ISBN: 9788183715386

Electromagnetic Fields

and
Waves

S. Baskaran

Professor & Head (Retd.)
Department of ECE
Velammal Engineering College
Chennai - 600 066

K. Malathi

Associate Professor
Department of ECE

College of Engineering Guindy
Anna University

Chennai - 600 025

T
P

Publishing for future

SCITECH PUBLICATIONS (INDIA) PVT. LTD.

CHENNAI

www.scitechpublications.com



ISBN: 9788183715386

Contents

1 \Vector Analysis and Co-ordinate Systems 1.1-1.111

1.1 Vector Analysis . . . . . . . . . .. 1.1
1.1.1 Introduction. . . .. ... ... ... ... . ...... 1.1
1.1.2 \Vectorsandscalars . .. ... ............... 1.2
1.1.3 Components of a vector and unit vector . . . . .. .. .. 1.3
1.1.4 Unitvector . . . . . . . . . o i 1.6
1.1.5 \Vector addition and subtraction . .. .. ... . ... .. 1.7
1.1.6 Productofvectors .. .. ... .. ... ......... 1.8
1.1.7 Position and distance vectors . . . . . . . ... ... ... 1.13

1.2 Co-ordinate Systems . . . . .. .. L 1.24
1.2.1 Introduction. . . . . . . . .. ... 1.24
1.2.2 Rectangular co-ordinate system . .. ... ... ... .. 1.25
1.2.3 Cylindrical co-ordinate system . . . . . .. ... ..... 1.27
1.2.4 Spherical co-ordinate system . . . . ... ... ... ... 1.30
1.2.5 Conversion between co-ordinate systems . . ... .. .. 1.33

1.3 Line, Surface and Volume Integrals . . . . . ... ... ...... 1.55
1.3.1 Lineintegral . ... ... ... ... ........... 1.55
1.3.2 Surfaceintegral . . . . . . ... ... oL 1.57
1.3.3 \Wolumeintegral . . . . . ... ... ... ... ... 1.58

1.4 Spatial Derivatives of Scalar and Vector Fields . . . . . . ... .. 1.59
1.4.1 Gradientofascalar . . ... ................ 1.59
1.42 Divergenceofavector . .. ... ... .. ........ 1.61
143 Curlofavector . . . ... ... ... ... ... .. ... 1.70
1.4.4 Stokes'stheorem . . . .. ... ... ... ........ 1.76
145 Laplacianofascalar . ... ... ... .......... 1.78
ShortQuestions. . . . . . . . . . ... 1.106
Problems . . . .. .. ... ... ... ... 1.107

2 Static Electric Field 2.1-2.113

2.1 Introduction . . . . . . . .. 2.1

www.scitechpublications.com



ISBN: 9788183715386

2.2 Coulomb'sLawofForces. . ... ... ... ... ........ 2.2
2.3 Hectric Field and Electric Field Intensity . . . . . ... ... .. 2.4
2.3.1 Electric field due to pointcharges . . . ... .. .. ... 2.5
2.3.2 Electric field due to continuous distribution of charges -
principle of superposition . . . .. ... ... ... .. 2.15
2.4 Electric Flux Density, Gauss'sLaw . . . . . . ... ... .. ... 2.35
2.4.1 Concept of electric flux and the relationship between elec-
tric flux and electriccharge . . . . .. .. ... ... .. 2.35
2.4.2 Electric flux density/displacement density . . . . . . . .. 2.37
2.4.3 Gauss law in electrostatics & applications . . . . . . . .. 2.38
2.5 Electric Potential and Potential Difference . . . . . . ... .. .. 2.71
2.5.1 Potential differencésg due to a pointcharge Q . . . . . . 2.78
2.5.2 Electric potential at a point due to various distribution of
charges: principle of superposition . . . . . ... ... .. 2.86
2.6 Energy Stored in Electrostatic Field . . . . ... ... ...... 2.96
ShortQuestions. .. . . . . . ... 2.109
Problems . . .. . .. . . 2.110
Conductors, Dielectrics and Capacitors 3.1-3.98
3.1 Conductors - Introduction . . .. . . ... ... Lo 3.1
3.1.1 Distinction between conductors and dielectrics . . . . . . 3.1
3.1.2 Currentand currentdensity . . . . . ... ... ... ... 3.2
3.1.3 Perfect conductors in static electricfield . . . . . ... .. 25
3.1.4 Continuityequation . . . . . . . ... ... ..., 3.8
3.2 Dielectrics . . . . . ... 3.17
3.2.1 Introduction . . . . ... ... ... 3.17
3.2.2 Effect of applied electric field on a dielectric . . . . . . . 3.19
3.2.3 Effect of polarization in a dielectric on the displacement
density D inside the dielectric . . . . . ... ... .... 3.21
3.2.4 Dielectric susceptibility and dielectric constant . . . . . . 825
3.25 Dielectricstrength . . . . . ... ... ... ....... 3.26
3.2.6 Linear, homogeneous and isotropic dielectric materials . . 3.27
3.3 Boundary Conditions for Electrostatic Fields. . . . . . .. .. .. 235
3.3.1 Need for boundary conditions . . . . ... ... ... .. 3.35
3.3.2 Dielectric to dielectric boundary condition . . . . . . . . . 3.36

