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Chapter 7

Section 7-2: Propagation in Lossless Media

Problem 7.1 The magnetic field of a wave propagating through a certain
nonmagnetic material is given by

H = 250cos(10°z — 5y) (mAfm).

Find (a) the direction of wave propagation, (b) the phase velocity, (c) the wavelength
in the material, (d) the relative permittivity of the material, and (e) the electric field
phasor.
Solution:

{2) Positive y-direction.

() © = 10° rad/s, k = 5 rad/m.

o 10
up=;::—-5—=2><108mls.

(©A=2r/k=2x/5=126m.

2 gy 2
c 3x10
de=|—] ={ ——— | =2.25.
@& (;;,,) (2)(108) 2
{e) From Eq. (7.39D),

E=-nkxH,
n= ‘é:%:%“%:%l.B ),
k=9, and H=250e"7"x107° (A/m).
Hence,
E = —251.33§ x 25067 x 1073 = —%12.57¢ 7 (V/m),
and

E(y,1) = Re(Ee/™) = —£12.57cos(10°t — 5y)  (V/m).

Problem 7.2 Write general expressions for the electric and magnetic fields of 2
1-GHz sinusoidal plane wave traveling in the +y-direction in a lossless nonmagnetic
medium with relative permittivity & = 9. The electxic field is polarized along the
x-direction, its peak value is 3 V/m and its intensityis 2 V/matr =0and y = 2cm.
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Solution: For f = 1 GHz, gy =1,and g =9,

©=2nf=21X 10° rad/s,

2n 2m 2nf 21 x 10°
k‘T”E‘/a" . V&= 35008

E(y,1) = %3cos(2x x 10°7 — 20my + ¢p)  (V/m).

V9 = 207 rad/m,

Atz=0andy=2cm, E =2 V/m:

2 = 3cos(—20m x 2 x 1072 4 ¢g) = 3cos(—0.41 + ¢p)-

Hence,
dp — 0.41 = cos™! (%) =0.84rad,
which gives
do = 2.1 rad = 120.19°
and

E(y,1) = 23 cos(2n x 10°r — 20my+120.19°)  (V/m).

Problem 7.3 The electric field phasor of a uniform plane wave is given by
E = § 10792 (V/m). If the phase velocity of the wave is 1.5 x 108 m/s and the relative
permeability of the medium is g = 2.4, find (a) the wavelength, (b) the frequency f
of the wave, (c) the relative permittivity of the medium, and (d) the magnetic field
H(z,1).

Solution: _

(2) From E = §10e/%2% (V/m), we deduce that k = 0.2 rad/m. Hence,

2% 27

A=s—=—=10n=31.42m.

? 05 31.42m

b)
_up_ 15x10° g
f=P = S =477 % 10° B2 = 477 MHz.

{c) From

2 2
N Tm\mp) 24\15) = U
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(@

H Hx 24
= /2 ~120n, /= = 12074/ — = 451.94 (Q
yl = i/ o 1 V167 51.94 (£,

- = ’ .
H= %(-z) xE= ﬁ(—z) X §10e0% = £22.13¢/%%  (mA/m),
H(z,2) = %22.13cos(axr+0.2z) (mA/m),

with @ = 2%f = 9.547 x 10° radss.

Problem 7.4 The electric field of a plane wave propagating in 2 nonmagnetic
material is given by

E = [#3sin(2x x 107 — 0.47x) + 24 cos(2n X 1072 —0.4nx)]  (V/m).

Determine (a) the wavelength, (b) &, and (c) H.

Solution:
{2) Since k = 0.4x,

7\, o= m—— T =— T
X " oan o™
(b)
® 2xx10’ .
up= 7 o 5x 10" m/s
But
o
Y
Hence,
(¢ & _ (33X 108 2 _
"=\ ~ \Gx107
()
H= %é«; xE= %ﬁ x [§3sin(27 x 107z — 0.47x) 4 24 cos(2m X 107s — 0.47x)]

4
= 3= sin(2% x 107z — 0.4mx) — j"ﬁcos(Z'Jt x 107t —0.4mx) (Af/m),

2
n

A A o £
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with
To 120m

= ~ —— =20n=62.83 (£).
n 7z 5 (£2)

Problem 7.5 A wave radiated by a source in air is incident upon a soil surface,
whereupon a part of the wave is transmitted into the soil medium. If the wavelength
of the wave is 30 cm in air and 15 cm in the soil medinm, what is the soil’s relative
permittivity? Assume the soil to be a very low loss medium.

