










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Problems 667 

a) If 100 (W) is transmitted from one station, how much power is received by a 
matched load at the other station? 

b) Repeat part (a) assuming that both antennas are Hertzian dipoles. 
P . l l -27 (a) Show that three satellites equally spaced around the geosynchronous orbit in 
the equatorial plane would cover almost the entire earth's surface. Explain why the polar 
regions are not covered, (b) Assuming the main beam of the radiation pattern of the satellite 
antenna to have the shape of a circular cone that just covers the earth with no spillover, 
find a relation between the main-lobe beamwidth and the directive gain of the antenna. 
P.l l-28 The antenna at the earth station of a satellite communication link having a gain 
of 55 (dB) at 14 (GHz) is aimed at a geostationary satellite 36,500 (km) away. Assume that 
the antenna on the satellite has a gain of 35 (dB) in transmitting the signal back toward 
the earth station at 12 (GHz). The minimum usable signal is 8 (pW). 

a) Neglecting antenna ohmic and mismatch losses, find the minimum satellite trans
mitting power required. 

b) Find the peak transmitting pulse power needed at the earth station in order to 
detect the satellite as a passive object, assuming the backscatter cross section of the 
satellite including its solar panels as 25 (m2) and the minimum detectable return 
pulse power to be 0.5 (pW). 

P.11-29 A transmitting vertical half-wave dipole 60 (m) above the ground radiates 400 (W) 
at 100 (MHz). Assume the ground to be perfectly conducting. 

a) Calculate the power available at a vertical half-wave receiving antenna 50 (km) 
away at a height 30 (m) above the ground. 

b) At a distance 50 (km) from the transmitting antenna, where (at what altitudes) 
would there be a null field? 

P.l l-30 The current along an isolated and terminated traveling-wave antenna of length L 
is given as 

I(z) = I0e~^. 

a) Find the far-zone vector potential, A(R, 6). 
b) Determine H(R, 6) and E(R, 6) from A(R, 6). 
c) Sketch the radiation pattern for L = A/2. 

P.ll-31 A turnstile antenna consists of two perpendicular half-wave dipoles, one (antenna 
A) lying along the x-axis and the other (antenna B) along the y-axis. The output of antenna 
B, after a 90° phase retardation, is combined with that of antenna A. A right-hand ellipti-
cally polarized plane wave E; = E0(ax + ayjp) exp (jkz) is incident on the antennas. 

a) Determine the open-circuit voltage at the output terminals of the turnstile antenna. 
What is its value if p = 1? 

b) Repeat part (a) for a left-hand elliptically polarized incident wave E ; = 
E0(ax ~ a,jp) exp (jkz). 

c) Repeat part (a) for a linearly polarized incident wave E, = axE0 exp (jkz). 
(Hint: Find the complex effective length of the turnstile antenna and use Eq. 11-76.) 
P.l l-32 A helical antenna operating in the normal mode has N turns with diameter 2b 
and interturn spacing s. Both 2b and s are very small in comparison to A/AT and are 
adjusted to radiate circularly polarized waves. Find: 

a) its directive gain and directivity, 
b) its radiation resistance. 



11 Antennas and Radiating Systems 

P.11-33 For the problem in Example 11-13, write the expression for the far-zone electric 
field EP(d, (j>) at a point P(6, $) located near the z-axis (cos 9=1) but not in either of the 
principal planes. 
P.11-34 Assume that the field in an a x b rectangular aperture in an xy-plane is linearly 
polarized in the y-direction and that the aperture excitation has a uniform phase and a 
triangular amplitude distribution 

|2 I . . a 
f(x) — 1 — - x , x < - . 

\a \ ' ' 2 
Find (a) the pattern function in the xz-plane, (b) the half-power beamwidth, (c) the location 
of the first nulls, and (d) the level of the first sidelobes. Compare the results with those 
obtained in Example 11-13 for uniform field distribution. 
P.ll-35 Do Problem P.11-34 for a uniform-phased cosinusoidal amplitude distribution 

/(x) = cos(— j , H ^ 2 ' 

and compare your results with those obtained in Example 11-13 for a uniform field 
distribution. 
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A 
Symbols and Units 

A™ 1 Fundamental SI (Rationalized MKSA) UnitsT 

Quantity 

Length 
Mass 
Time 
Current 

Symbol 

£ 
m 
t 
hi 

Unit 

meter 
kilogram 
second 
ampere 

Abbreviation 

m 
kg 
s 
A 

f Besides the MKSA system for the units of length, mass, time, 
and current, the SI adopted by the International Committee 
on Weights and Measures consists of two other fundamental 
units. They are Kelvin degree (K) for thermodynamic 
temperature and candela (cd) for luminous intensity. 

A—2 Derived Quantities 

Quantity 

Admittance 
Angular frequency 
Attenuation constant 
Capacitance 
Charge 
Charge density (linear) 
Charge density (surface) 
Charge density (volume) 

Symbol 

Y 
CO 

a 
C 

Q,q 
Pe 
Ps 
P 

Unit 

Siemens 
radian/second 
neper/meter 
farad 
coulomb 
coulomb/meter 
coulomb/meter2 

coulomb/meter3 

Abbreviation 

S 
rad/s 
Np/m 
F 
C 
C/m 
C/m2 

C/m3 

(continued) 
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672 A Symbols and Units 

A—2 Derived Quantities (continued) 

Quantity 

Conductance 
Conductivity 
Current density (surface) 
Current density (volume) 
Dielectric constant 
(relative permittivity) 
Directivity 
Electric dipole moment 
Electric displacement 
(Electric flux density) 
Electric field intensity 
Electric potential 
Electric susceptibility 
Electromotive force 
Energy (work) 
Energy density 
Force 
Frequency 
Impedance 
Inductance 
Magnetic dipole moment 
Magnetic field intensity 
Magnetic flux 
Magnetic flux density 
Magnetic potential (vector) 
Magnetic susceptibility 
Magnetization 
Magnetomotive force 
Permeability 
Permittivity 
Phase 
Phase constant 
Polarization vector 
Power 
Poynting vector 
(power density) 
Propagation constant 

Symbol 

G 
o 

h 
J 
er 

D 

P 
D 

E 
V 

Xe 

r 
w 
w 
F 

f 
z,n 
L 
m 
H 
0 
B 
A 

X.m 
M 
r m 

)",l"o 
e ,£ 0 

<P 
P 
P 
P 
SP 

y 

Unit 

Siemens 
siemens/meter 
ampere/meter 
ampere/meter2 

(dimensionless) 

(dimensionless) 
coulomb-meter 
coulomb/meter2 

volt/meter 
volt 
(dimensionless) 
volt 
joule 
joule/meter3 

newton 
hertz 
ohm 
henry 
ampere-meter2 

ampere/meter 
weber 
tesla 
weber/meter 
(dimensionless) 
ampere/meter 
ampere 
henry/meter 
farad/meter 
radian 
radian/meter 
coulomb/meter2 

watt 
watt/meter2 

meter _ 1 

Abbreviation 

S 
S/m 
A/m 
A/m2 

— 

— 
C-m 
C/m2 

V/m 
V 
— 
V 
J 
J/m3 

N 
Hz 
Q 
H 
A-m2 

A/m 
Wb 
T 
Wb/m 
— 
A/m 
A 
H/m 
F/m 
rad 
rad/m 
C/m2 

W 
W/m2 

m" 1 

(continued) 
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A - 2 Derived Quantities (continued) 

Quantity 

Radiation intensity 
Reactance 
Relative permeability 
Relative permittivity 
(dielectric constant) 
Reluctance 
Resistance 
Susceptance 
Torque 
Velocity 
Voltage 
Wavelength 
Wavenumber 
Work (energy) 