www.scitechpublications.com



ISBN: 9788183715386

3.3.3 Boundary conditions for normal component of electric Be3@
3.3.4 Boundary conditions at the interface between a perfect di-

electricand aconductor . . . . ... ... ... ... .. 341
3.4 Poisson’s and Laplace’s Equations and their Applications . . . . . 398
3.41 Introduction. . .. .. ... ... ... ... .. ..., 368
3.4.2 Derivation of Poisson’s and Laplace’s equations for elec-
trostatic potential/ . . . . . .. ... oL L 3.54
3.4.3 Example for the solution of Poisson’s equation . . . . . . 3.56
3.4.4 Solution of Laplace’s equation in one dimension examples 3.57
3.5 Capacitance and Capacitors . . . . . . . . .. .. ... ... .. 3.78
3.5.1 Parallel plate, coaxial and spherical capacitors (using
Gauss'slaw) . . . .. e 3.79
3.5.2 Reason for using two dielectrics in a transmission Line
(oracapacitor) .« . . . .. 4 3.86
3.5.3 Energy storedin a capacitor . . . .. .. .. ... .... 3.87
ShortQuestions. .« . . . . . . e 3.96
Problems . . ... ... ... ... . 3.97
4 Static Magnetic Fields 4.1-4.167
4.1 Introduction . . . . . . . .. o 4.1
42 Ampere’slLawofForces . . . ... .. ... ... .. ...... 4.3
4.3 TheBiot-SavartLaw . . . .. ... ... ... .. ........ 4.11
4.3.1 Magnetic field intensity due to different current
distributions . . . . . . ... 4.13
44 Ampere’sCircuitalLaw . . . . . .. ... 4.30
4.4.1 Proof for Ampere’scircuital law . . . . . .. .. ... .. 4.31
4.4.2 Application of Ampere’s circuital law for solenoids and
toroids . . . . . . .. ... 4.39
4.4.3 To defined x H and to show that the curl of magnetic
field intensity is equal to the current densityliex H =J 4.45
4.5 Magnetic Flux and Magnetic Flux Density . . . . . . .. ... .. 4.48
4.5.1 To prove that magnetic flup,= [B-ds . . . . . .. .. 4.49
S
452 Gauss’s law for magnetic field . . . . .. ... ... ... 4.50
4.6 Magnetic Scalar and Magnetic Vector Potentials . . . . . . . . .. 4.53
4.6.1 Magnetic scalar potential . . . . ... ... ........ 4.53