Solution: From A = g / +/Ers
e = o ? - 30 - =4
( ;\') (15) .

Problem 7.6 The electric field of a plane wave propagating in a lossless,
nonmagnetic, dieleciric material with &, = 2.56 is given by

E = §20cos(8n x 10°r —kz) (V/m).

Determmine:
(a) f: up'! A’: k’ and Tls a-n*d
(b} the magnetic field H.

Solution:

(@)

® = 2nf = 8% x 10° rad/s,

c 3 x 108
Uy = — = = 1.875 x 10° my/s,
BT V25
8
A= -;u-:-?— s ——1‘875 x10 = 4,69 cim,
F 4% 10°
271 27|
k= — = ———— =134.04 rad/m,
% 4.60 x 102 e
Ti: TlO e 377 =§ZZ=235.629.
VE 256 1.6
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{b)

H= —i% cos(8n x 10° —kz)

. 20 .
= —Y.m COS(STC x 107 — 134.042)

= —%8.49 x 10™2cos(8n x 10°r — 134.04z) (A/m).

Section 7-3: Wave Polarization

Problem 7.7 An RHC-polarized wave with a modulus of 2 (V/m) is traveling in free
space in the negative z-direction. Write down the expression for the wave’s electric
field vector, given that the wavelength is 6 cm.

y
¥

3

wi=n2

Figure P7.7: Locus of E versus time.

Selution: For an RHC wave traveling in —Z, let us try the following:
E = Zacos(wr + kz) + Fasin(wr + kz).
Modulus |E| = Va2 + a2 = ev/2 = 2 (V/m). Hence,

2
azﬁzv’i.
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Next, we need to check the sign of the j-component relative to that of the
%-component. We do this by examining the locus of E versus 7 at z = 0: Since
the wave is traveling along —Z, when the thumb of the right hand is along —Z (into
the page), the other four fingers point in the direction shown (clockwise as seen from
above). Hence, we should reverse the sign of the §-component:

E = &v/2cos(@t +kz) — §V2sin(wr + kz) (V/m)

with 5 5
v T
k= —=———=104.7 rad/m),
N e
and 5
mzkc=%x3)(108=?tx1010 {rad/s).

Problem 7.8 For a wave characterized by the electric field
E(z,1) = %a,cos(wr — kz) + Ja,cos( @ — kz+3),

identify the polarization state, determine the polarization angles (v,%), and sketch the
locus of E(0,r) for each of the following cases:

(@) ex=3V/m,ay=4V/m,and 3 =0,

®) a =3 V/m,ay,=4V/m,and d = 180°,

(¢) ax=3V/m,a,=3V/m, and § = 45°,

(@) ax=3V/m,ay,=4V/m,and &= —135°

Solutiom:
Yo = tanhl (a)‘/ax)'; [Eq (7'60)])
tan2y = (tan2yp)cosd [Eq. (7.5%2)],
sin2y = (sin2yp)sind [Eq. (7.59b)].
Case | a; | ay 3 Wo Y X Polarization State

{a) 3| 4 0 53.13° | 53.13° ¢ Linear
) | 3| 4| 180° | 53.13° | —53.13° 4] Linear
(c) 343 45° 45° 45° 22.5° Left elliptical
@ | 3|4 |—-135°| 53.13° | —56.2° | —21.37° | Rightelliptical

(a) E(z,r) = £3cos(wr — kz) + §4 cos(@r — kz).

(b) E(z,2) = %3 cos( @t — kz) — §4cos(ar — kz).

(c) E(z,t) = 23 cos{ @t — kz) + §3 cos(wr — kz -+ 45°).
(d) E(z,2) = %3 cos( @ — kz) + §4cos(wt — kz— 135°).
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Figure P7.8: Plots of the locus of E(0,z).