Symbol 

U 
X 
nr 

St 
R 
B 
T 
u 
V 

k 
W 

Unit 

watt/steradian 
ohm 
(dimensionless) 
(dimensionless) 

henry - 1 

ohm 
Siemens 
newton-meter 
meter/second 
volt 
meter 
radian/meter 
joule 

Abbreviation 

W/sr 
Q 

— 

H " 1 

Q 
S 
N-m 
m/s 
V 
m 
rad/m 
J 

A—3 Multiples and Submultiples of Units 

Factor by Which Unit Is Multiplied 

1 000 000 000 000 000 000 = 1018 

1000 000 000 000 000= 1015 

1 000000 000000 = 1 0 1 2 

1000 000 000 = 1 0 9 

1 000 000 = 106 

1 000 = 103 

100 = 102 

10 = 101 

0.1 = 10"1 

0.01 = 10"2 

0.001 = 10"3 

0.000 001 = 10" 6 

0.000000 001 = 10" 9 

0.000 000 000001 = 10"-12 

0.000 000 000 000 001 = 10"1 5 

0.000 000 000 000 000 001 = 10"1 8 

Prefix 

exa 
peta 
tera 
giga 
mega 
kilo 
hectot 

deka* 

decit 

centit 

milli 
micro 
nano 
pico 
femto 
atto 

Symbol 

E 
P 
T 
G 
M 
k 
h 
da 

d 
c 
m 

0 
n 

P 
f 
a 

1 These prefixes are generally not used except for measurements of 
length, area, and volume. 



B 
Some Useful Material Constants 

B— 1 Constants of Free Space 

Constant 

Velocity of light 

Permittivity 

Permeability 

Intrinsic impedance 

Symbol 

c 

e0 

Mo 

no 

Value 

~ 3 x 108(m/s) 

~ x l ( r 9 ( F / m ) 
307T 

4TT x 10-7(H/m) 

~ 120TT or 377 (Q) 

B—2 Physical Constants of Electron and Proton 

Constant 

Rest mass of electron 
Charge of electron 
Charge-to-mass ratio of electron 
Radius of electron 
Rest mass of proton 

Symbol 

me 

— e 
-e/me 

Re 
mp 

Value 

9.107 x 10"3 1 (kg) 
-1.602 x 10" 19(C) 
-1.759 x 10n(C/kg) 
2.81 x 10_ 1 5(m) 
1.673 x KT27(kg) 
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B—3 Relative Permittivities (Dielectric Constants)1 

Material 

' Air 
Bakelite 
Glass 
Mica 
Oil 
Paper 
Parafin wax 
Plexiglass 
Polyethylene 
Polystyrene 
Porcelain 
Rubber 
Soil (dry) 
Teflon 
Water (distilled) 
Seawater 

Relative Permittivity, er 

1.0 1 
5.0 

4-10 
6.0 
2.3 
2-4 
2.2 
3.4 
2.3 
2.6 
5.7 

2.3-4.0 
3-4 
2.1 
80 
72 

B—4 Conductivities 

Material 

Silver 
Copper 
Gold 
Aluminum 
Brass 
Bronze 
Iron 
Seawater 

Conductivity, <r(S/m) 

6.17 x 107 

5.80 x 107 

4.10 x 107 

3.54 x 107 

1.57 x 107 

107 

107 

4 

Material 

Fresh water 
Distilled water 
Dry soil 
Transformer oil 
Glass 
Porcelain 
Rubber 
Fused quartz 

Conductivity, <r(S/m) 

10"3 

2 x KT 4 

10-5 

10"1 1 

10"1 2 

2 x KT 1 3 

KT 1 5 

10"1 7 

f Note that the constitutive parameters of some of the materials are frequency and temperature dependent. 
The listed constants are average low-frequency values at room temperature. 



B Some Useful Material Constants 

5 Relative Permeabilities1 

Material 

Ferromagnetic (nonlinear) 
Nickel 
Cobalt 
Iron (pure) 
Mumetal 

Paramagnetic 
Aluminum 
Magnesium 
Palladium 
Titanium 

Diamagnetic 
Bismuth 
Gold 
Silver 
Copper 

Relative Permeability, \ir 

250 
600 

4,000 
100,000 

1.000021 
1.000012 
1.00082 
1.00018 

0.99983 
0.99996 
0.99998 
0.99999 

f Note that the constitutive parameters of some of the materials are frequency and temperature dependent. 
The listed constants are average low-frequency values at room temperature. 
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Answers to 
Selected Problems 

Chapter 2 

P.2-1 a) (a, + ay2 - a z 3 ) / V R b) V 5 3 . c) - 1 1 . 

e) 11/V29. f) - (a ,4 + ay13 + az10). g) - 4 2 . 
h) a^2 - ay40 + az5 and a,55 - ay44 - azl 1. 

P.2-5 X = (pA + B x A)/A2. 
P.2-9 a) cos(a - /3) = cos a cos /3 4- sin a sin (3. 
P.2-15 1.12. 
P.2-17 a) |E| = \/2,Ex = -0.212. b) 8 = 154°. 
P.2-21 a) 14. b) 14. 
P.2-23 a) (VV)P = -(ay0.026 + az0.043). b) 0.0485. 
P.2-25 € = 0, m = p = 1/ \/2; / 5F • ds = 20. 
P.2-29 §SA ■ ds = JVV • A dv = 1,200TT. 

P.2-31 SeeEq.(2-114). 

d) 135.5°. 

P.2-35 1 
> ^ - ^ Rsind 

P.2-39 a) c, = l ,c 2 = 0 , c 3 = - 3 . 
x2 z2 

b ) c 4 = - l . c) V = - - - x z + 3yz+ - . 

Chapter 3 

P.3-1 a) a = tan'l(mul/ewEd). b) L/w = 10.5. 
P.3-5 a) QJQ2 = -3/4\/2. b) QJQ2 = 1/2 Vi . 
P.3-7 |F| = Qpebh/2e(b2 + h2f2. 
P.3-9 ay3p€I/47re0L. 
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Answers to Selected Problems 

P.3-11 (1) 0<R<b:ERi = (2) b<R<R-.ER2 = 2po/>3 

15enJR2" 

(3) Ri<R<Ro:ER3 = 0. (4) R>R0:ER4 = 
2Pob3 

\5e0R2 

P.3-13 a) 28(/J). b) 28(/LJ). 

P.3-15 a) V = 
qd2 

(3 cos2 6- 1),E = 
3<?</2 

1677-e0JR 
b) fl3 = CV(3cos 2 0- 1). 
c) R2 = C £ s i n 2 0 c o s 0 . 

16T7€0JR 
;[a/f(3cos20-l) + a9sin20]. 

P.3-17 

P.3-19 

VP = 
4776 

sinh '( *J + sinh ' l | 

P.3-21 

P.3-23 
P.3-25 
P.3-29 

If origin is chosen at the center of the base of the circular tube: 

bn z + V ^ 2 + z2 

a) z>h,V0 = ̂ \ n , 
2 e° (z-h) + Vb2 + (z- hf 

b) z<h, Vi = ~\n^2(z + Vb2 + z2)[(h - z) + \ A 2 + (h - z)2], 

where ps = Q/2irbh. 
3 
-£■„. Ae 

P/3e0. 
E2(z = 0) = a^y - av3x + az(10/3). 
a) 19.3 (kV). b) 1.82(kV). 

V0 P.3-31 a) E(a) = ar-aln(b/a)' 
d) C = 277e(F/rn). 

P . M S C - ^ V ^ 1 
ln(r0/r,) 

P.3-35 a) 0.708 (mF). b) 1.35 x 10,0(C). 
€0e rV 

b) b/a = e = 2.718. c) min£(a) = eV0/6. 

P.3-37 a) D = 

b) C = 

a* 
flz h ^ - z V -

1 
, for Rj < R < R0; 

,Rt 2b 2R0, 
0, for R < Ri and R > R0. 

4ire0er 

J___ J 1_" 
Ri 2b 2R0 

P.3-39 Designate the wires as conductors 0, 1, and 2 with wire 1 in the center. 
C,0 = Cl2 = 3.36 (pF/m), C20 = 2.35 (pF/m). 
1.69 x 10"15(m). P.3-41 

P.3-47 F,= 
7T^V\ 

2D[\n(D/b)]2' 
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Chapter 4 
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r . 4 . , , 0 ^ ^ , E j _ a y - J ^ 
(4 + er)<f (4 + er)J 

K, v 5 e r y - 4 ( € r - l W 5erV0 b) Va = „ , _X J Vo, Ea = - a y -

c) (p,)y=<* = 

P.4-7 a) p, = -

(4 + e,)</ 
5e0ery0 

(4 + e,)d 

(4 + zr)d 

= -(Ps)y = 0-

b) -Q. 

P.4-11 C = 

2TT(</2 + r2)3/2" 

7re0 

ln{^/[aVl+(^/2/i)2]}" 

P.4-13 C = 27re0 

In 
2 \a{a2 a2 aj yj 4\aia2 a2 

27ren 

s - i 

cosh ' 

P.4-15 b) Ps = -

1 /D 2 _ a, _ a2 

2\flia2 «2 a i / j 

Q(b2 - d2) 
ATT b(b2 + d2-2bd cos 0)3/2' 

P.4-17 g, = G2 = ̂ - ^ G . 
e2 + &! 