www.scitechpublications.com



ISBN: 9788183715386

4.6.2 Magnetic vector potential . . . . .. ... ... ... .. 4.61
4.7 Magnetic Forces, Torques, Magnetic Materials and Inductors . . . 4.76
4.7.1 Magneticforces. . . .. .. .. .. ... ... ... 4.76
4.7.2 Magnetic torque and magnetic moment . . . . . ... .. 4.83
4.8 MagneticDipole . ... ... ... . .. .. .. ... 000 4.94
4.9 Magnetic Polarization (Magnetization) . . . . . . . ... .. ... 4.96
4.9.1 To show thaB = Lip(H + M) for a magnetic material . . . 4.98
4.92 Classification and behaviour of magnetic material . . . . . 4.102
4.9.3 B-—Hcurveorhysteresiscurve ... ........... 4.104
4.10 Inductance and Mutual Inductance . . . . .. . ... ... .... 4111
4.10.1 Inductance . . . . .. . ¢ . ... 4111
4.11 Energy Storedinan Inductor . . . . . . ... L. 000 4.131
4.12 Magnetomotive Force, Reluctance and Permeance . . . . . . . . . 4.141
4.12.1 Magnetomotive force (mmf) . . . . . . .. .. ... ... 4.141
4.12.2 Reluctance and permeance . . . . .. . . .. ... .... 4.142
4.13 Boundary Conditions for Magnetostatic Fields . . . . . . . . . .. 4.148
ShortQuestions. . . . . . . . . ... 4.161
Problems . . . . .. . .. 4.162

Time Varying Electric and Magnetic Fields 5.1 -5.67

5.1 Maxwell's Equations - Anintroduction . . . . . .. ... ... .. 5.1
5.2 Faraday’s Law of Electromagnetic Induction - Maxwell's First

Curl Equation (for Electric FieldE) . . . . ... ... ... ... 53

5.21 To derive Maxwell’s equatiofl x E = % ........ 5.4

5.2.2 Transformer emf, motional emf and combination of trans-

former and motionale.m.fs . . . . . . ... 55

5.3 Derivation of Maxwell's Second Curl Equation for Time

Varying Fields . . . . . . . . .. .. ... ... ... ... 535
5.4  Significance of Maxwell's Second Equation . . . . ... ... .. 5.39

5.4.1 Maxwell's divergence equation for the electric field . . . . 5.39

5.4.2 Maxwell's divergence equation for the magnetic field . . . 5.40
5.5 Maxwell's Equations in the Differential Form (or Point Form) and

the Integral Form . . . . . . . ... ... L 5.40
5.6 Electromagnetic Boundary Conditions . . . . . .. .. .. .. .. 5.41

www.scitechpublications.com



5.7

ISBN: 9788183715386

5.6.1 Boundary conditions at the interface between two media

fortime varying fields . . . ... ... .. ........ 5.42
5.6.2 Boundary conditions for tangential component of E . . . . 5.43
5.6.3 Boundary condition for tangential component of magnetic

field . . . ... e 5.44
5.6.4 Boundary condition for normal component of displace-

mentdensityDn . . . ... e 5.46

5.6.5 Boundary conditions at the interface between a perfect
dielectric (medium 1) and a good conductor (medium 2)
with finite conductivityo . . . . . ... ... ... 0. 5.48

5.6.6 Boundary condition at the interface between a perfect di-
electric (medium 1) and a perfect conductor (medium 2)

whereo =oc . . . .. . L e 5.50
Maxwell’s Equations using Phasor Notation . . . . . . . ... .. 5.51
ShortQuestions. . . . . . . .. .. 5.65
Problems . . . .. ... .. . .. . 5.66

The Wave Equations for Electromagnetic

Fields 6.1-6.89
6.1 Introduction . . . . . . . . . . ... 6.1
6.1.1 General wave equation for time varying electric and mag-
neticfields . ... ... ... .. ... .......... 6.1
6.1.2 General wave equation for time varying magnetic field . . 6.3
6.1.3 Homogenous scalar wave equations . . . . ... .. ... 6.5
6.2 Uniform Plane Electromagnetic Waves . . . . . .. ... ..... 6.6
6.2.1 Properties of a uniform planewave . ... ... ... .. 6.7
6.3 Plane Wave in a Lossless Dielectric Medium . . . . . . ... ... 6.9
6.3.1 Solution of wave equation for electric field in a lossless
dielectric . . . . . . .. ... 6.10
6.3.2 Wavelength . . . ... ... ... ... ... ... 6.12
6.3.3 Solution of wave equation for magnetic field in a lossless
dielectric . . . . . . .. ... 6.12
6.4 Plane Wavesinalossy Medium . . ... ... .......... 6.16
6.4.1 Classification of a lossy dielectric and a conductor . . . . 6.16
6.4.2 Solution for wave equation in a lossy medium (Lossy di-
electric oragood conductor) . . .. . ... ... ... .. 6.17

www.scitechpublications.com



6.5

6.6

ISBN: 9788183715386

6.4.3 Plane waves in a lossy dielectric (valuesigB andn) . . 6.21
6.4.4 Loss tangent, dissipation factor and power factor of di-

electrics . . . . . . . 6.24
6.4.5 Plane wave propagation in good conductors . . . . . . .. 6.25
Electromagnetic Power Flow and Poynting Vector . . . . .. . . . 6.29
6.5.1 Derivation of Poynting’s theorem . . . . . .. .. .. .. 6.30