Problem 7.2 The electric field of a uniform plane wave propagating in {ree space
is given by E = (2 + 79)20e~7™/6 (V/m). Specify the modulus and direction of the
electric field intensity at the z = O planeat r = 0, 5 and 10 ns.
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Soluticn:
E(z,7) = Re[Ee/]
= Re[(+ j§)20e T/ 0ei]
= Re[(2+ Je/™/?)20e™ /6]
= %20 cos(@t — 7z/6) + §20cos(wr — nz/6+n/2)
= £20cos(wt —nz/6) — §20sin(wr —nz/6) (V/m),
E| = [E2+E])* =20 (Vim),
Wy =tan™! (5) = —(ax —nz/6).
Ex
From
c ke m/6x3x108 5
=s= =T — =25x107Hy,
® = 2nf = 5m x 107 radfs.
Atz=10,
0 atr =0,
y=—t =-51x 10t ={ —0.25n = —45° atr=>5ns,

—0.5t = —-90° atf = 10ms.

Therefore, the wave is LHC polarized.

Problem 7.10 A linearly polarized plane wave of the form E = %a,e™/% can be
expressed as the sum of an RHC polarized wave with magnitude ag and an LHC
polarized wave with magnitude o;. Prove this statement by finding expressions for
agr and ar_ interms of a,.

Solution:

E =2a. /%,
RHC wave: B = ag(&+§e7™2)e /% = ag(2— j§)e™ 7%,
LHC wave: Ep = ay(3+ §e/™%)e 7% = a (% + j§)e™ /%,
E= ER +EL,
20, = or(%— j§)+aL(&+j9)-
Bv equating real and imaginary parts, @, = ar +ap, 0= —er +ar, or aL = a,/2,
ag =gyl Z.
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Problem 7.11 The electric field of an elliptically polarized plane wave is given by
E(z,t) = [-%10sin(wr — kz— 60°) + §20cos(@r —kz)] (V/m).

Determine (a) the polarization angles (,%) and (b) the direction of rotation.

Solution:
(a)
E(z,1) = [—%10sin( @t — kz — 60°) + §20cos(wr — kz)]
= [&10cos(@r — kz+30°) + §20cos(wr — kz)]  (V/m).
Phasor form:

E = (2106 + §20)e™ 7%,
Since 3 is defined as the phase of E,, relative to that of E;,
§=-30°,
20
10
tan2y = {tan2yp)cosd = —1.15 or y=65.5°,

wo=tan‘1( ) =63.44°,

sin2y = (sin2yp)sind = —0.40 or = —11.79°.

(b) Since % < 0, the wave is right-hand elliptically polarized.

Problem 7.12 Compare the polarization states of each of the following pairs of
plane waves:
(@) wave 1: E; = ®2cos(wr — kz) + §2sin @z — kz),
wave 2: By = Z2cos(or + kz) + §2sin( @r + kz),
(b) wave 1: E; = £2cos(wt — kz) — §2sin(wr — kz),
wave 2: B, = %2cos(wt + kz) — §2sin(wr + kz).

Solution:
(a)
E; = &2cos(wr — kz) + §2sin( @ — kz)
= &2cos(axr — kz) + §2cos(wr — kz —1/2),
Ey = %27/ 4 goe~ T /12,

s
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Yo = tan~} (E}i) =tan 'l = 45°,
ax
o= -TE/Z.
Hence, wave 1 is RHC.

Similarly, _ _ o
B, = 22e/% 4 92752172,

Wave 2 has the same magnitude and phases as wave 1 except that its direction is
along —Z instead of +2Z. Hence, the locus of rotation of E will match the left hand
instead of the right hand. Thus, wave 2 1s LHC.

()

E; = 22cos(or ~ kz) — § 2sin(wrt — kz),
By = 22e~ % £ 92— iim/2

Wave 1 is LHC. N _ o
Ep = 22677 4 92522

Reversal of direction of propagation (relative to wave 1) makes wave 2 RHC.

Problem 7.13 Plot the locus of E(0,1) for a plane wave with
E(z,1) = &sin(wr + kz) + § 2cos(wr + kz).

Determine the polarization state from your plot.

Solution:
E = % sin(wt + kz) + § 2 cos(wr + kz).

Wave directionis —Z. Atz =0,
E = &sinwr 4+ §2coswr.

Tip of E rotates in accordance with right hand (with thumb pointing zlong —2).
Hence, wave state is RHE.
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Figure P7.13: Locus of E versus time.