P.4-19 V„(x,y) = C c o s h ^ C t - a)cos~y. 
b b 

P.4-21 V„(x,y) = sin — x 
a A„sinh—y + 5 „ c o s h — y 

a a 

P.4-23 a) V(</>) = % . b) V(</>) = — ^ - ( 2 T T - </>). 
a 27T - o: 

P.4-25 V(r, </>)=- E0r[ 1 - -^ ) cos <$>. 

E(r, </>) = arE0 ( 1 + — J cos0 - a^o (1 - —) sin< 

P.4-27 a) V(d) = V0-

ln I tan -

In | t a n -

b) E(0) = - a 6 R In [tan (a/2)] sin 0" 
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P.4-29 Vi(R,0)= - 3£0 

e, + Z 
Rcosd, Vo(R,0)=- R-

Ei(R,ff) = (aRcos6 - aesin6)-^ = a. 3E° 
e,.+ 2 ' e r + 2' 

Eo(R,0) = aR 1 + 
2(e r - l ) f r 3 

(er + 2)R' E0 cos 6 - a0 

(e,. + 2)R2 

(e r - l ) f r 3 

(er + 2)R3 

E0cosd. 

E0 sin 6. 

Chapter 5 

P.5-1 a) V(y) = V0(y/d)4/\ E(y) = -(4Vjld)(y/d)l/\ 
b) Q= -(4V0/3d)e0S. 
c) Charge on cathode = 0; charge on anode = - Q. 
d) 3.58(ns). 

P.5-3 a) 2.32 a. 
b) EX=E2 = I/2TTCI2(7. 

P.5-5 /, = 0.7(A), PRX = 0.163(W); I2 = 0.140(A), PR2 = 0.392 (W); 
73 = 0.093(A), PR3 = 0.261 (W); 74 = 0.233(A), PR4 = 0.436(W); 
75 = 0.467(A), PR5 = 2.178 (W). 

P.5-7 a) 4.88 (ps). b) W,/(W,)0= 10~4; heat loss. 
c) W„ = 45(kJ). 

P.5-9 a) E2 = ■ 7 I CT| 

sin «j + I —cosai cr2 

1/2 

, a2 = tan" 
(72 

— tana, 

o-i 
b) p 5 = (— e 2 - £ i l ^ i s ino , . 

P.5-11 b) P = T2S(7,(72/((7Xd2 + a2dy). 

P.5-13 a) / = 

b) p, 

(7 , (72^0 

P5C = 

/•[criln(/j/c) + cr2ln(c/a)]' 
= ei^Vo 

a[criln (b/c) + cr2ln(c/fl)]' 
(e2cr, - e,o-2)V0 

Psb = 
e2cr, V0 

b[(7x\n{b/c) + cr2ln(c/fl)]' 

c[a}ln{b/c) + (72ln(c/a))' 

—m-i)-
P.5-17 R7-R, 

2TT(7R\R2{\ - cos0o)' 

477o-\b, b2 d)' 
P.5-21 6.36 (Mft). 

P.5-23 J = a^J0 — V ( a r c o s # + a^sin^). 
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\ OJ0/ Vojo/ m 
Path of motion of q in magnetic field is a semicircle. 

P . 6 - 3 B < = ^ , r S a ; B , = ^ , a S r S f c ; 

P.6-5 az1.38//w. + 

P.6-9 F„ = 

- z)2 + 62 \/z2 + b 1 
4TTR 

-u2 x (u, x al2). 

P.6.„^(I+I). 
2fc \ir 2/ 

P.6-15 aztx0Jd/2. 
P-6-17A, = . , l - ^ f c + c , r, < 6; A2 = aẑ  -

4TT ll 47r\b 
P.6-21 a) ajjLoHJu. b) az(#0 - M,). 
P.6-27 a) % = 1.21 x lO^HT1), 9tc = 6.75 x ltftfr1). 

b) Bg = Bc = a^5.09 x 1(T3(T). 
Ug = a^4.05 x 103(A/m), Hc = a^l.35(A/m). 

c) / = 25.6(mA). 
y - d , y + d 

H*)2+,H'r^' 

P.6-33 b) B= - a Mo/f" J 
t2irL(y-

^J 
rf)2 + *2 (y + d)2 + *2_ 

1 1 
+ d)2 + x2 (y + d}2 + x2 ]■ 

P.6-35 L = /xoN2(r0 - V ^ T 2 ) . 
Mo </2 

P . 6 - 3 7 L V / ^ = ^ l n ( ^ l + ^ 

P.6-39 L12 = fi0(d- \/d2 - fc2). 
P.6-41 / , / / 2 = -M/L,. 

P . 6 - 4 3 f = a ^ \ a n ^ Y 
7TM> \2£>/ 

P.6-45 F = a^o/J Iv^S/SF"1} - 1 , repulsive. 
- V l - ib/df 

P.6-47 T= -a^).l(N-m). 
P.6-51 Maximum deviation from north-south direction: 55.8°. 
P.6-53 F = a^( /x r - l)«2/25. 
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Chapter 7 

L ^ r -WL)< A ^ ^ r r . T . ^ ,_ / \ , ™ P.7-3 a) i2(t) = —£lie-WL\ 0<t<T; Ln = ^ l n I 1 + - 1 . 

X-/ 

P.7-5 a) 0.234(A) b) 48.2°. 

P.7-7 a) 0.0472/u0/w6. b) 0.046Wft>/>. 

P.7-13 a) V = V - —. b) V2i// - fxe ^ 4 = 0. 

P.7-23 £0 = 0.068,0 = -72.8°. 
P.7-25 /3 = 54.4(rad/m). 

HU,z;/) = -3,2.30 x 10"4sin(107TA:)cos(67rl09/ - 54.4z) 
-az1.33 x 10-4cos(1077;t)sin(67rl09/ - 54.4z)(A/m). 

r? I 

P.7-27 k = (o\/a0e0. H = a^— /—sin0cosa>(/ -\Zfx0e0R). 
Ry no 

Chapter 8 

P.8-3 a) A/= -(2u/c)f, assuming the vehicle to be moving in the same direction as 
the direction of the incident wave. 

b) 120(km/hr),or74.6(miles/hr). 
P.8-5 a) k0 = 0.1047(rad/m), y = 22.5 ± nX/2(m). 

b) E(y,t)= -8,1.508 x 10_3cos( 107ir/- ^ y + ^)(V/m). 

P.S-7 i ^ t l ) + ( ^ - ^ 7 7 ) ~ 2 „7 rJ,. = 1, where £x = £,0sin(H;f - kz), 
Ey V + / Ex V _ 2ExEycos<!> 

KE20 sin 1/// \EW sin \fi) f ^ o sin21// 
and£^ = E20sin(wt - kz + «/0. 

P.8-11 a) 1.395 (m). 
b) TJC = 238(1 + j 0.005) (ft), X = 6.3 (cm), uP = 1.8973 x 108(m/s), 

ug = 1.8975 x 108(m/s). 
c) H = a.0.21 e-°497xsin(67rl09/ - 31.6ir* + 1.042)(A/m). 

P.8-13 a) 0.99 x 105(S/m). b) 0.175 (mm). 
P.8-21 a) Left-hand circularly polarized wave in - z direction. 

7.F 
b) —- (a, - jay). c) 2E0 sin (3z(ax sin (at - &y cos (at). 

P.8-23 a) / = 5.73 (MHz), X = 0.524 (m). 
b) E;(y, z; t) = 5(ay + az\/3)cos(3.6 x \09t + 6yfiy - 6z)(V/m), 

H,(y, z; 0 = -aJt-J-cos(3.6 x 109/ + 6\/3y - 6z)(A/m). 
127T 

c) di = 60°. 
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d) Er(y, z) = 5(-ay + a z \ / 3 )^ 6 ( ^ + z ) (V /m) , 

Hr(y,z)= -a,-J-^+z)(A/m). 
e) E{(y,z) = ( -a yyi0sin6z + az10V3cos6z)e /6V3y(V/m), 

H,(y,z) = - a ^ ( c o s 6 z ) ^ 6 ^ ( A / m ) . 

P.8-25 H, (x, z; t) = av —-cos(/3,z cos 0,) sin(o>/ - J8,JC sin 0,) 

^av = a*—{gsin0,sin2G6iZCOs0,). 

P.8-27 a) Er(z, /) = a,2.77cos(1.8 x 109/ + 6z + 157°) (V/m), 
E,(z, 0 = a,7.53 e-23zcos(1.8 x 109/ - 9.76z - 172°)(V/m). 

b) 0>av = azO.122e-4-61z(W/m2). 

