordinates
are (r, 0, ¢) and (p, ¢, 2). The radial component r

in spherical coordinates is related to components
in cylindrical coordinates as

@ p (b) p cos d
(c) ztan™" ¢ (d) (p2 + 22)12

Given the vector
A = (cosx) (siny)a, +(sinx) (cosy)a,,

where &,,4, denote unit vectors along x, y
directions, respectively. The magnitude of curl

of A is

soon pacwsce P

Q.7

Q.8

MEBDE ERSYH

Given avector field A =2rcos ¢ &, incylindrical
coordinates. For the contour as shown below,

q.D/Z\ O’T is y
(a) 1
(b) 1-(n/2)
() 1+ (n/2)
(d) -1
0 X
y

Circle of
o unit radius

What is the value of the integral J.df along the
C

curve c (cis the curve ABCD in the direction of

the arrow)?

() 2(4,+4,)/\2
(b) —2(a,+4,)/v2
(c) 2a,

(d) -2a,

ANSWERS KEY

HINTS & EXPLANATIONS

B @

P3,4,5), p=32+4% =5
r=432+42+52 =50 =52
So, r>p

MRDE ERSYH
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Position vector,

-

r = xa, +ya, +za,
dbarnas = 2f[(V-nav
S v
K W, 0z
Ver = ox oy 9z
gper-nas = 6fffav=6V
v

E =za +(x+y)a,

Z component of Cartesian and cylindrical
component are equal.

Hence, zcomponentis 0.

2 [8)

P=x>+ )2+ 2

Al = Kkr"

F:xéx+yéy+zéZ
V.A=V-(k'"a)=kv-(r"g)
V- A= kV-[r”ij

[:I

. 10 10, h40

A = rPrhy = ——
V.-A 28r( ") 2 (r'"°)

—

for V-A =0, r"*?2=constant
= n+2=0

r=Jx*+y>+2°
p=yx’+y°? = P=x2+)
= r= \/92+Z‘2

A = cosxsinya, +sinxcosya,

a, a, a,

I e
VXA o dy oz

cosxsiny sinxcosy O

soon pacwsce P

Electromagnetics
Vector Analysis 2 7

VxA=0-4 +(-0-4,)+[cosxcosy —cosxcosy]a,
= VxA =0= sz‘:

(a)

—

A = 2rcos¢a,
for Stokes’s theorem

qSZ\’-dz = jj(?xZ)-ds

a, ra,

a
- - 1 0 0 .
V><A=7 Fy % py = +2sin¢a,
0 O

. n/21 n/2 5, L
H(VxA)ds [ [+ersinoardo= [ { :l singdo
0

s 0 0

= _Uﬁxz)-ds = [coso]l'? =1

U

)
>
SN
I

—
Q
1l

[di+ [di+ [di
C AB BC CD
As J' dl and J' di
AB CcD
are in opposite direction

y

X

AB CcD
= far = [ di=-23,
C BC
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4) CONVENTIONAL BRAIN TEASERS

Q.1 Find the area of the curved surface of a right circular cylinder of radius r and height h using cylindrical

coordinates.

BN son
radius of cylinder, 'r; height of cylinder, ‘h’
2nh

2n
Curved surface area, A = _Hr dzdp = f_[ hde = 2nrh
00 0

Q.2 Calculate the volume in spherical coordinates defined by

1<r<2m 0<0<Z 0<o< =
sr=2m0=0<75,0=0=7

BN o
n/2n/22 5 n/2m/2 r3 2
Volume, V = resineadrdbdy = | si
.g _g_[ ] E‘). '(‘)[3} sinBde do
1
7n/2 n/2d 7 w2 7 3
V= § -(‘j‘ [—COSG]O ¢ = 5[(])]0 = ETCm

Q.3 Calculate the circulation of A = poosq)ép +zsinga, around the edge L of the wedge defined by

O<p<2 02p<60° z=0and shown in figure.

y
L
\ 60°
0 2 *
EN s
A = pcosfa, + zsinoa,
& pa, &
0 0 ) 1 P o
= 5[(ZCOS¢)61p -p3,[0]+ (psing)a,]

o 1
VXA = p| op a0 9z
pcosdo 0O zsing

ZC0S0 5 + psing 4,
Y p

Theory with
Solved Examples

www.madeeasypublications.org

MRDE ERSYH