Sections 7-4: Propagation in a Lossy Medium

Problem 7.14 For each of the following combination of parameters, determine if
the material is 2 low-loss dielectric, a quasi-conductor, or a good conductor, and then
calculate ., B, A, up, and Tc:

(2) glasswithp; =1, & =5,and o = 1072 S/m at 10 GHz,

(b) animal tissue withyy =1, =12, and6 = 0.3 S/m at 100 Mz,

(¢) wood withz = 1, & = 3,2nd o= 107* S/m at 1 KHz.

Solution: Using equations given in Table 7-1:

Case (a) Case (b) Case (c)
o/@e 3.6 %1071 4.5 600
Type | low-loss dielectric  quasi-conductor good conductor
a | 8.42x 107" Np/m 9.75 Np/m 6.3 x 10~ Np/m
B 468.3 rad/m 12.16 rad/m 6.3 x 10~ rad/m
A 134 cm 51.6%9 cm 10 km
% 1.34 x 108 m/s 0.52 x 10® m/s 0.1 x 10° m/s
e ~ 168.5Q 39.54+j31.72Q  6.28(1+/)Q
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Problem 7.15 Dry soil is characterized by & = 2.5, g = 1, and ¢ = 10~ (S/m).
At each of the following frequencies, determine if dry soil may be considered a good
conductor, a quasi-conductor, or a low-loss dielectric. and then calculate ¢, B, A, Hps
and Tc:

(a) 60 Hz,

(b) 1 kHz,

{(c) 1 MHz,

{d) 1 GHz.

Solution: &, =2.5, y,=1, o0 =10"* S/m.

F— 60 Hz 1kHz 1 MHz 1 GHz
g_o
¢ ;"e 1.2 % 10° 720 0.72 7.2 x 10~
~ 2nfes,
Type of medium | Good conductor | Good conductor | Quasi-conductor | Low-loss dielectric
o (Np/m) 1.54 x 10~ 6.28 x 10~ 1.13x 1072 1.19 x 1072
B (rad/m) 1.54 x 10~ 6.28 x 10~ 3.49 x 1072 33.14
A (m) 4.08 x 10* 104 180 0.19
up (mV/s) 2.45 x 108 107 1.8 x 108 1.9 % 108
e () 1.54(1 + j) 6.28(1+ j) 204.28 + j65.89 238.27

Problem 7.1¢ In a medium characterized by £, =9, u# = 1, and 6 = 0.1 S/m,

determine the phase angle by which the magnetic field leads the electrc field at
100 MHz.

Solution: The phase angle by which the magnetic field leads the electric field is —8q
where 8y, is the phase angle of 1.

c 0.1 x 367 _
®e  2rx 108 x10-9%x9

2

Hence, quasi-conductor.

3 P ! ,8")"11!2_1201[(1 o )—I;’Z
=Yg ’e T VE T weos;

= 125.67(1 — j2)"/2 = 71.49 + j44.18 = 84.04.1.72°.
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Therefore 8, = 31.72°
Since H = (1/1¢)k x E, H leads E by —8y, or by —31.72°. In other words, I lags

E by 31.72°.

Problem 7.17 Generate a plot for the skin depth & versus frequency for seawater
for the range from 1 kHz to 10 GHz (use log-log scales). The constitutive parameters

of seawater are yr = 1, & = 80 and 6 = 4 S/m.

Solution:
5 -1/2
11 | e g
%=3 |2 1+(§) =R ¢
o=2xrf,
W
= 2T @ T BxI
I
£ G o} 4 x36m _ 72 < 10°.

e~ @e e 2mfx109x80 80f

See Fig. P7.17 for plot of & versus frequency.

Skin dapth vs, frequency for seawatar

Skin depth (m)

10-\2 i L i 1 L .
T 107 167 10° 10" 107 10° 10

10
Fraquency (MiHz)

Figure P7.17: Skin depth versus frequency for seawaier.
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Problem 7.18 Ignoring reflection at the air-soil boundary, if the amplitude of a
2-GHz incident wave is 10 V/m at the surface of a wet soil medium, at what depth will
it be down to 1 mV/m? Wet soilis characterized by g, = 1, €, = 16,and 6 = 5 x 10~*
S/m.