7(T7O - T7J)tan/32J 
170172 +7(190 + 12) tan /32cf 

ihfoo + •*&<»* 
r)0r)2cosp2d + j(r)l + 172) sin/32cf 

r}0r}2 cos /32d + 7(170 + 172) sin fi2d 

170172 cos fad + j(rjo + 172) sin (32d 
(rn + r23)+j(rl2-r2i)tanp2d 

(\ + rl2r23)+j(\-rnr2i)tmp2d-

P.8-33 Assume I172I «170 . 

J\r,Jsm(p2-ja2)d- ] 2 \^) sin(/32 -jajrf 

c) £30= " / - ) ^ — ^ - d) (PM(9„)t= 1-839 x 10-" . 
\i7o/s in082-./a2)d 

P.8-35 a) 0, = 0.03° b) r„ = 0.0214*>/4 

c) (^av),/(^av)« = 1-054 x 10" V 0 7 9 5 z . d) 8.69 (m). 
P.8-37 a) Et(x, z) = ayEt0 e~a2Z e~j^x, _ 

H,(x, z) = — Uja2 + az Msinfl,) e~a2Z e~^\ 
172 \ V e2 

w h e r e / ^ = /32 /—sin0,-, a2 = /32 
V e2 

and£,n = 2r ,2cos0,£, 

P.8-29 a) Er0= / ,,U.V 2 , 2 ,71 n ,£,o, 

F+ _ '/2V/0 -r f/2;c 

T72COS0;-J17, 

P.8-39 a) 6.38°. b) e'066. c) 1.89^033. d) 159(dB). 

P.8-41 a) da = sin"1 ( — V « i - « i ) . b) 80.4°. 
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P.8-45 a) T± = 

r„ = 

1.5cos0 

1.5 cos 6, 
-vr 
(1.5 sin 

- ( 1 . 5 

- ( 1 . 5 

Od2 ~ 

sin 0,)2 

sin d,)2 

cos 0,-

1.5\/l -(1.5sin©,)2 + cos6-

p.8-47a)r,; = ̂ c o s ! ' - ^ c o s ! ' = r„, 

Tn 

7)2 COS 0, + 7)i COS 0, 
2T)2 COS 0, 

7)2 COS 0, + T^COSfl, 

cos#, 
cos 6j 

Chapter 9 

P.9-3 a) d' = \fld, u'p = upl\fl. 

2 \L + c)\ 8co2 \L 
P.9-7 a 

*» = Vc 
_ j _ R_G\ R 3G 
8co2U C / \ L + C 

, j8 = w V ^ C — I - - -

>x°- W c U cj-
P.9-9 R = 0.058 (11/m), L = 0.20 (/uH/m), C = 80(pF/m), G = 24(/tS/m). 
P.9-11 Maximum power-transfer efficiency = 50%. 

P.9-13 a) A = D = — coshy^, 
Z0 

5 = Z0sinh7€, C = —sinhy£. 
A) 

P.9-15 a) V(z, t) = 5.27 e~omzsin (800077/ - 5.55z - 0.322) (V). 
b) V(50, t) = 3.20 sin(8000TT/ - 0.432T7)(V). 
c) 0.102(W). 

P.9-17 a) 4Z0/aX. b) Z„aA/4. 
P.9-19 a) Z0 = 289.8 - 777.6(11), a = 0.139(Np/m), j8 = 0.235 (rad/m). 

b) i? = 58.6(n/m), L = 0.812 OuH/m), G = 0.246 (mS/m), 
C = 12.4 (pF/m). 

. . - . - . ~ \ _ - 1 
P.9-21 A/ = ~2irU + C/' e = £ = 77V^C 2T7\L G'/ - 2a [(/?/o>Z.) + (G/a>c)]' 

P.9-27 a) T = y°2\ b) ZL = 466 + 7206 (fl). c) /?m = 150 (II), im = 0.2X. 

P M z I = z ; | - i S , , n f c : A I 
5-7 tan(27rz ; / \ ) 

P.9-31 a) Pinc = V2/8/?0. 

d) Pmc = 25 (W), T = 0.243/-76°, S = 1.64, 

P L = 23.5 (W), |VL| = 54.2(V), |/L| = 0.97(A). 

V2 P, 4S 
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P.9-33 At t = 4T, the voltage and current distributions along the line revert to the 
conditions at t = 0, and the cycle repeats itself. 

P.9-35 Tg= - 1 / 3 , r L = 1. 
P.9-43 a) 5 = 1.77. b) T = 0.28^,46°. c) Z, = 50 +j29(D). 

d) Yi = 0.015 - 70.009 (S). 
P.9-45 a) ZL = 33.75 - J23.15 (ft). b) T = hej25zy. c) z'm = 25(cm). 
P.9-47 Line length = 0.375 (m), Wire radius = 5.4 (mm). 
P.9-49 dj\ = 0.074, €,A = 0.347; d2/\ = 0.250, €2/X = 0.153. 
P.9-51 a) dj\ = 0.0113. b) ZJ\ = 0.304,tB/\ = 0.125. 

Chapter 10 

P.10-5 From Eqs. (10-83a,b,&c): Js( = axBn, Jsu = a,(-l)"+,fl„. 
1 

P.10-7 uen = -=\/\-(fc/f)2. 

P.10-9 a) (3 = 308(rad/m),«rf= 1.28 x 10-8(Np/m),o;c = 1.69 x 10"4(Np/m), 
up = 2.04 x 108(m/s),^ = 1.96 x 108(m/s),Xg = 2.04 (cm). 

b) /3 = 288(rad/m),arf= 1.37 x 10-8(Np/m),o:, = 7.25 x 10"4(Np/m), 
up = 2.\S x 108(m/s),wg = 1.83 x 108(m/s),\g = 2.18(cm). 

P.10-11 a) 358(MW/m). b) 207(MW/m). c) 155(MW/m). 

P.10-13 a) Js(y = 0)= -a^\^JE0sin(^)e~j^ = Uy = b). 

P. 10-15 uen = u\/\ - (u/2af)2,u=\/y/jie. 
P.10-17 a) a>6(cm),6<4(cm). Choose a = 6.5 (cm) and b = 3.5 (cm). 

b) j8 = 40.1 (rad/m), wp = 4.70 x 108(m/s),Xg = 15.7 (cm), 
(Zre)10 = 590(n). 

P.10-19 a) fc = 2.08 x 109(Hz). b) X, = 0.139(m). 
c) ac = 2.26 x 10~3(Np/m). d) 307 (m). 

P.10-21 1(MW). 
2Rs(b/a2 + alb2) 

P.10-23 ac = , - . 
VabV\-(fc/f)2(l/a2+\/b2) 

P.10-29 a) E°z = CnJ„(hr) sin n<f>. 
c) Eigenvalues of TM modes are determined by requiring J„(ha) = 0. The low

est TM mode is TM„. 
P.10-31 a) a = 0.061 (Np/m),j8 = 4.19(rad/m). 

b) a = 0.380 (Np/m),j8 = 10.48 (rad/m). 
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P.10-33 Even TM modes in the slab: Ez(y, z; t) = Ee cos kvy cos((nt - Bz), 

B (oed Ey(y,z;t) = - — Ee sin kyy sin (cot - Bz),Hx(y,z;t) = —Eesinkyysin((tit - Bz) 
Ky Ky 

P.10-37 a) Hi = C0J0(hr),r<a; H°zo = D0K0(£r),r<a. 

Jo(ha) _ fi^KoW 
J'0(ha) frhKMaY 

P.10-39 a) Dominant mode: TE101. fm = 4.802 (GHz). 
b) Q = 6869, We = Wm = 0.07728 (pJ). 

P. 10-41 a) a = d. b) 1.11 T»/Rs(l + a/2b). 

P10-43 Qm = 

P. 10-45 / = — 

VVnojU-oO- abd(a2 + b2) 
2d(ai + b3) + ab(a2 + b2)' 

1 

"Slf^la 

Chapter 11 

d2E 1 dj 
P. l l -1 V 2 E - p,e —y = -Vp + ii —. 

dtA e dt 

P . l l - 3 a) A = a ^ p ^ e - ^ d + jBR)sind. 
47m 

f -j2I0/7TC, 0 < z < \ / 4 ; 
P. l l -5 a) p, = -7( /o/0 sin/3z. b) p, = j + y 2 / 0 / T C > - A/4 < z < 0. 