6.5.2 Time average Poynting vector and time average power . . 6.33
6.5.3 Complex Poynting vector and time average power using

the complex Poyntingvector . . . . . ... .. ... ... 6.34
Wave Polarization . . . . . ... ... 6.35
6.6.1 Linear and plane polarization . . . . .. ... . .. .. .. 6.36

6.6.2 Circular polarization and elliptical polarization of uniform
planewaves . . .. ... .0 6.37

6.6.3 Application of polarization in the reception of radio waves 6.45
Short QUestions. . . . . . . . . e e 6.84
Problems . .. . .. ... . 6.86

7 Reflection and Refraction of Uniform Plane
Waves 7.1-7.78

7.1

7.2

7.3

7.4

Normal Incidence on a Plane Perfectly Conducting Surface . . . . 7.1

7.1.1 Normal incidence at the interface of a perfect dielectric
(medium 1) and a perfect conductor (medium 2). Equa-
tion for electricfield . . .. ... ... ... .. ..... 7.2

Plane Wave Propagation - Oblique Incidence at a Plane Conduct-
ingBoundary . ... ... 7.7

7.2.1 Plane wave incident obliquely on a perfect conductor -
perpendicular polarization . . . ... ... ... ..... 7.10

7.2.2 Oblique incidence on a perfect conductor - parallel polar-
ization . . . . ... 7.14

Normal Incidence at the Interface of Two General Media Reflec-
tion and Transmission Coefficients . . . . . . . . . . .. ... .. 7.17

Oblique Incidence at the Interface of Two Dielectrics (Reflection
and Transmission Coefficients) . . . . .. .. ... ... ..... 7.23

www.scitechpublications.com



ISBN: 9788183715386

7.4.1 Oblique incidence-parallel polarization at the intexfat

two perfect dielectrics . . . . . . .. ... ... .. ... 7.27
7.4.2 Perpendicular polarization (oblique incidence) . .. . .. 7.36
7.5 Surface Impedance and Power Loss in a Conductor . . . . . ... 7.43
7.5.1 Surface impedance of aconduc@y)( . . . . . .. .. 7.43
7.6 Transmission Line or Circuit Analogy for a Plane Wave . . . . . . 7.49
ShortQuestions. . . . . . . . . ... e 1.74
Problems . . . . .. . .. . .. 7.76

8 Application of Static Fields and Computational

Methods 8.1-8.35
8.1 Introduction . . . . . . ... ... e 8.1
8.1.1 Deflection of a charged particle - electrostatic deflection . 8.2
8.1.2 Magneticdeflection. . . . ... ... ... ........ 8.4
8.1.3 Cathode ray oscilloscope . . . . . . .. .. ... ..... 8.5
8.1.4 Inkjetprinter . . . . .. .. ... . 8.10
8.1.5 Electrostatic generator . . . . ... .. ... .. ... .. 8.12
8.1.6 Magneticseparator . . . . ... ... ... ... ..... 8.13
8.1.7 _Particle accelerator . . . . . ... ... ... ....... 8.15
8.1.8 \elocity selector . . . . . .. ... ... 8.18
8.1.9 Mass spectrometer . . ... ... ... . 8.19
8.1.10 Electromagneticpump . . . .. .. .. ... ... .... 8.20
8.2 Field Computation Methods . . . . . ... ... ......... 8.21
8.2.1 Introduction . . . . . . ... ... 8.21
8.2.2 Finite difference technique . . . . . .. .. .. ... ... 8.22
8.2.3 Method of moments . ... ................ 8.27
8.2.4 Finite elementmethod . . . ... ... ... ....... 8.30
ShortQuestions. . . . . . . . . ... 8.32
Problems . . . . ... .. . ... 8.33
Appendix Al-A12
Index .1-1.6

www.scitechpublications.com