Soluticm:

E(z) = Ege™ ™ = 10e™%,

|
S _ 5% 107" x 36x — 8% 10~4.
we 2mx2x10°x10-9x16

Hence, medium is a low-loss dieleciric.

o fu © 120r 5%x10*x120%n
= —y == = = =0.024 /; ,
2Ve 2 & 2x+/16 (el
1073 = 10e7%9%% 1n10~* = —0.024z,

z=383.76 m.

Problem 7.19 The skin depth of a certain nonmagnetic conducting material is 2 gmmn
at 5 GHz. Determine the phase velocity in the material.

Selution: For a good conductor, o = B, and for any material 8 = 1/o. Hence,

up=%:%=2nf85=21cx5x109x2><10'5=6-28><104 (m/s).

Problem 7.20 Based on wave attenuation and reflection measurements conducted
at 1 MHz, it was determined that the intrinsic impedance of a certain mediom is
28.1445° (£2) and the skin depth is 5 m. Determine (2) the conductivity of the
material, (b) the wavelength in the medium, and (c) the phase velocity.

Solution:
(a) Since the phase angle of 1 is 45°, the material is a good conductor. Hence,

- O i45° . .
e = +})E = 28.1¢/™ = 28.1cos45° + j28.1sin45°,

% = 28.1cos45° = 19.87.
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Since = 1/8; =1/5= 0.2 Np/m,

S O b i
~Tog7 1987 U
(b) Since & = B for a good conductor, and o = 0.2, it follows that § = 0.2.
Therefore,

2r  2n
A=—=—=10r=31.4m.
B~ 02 Ox m

(©) up= fA=106x31.4=3.14 x 107 m/s.

Problem 7.21 The electric field of 2 plane wave propagating in a nonmagnetic
medium is given by

E = £25¢" 3% cos(2m x 10°r —40x)  (V/m).

Obtain the corresponding expression for H.

Solution: From the given expression for E,

w=2nx10° (radss),
a=30 (Np/m),
B=40 (rad/m).

From (7.65a) and (7.65b),

%l &

of — B? = —@PuE = —0’potoE, = —— &,

'3 mz 1
208 = @’ue” = =&

Using the above values for ®, o, and B, we obtain the following:

gl —-1/2 o
=_€°_(1_ ji) =ﬂ(1_-ﬂ) =157.9¢5555° (Q).
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XX 2257 30— 140x —§0.16¢~ 30402~ /36.35°

H= L ExE= s mews
H = Re{He/*} = —$0.16e73% cos(2x x 10% — 405 — 36.85°)  (A/m).

Section 7-5: Current Flow in Conductors

Problem 7.22 In a nonmagnetic, lossy, dielectric medium, a 300-MHz plane wave
is characterized by the magnetic field phasor

H=(2-jaz)e e~/ (A/m).
Cbtain time-domain expressions for the eleciric and magnetic field vectors.

Solution: _ -
E=—-nkxH

To find 7, we need £’ and £”. From the given expression for H,

a=2 (Np/m),
B=9 (rad/m).

Also, we are given than f = 300 MHz = 3 x 10% Hz. From (7-65a),

CX2—132=~—033 r,

10—°
4-81=—(2nx3x 108 xdnx10~7 x ¢
8 (2rx3x10%)2 x4mx 1 XE X 36m
whose solution gives
£L.=1.95.
Similarly, from (7.65b),
208 = &’ pe”,
852 -7 " 10._9
2x2x9=(2nx3x10%)? x4nx 10 RE X Sen

which gives

& =0.91.
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T _E” —-1/2
Ll Ly IO
V e ( ]E')

MNe = R
pory M3 77 -
-V (1 E) = ST (0934021) = 256.9¢
Hence,

B = —256.96285 x (R — jaz)e De
= (Rj4+%)256.9¢ De P el12E
= (24672 +2)256.9e Ve P2,
E = Re{E/™}
= %1.03 x 10°¢™ % cos(wr — 9y+ 102.6°)
+42256.9¢ ¥ cos(wr — 9y +12.6°) (V/m),
H = Re{He/*}
= Re{(k+ jaz)e De eI}
= ke ¥ cos(@t —Oy) + z4e ¥ sin(wt —9y) (A/m).

Problem 7.23 A rectangular copper block is 30 cm in height (along z). In response
o a wave incident upon the block from above, a current is induced in the block in the
positive x-direction. Determine ¢he ratio of the a-c resistance of the block to its d-c
resistance at 1 kHz. The relevant properties of copper are given in Appendix B.