P. l l -7 a) E - J^-ke-^Rsind. b) /?r = 20TT2 ( y Y . c) 1.76(dB). 

P . l l - 9 a) Rr = 320TT6(b/k)\ b)rjr = Rr 
Rr + (bRja)' 

„ , , 2sin0[l - cos(/3/z cos 0)] k 
R11-13 ^ = -B^Je ; M a x- '< = h = 12 ■ 
P.l l -15 a) Ee=J^^-e-jm-^e)F(d), whereF(6) = sin6cos (^-cosd\. 

P.11-19 b) (2A(/))1/2 = 4.23 (\/rf) (deg.) c) (2A0)„ = 46 .8 \AMdeg . ) 

P. l l -23 |F(0, (/))| = N,AT, 

77 

cos I —cosi 

sin0 

■_ N^A _:_ W 
sin sm 

sin ( | sin f 

where \jfx = ^ sin 6 cos $ and i|/y = -—^ sin 0 cos $. 
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P.ll-27 b) Main-lobe beamwidth = 4/VGD . 
P.ll-29 a) 0.55(nW). b) 1.25n(km),n= 1,2,- . 
P.ll-31 a) \V0C\ = 2XE0/TT ifp = 1. b) V0, = 0 ifp = 1. c) |V0C| = \ E 0 M 

sinw\ /sini/ 
u \ v P . l l - 3 3 E ^ ^ ) = ^ e - ^ ° (aecos(f) - a^sinc 

u = I — I sin 6 cos 0, u = I — I sin 6 sin 0. 

(77-/2)2 cos \b Ba 

b) 68X/a (degrees). c) 86X/a (degrees). d) -23.5 (dB). 





Index 

Ampere, unit of current, 9 
Ampere's circuital law, 228, 250 
Ampere's law of force, 284 
Angle 

Brewster, 414, 416, 426 
critical, 408, 426 
of incidence, 391 
polarizing, 416 
of reflection, 391 
of refraction, 408 

Anisotropic medium, 110 
Antenna array, 408, 602, 621 

binomial, 625 
broadside, 624, 627 
endfire, 624, 627, 628 
frequency-scanning, 631 
log-periodic dipole, 654 
phased, 631 
two-element, 622 
uniform linear, 625 

Antenna gain. See Gain of antenna 
Antenna pattern, 607. See also Radiation pattern 
Antennas, 600 

aperture, 655 
broadband, 650 
equiangular spiral, 651 
frequency-independent, 651 
helical, 645 
linear dipole, 600, 614 
log-periodic, 652 
logarithmic spiral, 651 
receiving, 631 
traveling-wave, 644 

turnstile, 646 
Yagi-Uda, 648 

Aperture antennas, 655 
Arfken, G., 64 
Array factor, 623 

of uniform linear array, 626 
Attenuation constant, 368 

of good conductor, 369 
of low-loss dielectric, 368 
in parallel-plate waveguide, 543 
from power relations, 448 
in rectangular waveguide, 555 
of transmission line, 439, 448 

Axiomatic approach. See Deductive approach 

Bac-cab rule, 18 
Backscatter cross section, 637 
Balmain, K. G., 661 
Band designations 

for microwave frequency ranges, 345 
Bandwidth 

of parallel resonant circuit, 458, 586 
Base vectors, 20, 33 

for Cartesian coordinates, 23 
for cylindrical coordinates, 27 
for spherical coordinates, 31 

Beamwidth, 610 
of half-wave dipole, 618 
of Hertzian dipole, 610 

Bessel functions, 183 
of the first kind, 564 
of the second kind, 565 

Bessel's differential equation, 564 
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Biaxial medium, 111 
Binomial array, 625 
Biot-Savart law, 235 
Boundary conditions 

for current density, 211 
between a dielectric and a pefect conductor, 33 
for electromagnetic fields, 329, 330 
for electrostatic fields, 117 
between two lossless media, 330 
for magnetostatic fields, 262 

Bound charges, 105 
Bound-charge densities. See Polarization charge 

densities 
Boundary-value problems, 152, 174 

in Cartesian coordinates, 175 
in cylindrical coordinates, 183 
Dirichlet problems, 175 
mixed boundary-value problems, 175 
Neumann problems, 175 
in spherical coordinates, 188 

Brewster angle, A\A, 416, 426 
Brillouin diagram, 532 
Broadside array, 624, 627 

Capacitance, 121 
coefficient of, 129 
of cylindrical capacitor, 125 
in multi-conductor systems, 129 
of parallel-plate capacitor, 123 
between sphere and conducting plane, 174 
of spherical capacitor, 125 

Capacitance per unit length 
of coaxial transmission line, 446, 447 
of parallel-plate transmission line, 431, 434 
of two-wire transmission line, 165, 445, 447 

Capacitor, 121 
cylindrical, 125 
parallel connection, 126 
parallel-plate, 123 
series connection, 126 
spherical, 125 

Carrel, R., 662 
Cartesian coordinates, 23, 33 
Cavity resonators, 582 

Circular, 589 
quality factor (Q), 586 
rectangular, 582 
TE modes, 584 
TM modes, 583 

Characteristic impedance, 432, 440 
of distortionless line, 443 
of lossless line, 441 

of low-loss line, 442 
of parallel-plate transmission line, 432 

Characteristic value. See Eigenvalue 
Charge density, 6, 74 

line, 6, 85 
polarization, 108 
surface, 6, 85, 106 
volume, 6, 84, 106 

Charge, electric, 5 
bound, 105 
conservation of, 5, 208, 322 
of an electron, 5, 674 
unit of, 5 

Chen, C. A., 661 
Chen, Y. S., 661 
Cheng, D. K., 314, 336, 509, 661 
Child-Langmuir law, 202 
Circuit-theory concepts, 2, 3, 4 
Circularly polarized wave, 365, 366 
Circulation of a vector field, 54 
Coefficient of coupling, 313 

of capacitance, 129 
of induction, 129 
of potential, 129 

Coersive field intensity, 260 
Collin, R. E., 560, 661 
Commutator, 288 
Conductance, 205 

unit of, 205, 672 
Conductance per unit length 

of coaxial transmission line, 446, 447 
of parallel-plate transmission line, 446, 447 
of two-wire transmission line, 445, 447 

Conduction current, 198, 199 
Conduction current density, 203 
Conductivity, 101, 203 

of some materials, 675 
unit of, 203, 672 

Conductors, 100 
good, 181, 343 

Conservation of charge, 5, 198, 208, 322 
Conservation of flux linkage, 227 
Conservative field, 58, 62 
Constants, universal, 8-10, 674 
Continuity, equation of, 5, 208, 322 
Constitutive relations, 7, 225, 307, 308 
Convection current, 198, 199 
Convection current density, 200 
Coordinate systems, orthogonal, 20-33, 44, 49, 57 

Cartesian, 23, 33 
cylindrical, 27, 33 
spherical, 31, 33 

Coulomb, unit of charge, 5, 671 
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Coulomb condition, 233 
Coulomb gauge. See Coulomb condition 
Coulomb's law, 77, 79 
Critical angle, 408, 426 
Cross product, 16. See Product of vectors 
Crowley, J. C , 73, 106 
Curie temperature, 260 
Curl, 54. See also inside of back cover 

in Cartesian coordinates, 57 
in cylindrical coordinates, 58 
in general orthogonal curvilinear coordinates, 57 
in spherical coordinates, 58 

Current, 6 
Current density, 6, 200, 227, 323 

conduction, 203 
convection, 200 
displacement, 323 
lineal, 246 
surface, 6, 245, 263 
volume, 6, 200, 203, 245 

Current generator, ideal, 209 
Cutoff frequency, 520, 527 

of circular waveguide, 568, 570 
of dielectric waveguide, 575 
of ionosphere, 375 
of parallel-plate waveguide, 535, 539 
of rectangular waveguide 549 

Cutoff wavelength, 528, 549 
Cylindrical coordinates, 27, 33. See also inside of 

back cover 

Deductive approach, 4 
Desauer, J. H., et al., 73 
Degenerative mode, 584 
Del, 43, 44, 232 
Depth of penetration. See Skin depth 
Diamagnetism, 258. See also Magnetic materials 
Dielectric breakdown, 114 
Dielectric constant, 110, 675. See also Permittiv

ity, relative 
Dielectric strength, 114 
Dielectric window, half-wave, 406 
Dipole 

electric, 83, 95 
magnetic, 239 

Dipole antenna, 600 
elemental electric, 602 
elemental magnetic, 605 
far-zone fields, 605 
half-wave, 617 
linear, 614 
near-zone fields, 605 