Figure P7.23: Copper block of Problem 7.23.
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Solution:

d-c resistance Ry, =

o i
=
W
g—u

a-c resistance R,o = — |
ac Gwss
Rac

== %'?3 =0.3v/nfpo = 0.3[m x 10° x 4 x 10~7 x 5.8 x 107]/2 = 143.55.
dc

Problem 7.24 The inner and outer conductors of a coaxial cable have radii of
0.5 cm and 1 cm, respectively. The conductors are made of copper with g = 1,
#r = 1and 6 = 5.8 x 107 S/m, and the outer conducior is 0.1 cm thick. At 10 MHz:

(a) Are the conductors thick enough to be considered infinitely thick so far as the
flow of current through them is concerned?

b) Determine the surface resistance K.
(¢) Determine the a-c resistance per unit length of the cable.

Solution:
(a) From Eqgs. (7.72) and (7 T7b),

8 = [nfuo] ™% = [n x 107 x 4m x 10~7 x 5.8 x 10']712 = 0.021 mm.

Hence,

d 0.1cm
& Dozimg T

Hence, conductor is plenty thick.
(b) From Eq. (7.92a),

1 1

Ri= = e 04 Q.
*T o8 58x107x21x105 - 32X107°Q

(¢) From Egq. (7.96),

1 1 8.2 =4
R=R (1 1)_82xi0 L
2 \a b 21 5x10-3 ' 10-2

) =0.039 (Ym).
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Section 7-6: EM Power Density

Problem 7.25 The magnetic field of a plane wave traveling in air is given by
H = 225sin(2% x 107t — ky) (mA/m). Determine the average power density carried
by the wave.

Solution:

H = £25sin(2nx 10"t —ky) (mA/m),
E = —no§ x H = no25sin(2n x 101 —ky) (mV/m),

25)? 12
=2 i)f“’—(zi x 1078 = yf;ﬂ(zs)z %1076 = $0.12 (W/m?).

Problem 7.26 A wave traveling in a nonmagnetic medium with & = 9 18
characterized by an electric field given by

E = [§3cos(m x 107t + kx) — £2c0s(x x 10"t +kx)] - (V/m).
Determine the direction of wave travel and the average pOWwer density carried by the
Wave.

Solution:

Tio 120xw _

~— =

V& VS

The wave is traveling in the negative x-cirection.

40n ().

2 22
Sa‘,=—i[3 +20 _ 5 ¥ _ %005 Wimd).

2q  2x40m

Problem 7.27 The electric-field phasor of a uniform plane wave traveling
downward in water is given by

E = %10e"%% 0% (Vim),

where % is the downward direction and z = 0 is the water surface. If ¢ = 4 S/m,
(a) obtain an expression for the average power density,
() determine the attenuation rate, and
(¢) determine the depth at which the power density has been reduced by 40 dB.
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Solution:
(2) Since o = B = 0.2, the medium is a good conductor.

(o4 0.2 P
Ne=(1+ j)g =(1+ j)T = (14 7)0.05=0.0707¢/* (Q).
From Eq. (7.109),

100

. |Eol? 5
2 x 0.0707

Sai=7Z
T2

(b) A = —8.680z= —8.68 x 0.2z = ~1.74z (dB).
(¢) 40 dB is equivalent to 10~%. Hence,

e 2 cosBy = e~ %% cos45° = 350004 (W/m?).

1074 =@ =¢ %4  In(10~%) = —0.4z,

orz=23.03m.

Problem 7.28 The amplitudes of an elliptically polarized plane wave traveling in 2
lossless, nonmagnetic medium with & = 4 are Hyp = 6 (mA/m) and H,g = 8§ (mA/m).
Determine the average power flowing through an aperture in the y-z plane if its area
is 20 m?.

Sclution:
_ Mo _ 120m
=&~
8= i%[H)?D+ Hil= ilS;.S [36+64] x 107°=9.43 (MW/m?),
P=S,A=943%x10"2%x20=0.19W.

=60n=188.5Q,

Problem 7.29 A wave traveling in a lossless, nonmagnetic medium has an electric
field amplitude of 24.56 V/m and an average power density of 4 W/m?. Determine
the phase velocity of the wave.