Dipole moment 

electric, 84, 603 
volume density of, 106 

magnetic, 241, 605 
volume density of, 244 

Directive gain, 610 
of Hertzian dipole, 611 

Directivity, 611 
of aperture radiator, 658 
of half-wave dipole, 618 
of Hertzian dipole, 611 
of quarter-wave monopole, 619 

Dirichlet problems, 175 
Discontinuities in waveguide, 559 
Dispersion, 376, 443 

anomalous, 378 
normal, 378 

Dispersion relation 
of dielectric waveguide, 573 

Dispersive medium, 376, 443 
Dispersive transmission system, 528 
Displacement current, 198 
Displacement current density, 323 
Distortionless line, 443 
Distributed parameters. See also Transmission-line 

parameters 
of transmission lines, 434, 447 

Divergence, 46. See also inside of back cover 
in Cartesian coordinates, 49 
in cylindrical coordinates, 50 
in general orthogonal curvilinear coordinates, 49 

Divergence theorem, 50 
Domain wall, 259 
Domains, magnetic, 258 
Dominant mode, 535 

for cavity resonator, 584 
for circular waveguide, 570 
for parallel-plate waveguide, 535 
for rectangular waveguide, 552 

Doppler, C , 360 
Doppler effect, 360 
Dot product. See Scalar product 
Duality, principle of, 341, 607 
DuHamel, R. H., 662 
Dyson, J. D., 661 

Earth magnetic field, 226 
Eddy current, 314 
Endfire array, 627 
Effective aperture. See Effective area of receiving 

antenna 
Effective area of receiving antenna, 634 
Effective length, 621, 636 
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of receiving antenna, 620 
of transmitting antenna, 619 

Eigenmode, 535 
Eigenvalue, 527 
Electret, 106 

microphone, 73, 106 
Electric charge, 5 

conservation of, 5, 198, 208, 322 
Electric dipole, 83, 95, 241, 602 

induced, 105 
Electric dipole moment, 84 
Electric displacement, 6, 109 

unit of, 7, 109, 672 
Electric field intensity, 6, 74 

unit of, 6, 74, 672 
Electric flux density. See Electric displacement 
Electric Hertz potential, 353 
Electric potential, scalar, 61, 92, 93 
Electric susceptibility, 110 
Electrolysis, 199 
Electrolytic current, 198 
Electrolytic tank, 198, 213 
Electromagnetic field, 1 

quantities, 7 
time-harmonic, 335 

Electromagnetic induction, 258. See also Fara
day's law 

fundamental postulate for, 309 
Electromagnetic model, 3, 308 

fundamental field quantities of, 6, 7 
universal constants of, 9-10 

Electromagnetic power, 379 
Electromagnetic spectrum, 343 
Electromagnetic theory. See also Maxwell's 

equations 
foundation of, 323 

Electromagnetics, 1, 3 
time-harmonic, 338 

Electromagnetostatic field, 215, 307 
Electromotance, 206 
Electromotive force (emf), 54, 206 

flux-cutting, 315 
motional, 315, 317 
transformer, 310, 317 

Electron, 4 
physical constants of, 674 

Electron-volt, 134, 135 
Electrostatic energy, 133 

of continuous charge distribution, 136 
of discrete charge distribution, 134 
in terms of field quantities, 137 

Electrostatic energy density, 138 
Electrostatic forces, 140 

bodies with fixed charges, 140 
bodies with fixed potentials, 142 

Electrostatic model, 307, 308 
in free space, 75 

Electrostatic quadrupole, 147 
Electrostatic shielding, 132 
Electrostatics, fundamental postulates of, 75, 77 
Element factor, 623 
Elemental electric dipole, 602 

far-zone field, 605 
near-zone field, 604 

Elemental magnetic dipole, 605 
far-zone field, 607 

Elliott, R. S., 661 
Elliptically polarized wave, 365 
Endfire array, 624, 627, 628 
Energy 

electric, 137, 140 
magnetic, 277, 279 

Energy density 
electric, 138, 381 
magnetic, 280, 381 

Energy-transport velocity, 528, 541 
Equation of continuity, 5, 208, 322 
Equipotential lines, 94 

of electric dipole, 97 
Equipotential surfaces, 94, 104 
Evanescent mode, 529, 531 

Far-zone fields, 605 
of electric dipole, 605 
of magnetic dipole, 607 

Farad, unit of capacitance, 121 
Faraday disk generator, 316 
Faraday, Michael, 308 
Faraday's law of electromagnetic induction, 310, 

317, 319 
Ferrites, 261 
Ferromagnetism, 258. See also Magnetic materials 
Fiber, optical. See Optical fibers 
Field, 1, 72 

conservative, 58, 62, 76 
curl-free, 61, 62, 63 
divergenceless, 50, 63 
electromagnetic, 323 
electrostatic, 75 
induced, 103 
irrotational, 58, 62, 63, 64, 75 
magnetostatic, 226 
quasi-static, 327 
solenoidal, 50, 63, 64 
time-harmonic, 336 

Flow source, 54 
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Flux lines, 46, 94, 96 
Flux linkage, 267 
Force equation, Lorentz's, 226, 317 
Forces 

electric, 225 
electromagnetic, 226, 317 
electrostatic, 73, 75, 140 
magnetic, 225, 281, 289 

Free space 
constants of, 9, 10, 674 
intrinsic impedance of, 358, 674 
permeability of, 9, 10, 674 
permittivity of, 9, 10, 674 

Frequency scanning, 631 
Fresnel's equations, 413, 415 
Fresnel's formulas, 426 
Friis transmission formula, 640 
Fundamental postulates 

for electromagnetic induction, 309 
of electrostatics in free space, 75, 77 
of magnetostatics in free space, 226, 228 

Gain of antenna, 610-612 
Gauss, unit of magnetic flux density, 226 
Gaussian surface, 79, 88 
Gauss's law, 76, 87, 110 
Gauss's theorem. See Divergence theorem 
Gell-Mann, M., 5 
Golde, R. H., 197 
Goto, N., 661 
Gradient, 42. See also inside of back cover 

in Cartesian coordinates, 44 
definition of, 43 
in general orthogonal curvilinear coordinates, 44 

Group velocity, 375, 378 
in waveguides, 528 

Hall 
coefficient, 283 
effect, 282 
field, 282 
voltage, 283 

Hankel functions, 566 
modified, 567 

Harmonic functions, 175 
Harrington, R. F., 661 
Helical antennas, 645 

axial mode, 648 
normal mode, 647 

Helmholtz coils, 298 
Helmholtz's equation 

homogeneous, 339, 341, 355 
nonhomogeneous, 339, 353 

Helmholtz's theorem, 63 
Henry, unit of inductance, 267 
Hertz potential, electric, 353 
Hertzian dipole, 603 

E-plane pattern, 608 
far-zone field, 605 
//-plane pattern, 608 
near-zone field, 604 

H.O.T. (higher-order terms), 48, 56 
Hybrid modes, 590 
Hysteresis 

loop, 259 
loss, 260 
magnetic, 259 

Ideal current generator, 209 
Ideal voltage source, 207 
Images, method of, 152, 159, 645 

charged sphere and grounded plane, 172 
line charge and conducting cylinder, 162 
magnetostatic problem, 302 
point charge and conducting plane, 161 
point charge and conducting sphere, 170 

Impedance. See also Wave impedance 
characteristic, 432 
input, of a transmission line, 454, 466 
intrinsic, 341, 358, 363, 369 
surface, 433, 574, 577 
wave, of total field, 403 
wave, of waveguides, 532 

Impedance matching, 497 
by double stubs, 505 
by quarter-wave transformer, 456, 465, 497 
by single stub, 501 

Impedance transformer, quarter-wave, 456, 465, 
497 

Incidence 
angle of, 391 
plane of, 390 

Index of refraction, 408 
Inductance, 265, 268 

external, 272 
internal, 272, 435 
mutual, 267, 274 
self-, 268 

Inductance per unit length 
of coaxial transmission line, 446, 447 
of parallel-plate transmission line, 431, 434 
of two-wire transmission line, 445, 447 

Induction 
coefficient of, 129 

Induction heating, 314 
Inductive approach, 3 
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Inductor, 268 
Ink-jet printer, 82 
Insulator, 101 

good, 210, 343 
International system of units. See SI units 
Intrinsic impedance, 341, 363 

of free space, 358 
of good conductor, 369 
of low-loss dielectric, 369 
of plasma, 374 

Inverse point, 164, 171 
Ionosphere, 373 

wave propagation in, 375 
Isbell, D. E., 662 
lshimaru, A., 661 

Jewett. C. E., 73 
Johnson, C. C , 560 
Jordan, E. C , 661, 662 
Joule, unit of energy, 134 
Joule's law, 210 
Jurgen, J. K., 331 

Kilogram, 8 
Kirchhoffs current law, 4, 5, 209 
Kirchhoff s voltage law, 4, 76, 208 
Klinkenberg, A., et al., 73 

Laplace's equation, 4, 154, 266 
Laplacian 

operations. See inside of back cover 
operator, 153, 232 

Lee, K. F., 661 
Legendre equation, 189 
Legendre functions, 189 
Legendre polynomials, 189 
Lenz's law, 258, 310 
Liang, C. H., 509 
Light velocity. See also Velocity of wave 

propagation 
in free space, 9, 10 

Lightning arrester, 114 
Line integral, 37, 54 
Linearly polarized wave, 364, 366 
Lorentz condition for potentials, 328, 339 
Lorentz gauge. See Lorentz condition for 

potentials 
Lorentz's force equation, 226, 317 
Loss angle, 342 
Loss tangent, 342 
Love, J. D., 581 
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Ma, M. T., 661 
Magnet, bar, 227, 246, 248. See also Permanent 

magnet 
Magnetic charge, 227, 243. See also Magnetiza

tion, equivalent charge density of 
Magnetic circuits, 251 
Magnetic dipole, 239, 241 
Magnetic dipole moment, 241 

volume density of, 244 
Magnetic domains, 258 
Magnetic energy, 227, 278 

in terms of field quantities, 299 
Magnetic energy density, 280 
Magnetic field intensity, 7, 249 

unit of, 7, 234, 672 
Magnetic flux, 227, 255 

conservation of, 227 
unit of, 234, 672 

Magnetic flux density, 6, 63, 225, 226 
circulation of, 228 
unit of, 7, 226, 672 

Magnetic flux linkage, 267 
Magnetic force, 225, 281, 283, 294 

in terms of mutual inductance, 292 
in terms of stored magnetic energy, 289 

Magnetic materials, 257, 676 
antiferrimagnetic, 261 
diamagnetic, 257 
ferrimagnetic, 261 
ferromagnetic, 257, 258 
paramagnetic, 257, 258 

Magnetic potential 
scalar, 242, 266 
vector, 232, 326 

Magnetic susceptibility, 250, 257 
Magnetic torque, 283-292 

in terms of mutual inductance, 292 
in terms of stored magnetic energy, 289 

Magnetic vector potential. See Vector potential 
Magnetization, equivalent charge densities of, 247 

surface charge density, 247 
volume charge density, 247 

Magnetization, equivalent current densities of, 243 
surface current density, 245 
volume current density, 245 

Magnetization curve, normal, 260 
Magnetization vector, 244 
Magnetomotance, 220 
Magnetomotive force (mmf), 257 
Magnetostatic model, 307, 308 

in free space, 225 
Magnetostatics 

fundamental postulates of, 225, 228 
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Main beam, 609, 627 
MaLachlan, N. W., 564 
Marcuse, D., 581 
Maxwell, James Clerk, 323 
Maxwell's equations, 323-324 

differential form, 323, 324 
integral form, 323, 324 
source-free, 340 
time-harmonic, 339 

Medium 
anisotropic, 110 
biaxial, 111 
homogeneous, 110 
inhomogeneous, 351 
isotropic, 110 
linear, 110 
simple, 110, 250, 334, 338 

fields in, 340 
uniaxial, 111 

Meter, 8 
Method of separation of variables, 174 
Metric coefficients, 21, 33 
Microstrip lines. See Striplines 
Microwave frequency ranges 

band designations for, 345 
Microwave oven, 343 
Mobility, 202 
Molecules, 105-106 

nonpolar, 106 
polar, 106 

Monopole, 619 
Moore, A. D., 73 
Motor, d-c, 288 
Mushiaki, Y., 661 
Mutual inductance, 267, 274 

Neper, 368 
Neumann formula, 274 
Neumann function, 565 
Neumann problems, 175 
Newton, unit of force, 9 
Null identities, 61 

Ohm's law, 203 
Ohmic media, 203 
Optical fibers, 411, 425, 580 

acceptance angle, 425 
numerical aperture, 425 

Ore, F. R., 662 
Orthogonal coordinate systems, 20 

three basic, 33 

Paramagnetism, 258. See also Magnetic materials 
Parameters, distributed, 434. See also Transmis

sion-line parameters 
for transmission lines, 444 

Path-gain factor, 643 
Pattern function, 608 

of elemental electric dipole, 605 
of elemental magnetic dipole, 607 
of half-wave dipole, 616 
of linear dipole antennas, 617 

Pattern multiplication, principle of, 623, 645 
Permanent magnet, 242, 247, 260, 265 
Permeability, 250, 676 

absolute, 250 
complex, 342 
of free space, 9-10, 227, 674 
incremental, 260 
relative, 250, 676 

Permittivity, 110, 675 
absolute, 110 
complex, 342 
of free space, 9-10, 75, 674 
relative, 110, 675 

Phase constant, 368 
of good conductor, 369 
low-loss dielectric, 368 
of transmission line, 439 

Phase matching, 408, 412 
Phase velocity, 356, 376 

along parallel-plate line, 432 
in good conductor, 369 
in low-loss dielectric, 369 
in waveguide, 528 

Phasors, 337 
vector, 338 

Planck's constant, 345 
Plane of incidence, 390 
Plane wave, 354 

nonuniform, 392, 410 
polarization of, 364 
uniform, 354 

Plasma, 373 
cutoff frequency of, 374, 375 
equivalent permittivity of, 374 
frequency, 374, 375 
intrinsic impedance of, 374 
oscillation, 374 
propagation constant in, 374 

Poisson's equation 
scalar, 153, 233 
vector, 233 

Polarization, 364 
circular, 365, 366 
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ellipse, 366 
elliptical, 365, 366 
linear, 364, 366 
parallel (vertical, or / / - ) , 395, 414 
perpendicular (horizontal, or £-), 390, 411 
of a uniform plane wave, 364 
vector, 106 

Polarization charge density, 108 
surface, 107 
volume, 107 

Polarizing angle, 416. See also Brewster angle 
Polaroid sunglasses, 416 
Popovic, B. D., 192 
Position vector, 34 
Potential 

coefficient of, 129 
difference, 93 
electric, 92, 93 
electric Hertz, 353 
retarded, 334, 339, 601 
scalar magnetic, 242, 300 
vector magnetic, 232, 328 

Power density, 210 
instantaneous, 383 
time-average, 384, 401 

Power gain, 612 
Poynting's theorem, 381 
Poynting vector, 354, 380 

instantaneous, 383, 384 
time-average, 384, 385 

Product of vectors, 14 
scalar or dot product, 14 
triple products, 18 
vector or cross product, 16 

Propagation constant, 367 
in good conductor, 369 
in low-loss dielectric, 368 
in plasma, 374 
on transmission line, 439 

distortionless, 442 
lossless, 441 
low-loss, 442 

Q (quality factor), 586 
of quarter-wave shorted line, 458 

Quarks, 5 
Quarter-wave transformer, 406 
Quasi-static approximation, 334 
Quasi-static conditions, 2, 277 
Quasi-static fields, 327, 605 

Radar, 1, 637, 639 
Radar cross section, 637 
Radar equation, 641 

Radiation efficiency, 612 
Radiation fields, 607. See also Far-zone fields 
Radiation intensity, 610 
Radiation pattern, 607 

£-plane, 607 
//-plane, 607 

Radiation resistance, 612 
of half-wave dipole, 617 
of Hertzian dipole, 612 
of quarter-wave monopole, 619 

Radome, 401 
Raymond, P. D., Jr., 661 
Receiving antennas, 631 

directional pattern of, 632, 634 
effective area of, 634 
effective length of, 620 
internal impedance of, 632, 633 

Receiving cross section. See Effective area 
Reciprocity relations, 632, 634 
Rectangular coordinates. See Cartesian 

coordinates 
Reed, G. A. L., 436 
Reflection 

angle of, 391 
Snell's law of, 391, 407, 413 

Reflection coefficient, 348, 460 
current, 461 
at plane interface, 398, 400, 413, 415 
of terminated transmission line, 460, 462 
voltage, 460, 468 

Reflection diagram, 474 
current, 477 
voltage, 474 

Refraction 
angle of, 408 
index of, 408 
Snell's law of, 408, 413 

Relaxation time, 210 
Reluctance, 253 

unit of, 253 
Remanent flux density, 260 
Residual flux density. See Remanent flux density 
Resistance, 204 
Resistance calculations, 215 
Resistance per unit length 

of coaxial transmission line, 447 
of parallel-plate transmission line, 434 
of two-wire transmission line, 446, 447 