Solution:
|Eol? |Eof?
S ] i
== LT
or
24.56)2
n= ot Y

2x4
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But

5
no 377 ( 377 )'
= — ==, ={=—=—1] =25
n VE  AEr B 75.4
Hence,

c 3 x 108

g = = 6x 107 m/s.
“=& 5

Problem 7.30 At microwave frequencies, the power density considered safe for
human exposure is 1 (mW/cm?). A radar radiates a wave with an electric field
amplitude E that decays with distance as E(R) = (3,000/R) (V/m), where R is the
distance in meters. What is the radius of the unsafe region?

Solution:
2
¢ %, | (@W/em?) = 103 Wiem? = 10 W/m?,
0

oo [3%10° ' 1 _12x10

- R 2% 120~ R °

1/2

R:(%ﬁ) =34.64m.

Problem 7.31 Consider the imaginary rectangular box shown in Fig. 7-19 (P7 31).
{(a) Determine the net power flux P(z) entering the box due to a plane wave in air
given by

E = &Egcos(ar —ky) (V/m).
(b) Determine the net time-average power entering the box.

Solution:

(a)
E= f{EbCOS((ﬂr o ky)a

E
H= —2=2cos(ax — ky).
Mo

EZ
8(1) = ExH=?;‘lcosz(mr—ky),
0

2
P(t) = S(2)Aly=0—S(2)Aly=p = %wac[vzzos2 wt —cos(wt — kb)].
0
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Figure P7.31: Imaginary rectangular box of Problems 7.31 and 7.32.

(b)
i T
Pa\r = ?_[0 P(f)dl.
where 7 = 21/ w.
_ Egac
- To

Net average energy entering the box is zero, which is as expected since the box is in
a lossless medium (air).

Pay

Fh) 211:[".0 4 g
{ﬁf [cos—mr—cQS"(mr~kb)]dt} =0.
0

Problem 7.32 Repeat Problem 7.31 for a wave traveling in a lossy medium in which

E = %100e 3% cos(2m x 10°1 —40y) (V/m),
H = —20.64e Y cos(2x x 10°1 — 40y — 36.85°)  (A/m).
The box has dimensions A = lcm, b= 2 cm, and c = 0.5 cm.
Solution:
(@)
S)=ExH
= %100e™3Y cos(2n x 10%¢ — 40y)
x (—20.64)e™3% cos(2m x 10t — 40y — 36.85°)
= §64e~% cos(2m x 10°r — 40y) cos(2x x 107 — 40y — 36.85°).
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Using the identity cos@cos¢d = %[cos(e + &) +cos(8—9)],

64
S{r)= 23 e [cos(4m x 10°7 — 80y — 36.85°) + cos 36.85°],

P(r) = S(t)Aly=0—S(t) Aly=s
= 32ac{[cos(4m x 10°7 — 36.85°) + c0s 36.85°]

— e~ [cos(4 x 10°r — 80y — 36.85°) + c0s 36.85°]}.

)
Pa"_f}{) P(r) r_ﬁfo (r)dt.
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The average of cos(@r + 8) over a period T is equal to zero, regardless of the value

of 8. Hence,
Py = 32ac(1 — e75%) c0s 36.85°.

Witha=1cm, b=2cm,andc=0.5cm,

P =895x10"% (W)

This is the average power absorbed by the lossy material in the box.

Problem 7.33 Given a wave with
E = kEpcos(wr — kz),

calculate:
(a) the time-average eleciric energy density

1 iz S
(we)a\,:? J[O wcdr=§? j{) sE? dr,

(b) the time-average magnetic energy density

1 (T 1 T 5
(wm)a‘,:ﬂ{) wmdr=§j£ pH dt,

and
() show that {(we)ay = (Wm)av-

Solution:
(a)
1 T
(Wehow = 5= j[o eE2 cos(wt — kz)dr.
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With 7 = 2&

COF_Eg 21/ w "

?_/0 Cos ((Of—kZ)dI
e [ o

= L cos*(wt — kz)d{cr)

eEg

7

(We)av =

(®)
H= 3?%9— cos( @t ~ kz).

1 7
(Wm)a\r="2f'j:/o [.szdt
' 1 (T E}
_ff./o ,u-ﬁ-icos (r — kz)dr
=_g
4?2

(c) ,
pE;  pE;  €E}
IO

(Wm)a‘-’ = = (We)av-