Resistivity, 203 
Resonator, 486. See also Cavity resonators 
Retarded potential 

scalar, 334, 339 
vector, 334, 339 

Rumsey, V. H., 661 
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Sander, K. F., 436 
Satellite communication, 1, 641, 646, 648, 667 
Saturation, of magnetic material, 260 
Scalar, 11 
Scalar electric potential, 92 
Scalar magnetic potential, 242, 300 
Scalar product, 14 
Scalar triple product, 18 
Scattering cross section. See Radar cross section 
Second, 8 
Self-inductance, 268 
Semiconductors, 101 
Separation constant, 175, 183, 548, 563 
Separation of variables, method of, 174, 175, 183, 

188 
Seshadri, S. R., 580 
Sharp, E. D., 661 
Shielding, electrostatic, 132 
Sidelobes, 609, 610, 628 
Siemens, 203, 205 
Silver, S., 662 
Skin depth, 354, 370, 371 
Skin effect, 272, 343 
Smith, P. H., 485 
Smith chart, 429, 485 

as an admittance chart, 500, 502, 508 
calculations for lossy lines, 495 

Snell's law 
of reflection, 391, 407, 413 
of refraction, 408, 413 

Snyder, A. W., 581 
Solenoidal field, 50, 63, 209 
Source 

flow, 54, 64 
ideal current, 209 
ideal voltage, 207 
vortex, 54, 64 

Spectrum of electromagnetic waves, 344 
Spherical coordinates, 31, 33. See also inside of 

back cover 
Standing wave, 388, 461, 463 
Standing-wave ratio (SWR), 400, 461, 489 
St. Elmo's fire, 72, 197 
Stokes's theorem, 58 
Striplines, 428, 435 
Streamlines, 46, 94 

of electric dipole, 96 
Stub tuner, 504 
Stutzman, W. L., 661 
Superconductor, 263, 331 
Surface charge density, 6, 85, 117 

equivalent, 107 
Surface current density, 263 

equivalent, 245 

Surface impedance, 433, 574, 577 
Surface integral, 37, 47 
Surface wave, 410, 521 
Susceptibility 

electric, 110 
magnetic, 250 

Tables, list of, 677 
Tai, C. T., 117 
Telegraphist's equations, 438 
Tesla, unit of magnetic flux density, 7, 8, 226 
Thiele, G. A., 661 
Time, relaxation, 210 
Time-harmonic electromagnetics, 338 
Time-harmonic fields, 335 
Time-harmonic Maxwell's equations, 339 
Time-harmonic transmission-line equations, 431, 

439 
Time-harmonic wave equation, 339 
Torque, 286 

magnetic, 289 
Total reflection, 408 
Transformer emf, 310 
Transformers, 310 

ideal, 312 
impedance, 312 
real, 313 

Transmission coefficient, 398, 413, 415 
Transmission-line circuits, 467 
Transmission-line equations 

general, 438 
time-harmonic, 439 

Transmission-line parameters, 444 
of coaxial transmission lines, 446, 447 
of parallel-plate transmission lines, 434 
of two-wire transmission lines, 445, 447 

Transmission lines, 427 
attenuation constant of, 439, 448 
characteristic impedance of, 440, 458 
as circuit elements, 454 
coaxial, 427, 446 
distortionless, 443 
finite, 449 
half-wave sections of, 456 
impedance matching of, 497 

by double stubs, 505 
by quarter-wave transformer, 456, 465, 497 
by single stub, 501 

infinite, 439 
input impedance of, 451 
matched condition for, 449, 452 
open-circuited, 454 

input reactance of, 454 
parallel-plate, 427, 429, 434 
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propagation constant on, 439, 457 
quarter-wave section of, 456 
short-circuited, 455 

input reactance of, 455 
transients on, 471-485 

initially charged line, 480 
pulse excitation, 478 
with reactive termination, 482 
with resistive termination, 472 

two-wire, 427, 455 
Transverse electromagnetic (TEM) wave, 361, 

520, 524 
Transverse electric (TE) wave, 393, 520, 524, 529 

in circular waveguide, 569 
between parallel plates, 539 
in rectangular waveguide, 551 

Transverse magnetic (TM) wave, 396, 520, 524, 
525 

in circular waveguide, 567 
between parallel plates, 534 
in rectangular waveguide, 547 

Traveling wave, 356 
Traveling-wave antenna, 643 
Triplate line, 436 
Triple product of vectors, 18 

scalar, 18 
vector, 18 

Tseng, F. I., 661 
Tuners, 504 

double-stub, 504 
single-stub, 501 

Uda, S., 661 
Uniaxial medium, 111 
Uniform plane wave, 354 
Uniqueness theorem, 157 
Unit vector, 12 
Units 

of derived quantities, 9, 671-673 
fundamental, 671 
rationalized MKSA system, 8, 9, 671 
SI system, 8, 671 

Universal constants, 8-10, 674 
Unz, H., 661 

Vector, 11 
Vector addition and subtraction, 12 
Vector identities. See inside of back cover 
Vector potential 

magnetic, 63, 232, 328 
retarded, 334, 339, 601 

Vector product. See Product of vectors 
Vector triple product, 18 

Velocity 
energy-transport, 528, 541 
group, 375-378 
of light in free space, 9-10, 674 
phase, 356-376 
of wave propagation, 9-10, 333, 356 

Virtual displacement, principle of, 140, 289 
Visible light, 345 
Visible range of radiation pattern, 627 
Voltage, 203 

induced, 315 
rise, 207 
source, ideal, 207 

Volume charge density, 6 
equivalent, 108 

Volume current density, 6 
electric, 6, 200, 203 
equivalent, 245 

Volume integral, 37, 50 
Vortex 

sink, 54 
source, 54 

Wallich, P., 8 
Wave 

circularly polarized, 365, 366 
elliptically polarized, 365, 366 
evanescent, 410, 531 
horizontally polarized. See Polarization 
linearly polarized, 364 
in lossless media, 355 
in lossy media, 367 
nonuniform, 392, 396, 410 
plane, 354 
standing, 410 
surface, 410 
time-harmonic, 339 
transverse electric (TE), 520, 524 
transverse electromagnetic (TEM), 361, 363, 

520, 524 
transverse magnetic (TM), 396, 520, 524 
traveling, 356 
uniform, 354 
vertically polarized. See Polarization 

Wave equation 
homogeneous, 333, 335 
nonhomogeneous, for scalar potential, 328 
nonhomogeneous, for vector potential, 328 
solution of, 333 
time-harmonic, 339 

Wave impedance, 363, 524 
for TE modes, 530, 532 
for TEM modes, 524 
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for TM modes, 529, 532 
of total field, 403, 404 

Wavefront, 355 
Waveguide, 520 

circular, 562 
dielectric, 572 
discontinuities in, 559-561 
general wave behaviors in, 521-534 
optical, 580 
parallel-plate, 534 
rectangular, 547 

Wavelength, 357 

in good conductor, 370 
in waveguide, 528, 532 

Wavenumber, 339 
free-space, 355 
vector, 362 

Weber, E., 213 
Weber, unit of magnetic flux, 226, 234 
Williams, E. R., et al, 74 

Yagi, H., 661 
Yagi-Uda antenna, 648 



Some Useful Vector Identities 

A B x C = B C x A = C A x B 
A x (B x C) = B(A C) - C(A B) 
V(i//V) = IJJVV+ VVifj 
V ■ (i//A) = i//V • A + A • Vi// 
V x ((//A) = i//V x A + V0 x A 
V • (A x B) = B • (V x A) - A • (V x B) 
v v y = v2v 
V x V x A = V(V • A) - V2A 
V x V V = 0 
V ■ (V x A) = 0 

V-Adv = <P A-ds 
v Js 

V x A ■ ds = <P A • di 
S JC 

(Divergence theorem) 

(Stokes's theorem) 

Gradient, Divergence, Curl, and Laplacian Operations 

Cartesian Coordinates (x, y, z) 

dV dV dV 
dx - dy dz 

„ A dAx dAY dA. 
V • A = —■ + —*■ + —-

dx dy dz 

V x A = 

a* av az 

± ± ± 
dx dy dz 

Ar Av A, 

, d2V d2V d2V 
v 2 y = —=■ + — + — 

5JC dy~ d r 

'3A,_aAv\ ( ^ A _ M i | |aA.v aA,t 
~ a-r ' a y az / + a>' V dz dx) + a \ dx ay 
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