CHAPTER 2

Extract
2-1. (a) d2= sin9d0d¢

60° /3
Q4 / / / / sin @ df do
45° J30° n/4 Jn/6

¢) ( cos 9)
/6
m T
(§ - —) —0.5 + 0.866)
- ( {% (0.366) = 0.09582 sterads

{ 0.09582 sterads

(450 — 314.5585

Approximate

= (5-5)G-7

2
™ s 7(
~(33) (5) =%
Q4 ~ 0.13708 sterads
Q4 ~ (60 — 45)(60 — 30)

=~ 450 (degrees)? or error of

3145585 ) x 100 = 43.06%

1
0. 09582 180) (?) = 314.5585 (degrees)?

A\ Z

<Y



M) p= 4™ _ 4" _ 1311456 (dimensionl
- Q4 (sterads)  0.09582 31.1456 (dimensionless)

= 10log,(131.1456) = 21.1775 dB

or

( 180) < 180)
)\
Dy = L, (dogrees)? = 131.1456 (dimensionless) = 21.1775 dB
Do — 131.1456 (dimensionless)
07\ 21.1775 (dB)

2-2. W =E x H = Re[Ee’?] x Re[He Y]
Using the identity Re[Ae?“?] = 1[Ee“t + E*e~ %]

The instant Poynting vector can be written as

W= {%[Eejw't +E_*6_jwt]} x {%[ﬂejwt +E*e—-jwt]}

= 1 {LEx H'+E" x H| + }[E x He'™" + E* x H"e™7*']}

= L{LEx H +(Ex H)'] + }[E x Hé™ + (E x H")']}

Using the above identity again, but this time in reverse order, we can write that

W = §[Re(E x H*)] + 3[Re(E x He’>")]

1 E2 52
2:3. =3 =570 = omaom &
3. (a) Wyaq = 3[Ex H] on " = 2(120m) "

b 2w T
(b) Prag = %Wrad ds = / / (0.03315)(r% sin 6 df dep)
s 0 0

= 0.033154, watts/m”

27 T
- / / (0.03315)(100)? - sin 8 df d
0 0

0
= 27(0.03315)(100)? / sin @ df = 2m(0.03315)(100)? - (2)
0
= 4165.75 watts
2-4. a. U()=cosb
U(B1) = 0.5 = cos B, = 0 = cos1(0.5) = 60°
= 0) = 2(60°) = 120° = "%ﬂ rads.

U(#,) =0 = cos b, = 6, = cos!(0) = 90°
= 0, = 2(90°) = 180° = 7 rads.



b. U(#) = cos® 6
U(Br) = 0.5 = cos? 0, = 6 = cos™(0.5)/2 = 45°
= O, = 2(45) = 90° = m/2 rads
U(8,) =0 = cos? b, = 6, = cos™1(0) = 90°
= ©, = 2(90°) = 180° = 7 rads
c. U(B) = cos(26)
U(Br) = 0.5 = cos(20) = 0}, = % cos™1(0.5) = 30°
= 0 = 2(30°) = 60° = m/3 rads
U(6r) = 0 = cos(20,) = b, = 3 cos™(0) = 45°
= 0, = 2(45°) = 90° = 7 /2 rads
d. U(#) = cos*(20)
U(8r) = 0.5 = cos?(20) = O, = 3 cos™(0.5)"/2 = 22.5°
= O, = 2(22.5°) = 45° = % rads
U(8,) = 0 = cos?(26,) = 6,, = 1 cos™1(0) = 45°
= 0, = 2(45°) = 90° = /2 rads
e. U(H) = cos(36)
1
U(Br) = cos(36,) = 0.5 = ), = 3 cos™1(0.5) = 20°
= O, = 2(20°) = 40° = 0.698 rads
U(b,) = cos(30,) =0= 0, = %cos‘l(O) = 30°
= 0, = 2(30°) = 60° = /3 rads
f. U(H) = cos*(30)
U(Br) = 0.5 = cos>(30,) = 6 = %003'1(0.5)1/2 = 15°
= Op = 2(15°) = 30° = /6 rads
U(8,) =0 = cos?(36,) = 0, = %cos'l(O) = 30°
= 0, =2(30°) = 60° = 7/3 rads
2-5. Using the results of Problem 2-4 and a nonlinear solver to find the half power

beamwidth of the radiation intensity represented by the transcentendal functions,
we have that:

HPBW = 55.584°

(a) U(B) = cos b cos(26) = { FNBW = 90°



HPBW = 40.985°
— cog? 2
(b) U(8) = cos® O cos*(20) = { FNBW = 90°
HPBW = 38.668 °
FNBW = 60°
HPBW = 28.745°
FNBW = 60°
HPBW = 34.942°
FNBW = 60°
HPBW = 25.583°
— a2 2
(f) U = cos?(20) cos*(30) = FNB;N - 60°
AU pmax 47(200 x 1073°)
_ - = =22.22=13.47dB
2-6. (a) Do=—5—= = 55012566 x 10-3)

Go = €ca Do = 0.9(22.22) = 20 = 13.01 dB

4mUmax ~ 4m(200 x 1073)
(b) Do=—5"= = o566 x 103) 0= 130

Go = €ca- Do = 0.9 (20) = 18 = 12.55 dB

(¢) U = cosBcos(30) =
(d) U = cos? 6 cos?(36) = {

(e) U = cos(26) cos(36) = {

2-7. |U = Bycos? 6
2 pw/2 w/2
(a) Pag = / / Usinb db = Bo27r/ cos? 9 sin 6 df
o Jo 0
/2

= 27By / cos® @ d (— cosf)
0

/2

3 -1 2 15
Praa = ~27Bo2 0" = _axB, {——J =T By=10= By = —
3 1o 3 3 T

1 2g

U= }—E—)coszﬁ = Whad = % = _5cos2
T max max n r max
15 —6 2 o
= m = 4.7746 x 10™° watts/m“Q 6 =0
Weaal = 4.7746 x 10~ watts/m°@ 6 = 0°
max

2r  pm
(b) Q4 (exact) = / / U, cos® fsin @ df do
o Jo

2
), (exact) = _;r_ steradians = 2.0944 sterads = 6,875.51 (degrees)?

U = 0.5 = cos® 6 = 0, = cos~1(0.5)"/2 = 45°
= 0} = 2(45°) = 90° = /2 rads

) 2
Qa (Kraus ) = 02 = (1/2)2 = = = 2.4674 sterads = 8,099.997 (degrees)?
approx 4



(c) _ 4n _ 4m
Do (exact) Q4 (exact) 27/3

il am 16 _ 093 = 7.0697

Q4 (approx) - w2 /4 o

=6=7.782dB

Dy (approx/Kraus’) =

(d) Go Assuming lossless antenna (Pip = Praq)

Go (exact) = Dy (exact) =6 = 7.782 dB
Go (approx) = Dy (approx) = 5.093 = 7.0697 dB

U = Bycos3 6

1
(a) Praq = —27 By (—zl-') = er-Bo =10= By = 20/7r

12
= @—2- = 20 5 107% = 6.366 x 10~ watts/m®
T ™

Wrad

max

(b) Q4 (exact) = (7/2) = 1.5708 sterads
U = 0.5 = cos® 0, = 0 cos™1(0.5)1/3 = 37.467°
= Oy, = 2(37.467°) = 74.934° = 1.30785 rads
Q, (approx) = (1.30785)% = 1.71 sterads

(¢) Dg (exact) =4n/m/2 =8 =9.031 dB

4
Dy (approx) = I—;—l— = 7.347 = 8.66 dB

(d) Assuming lossless antenna = Gain = Directivity (see part c)

2-8. U(H, ¢) = cos™(8) 0<0<7/2,0< ¢ < 2m

(a) Un(On,d) = 0.5 = cos™(5°) = [cos(5°)]™ = (0.99619)"
0.5 = (0.99619)"
logy(0.5) = log[(0.99619)"] = nlog,((0.99619) = n(—0.00166)
—0.30103 = —0.00166n



(b) U0, ) = cos'834(8);  Umax = 1,0 =0°
2r  pm/2 /2
Py = / / U(B, p)sinb db dp = 27r/ cos'81-34(9) sin 6 df
o Jo 0

cos182:34(g)
=2m l_ 182.34 } - ["0+

2T
o = —— = 0.034
182.34] ™= Tsa.3q 003446
_ Arlmax

D
0 P, rad

= 4’;;1) (182.34) = 2(182.34) = 364.68

| Do = 364.68 = 25.62 dB |

(¢) Kraus’ Approzimation (2-27):

41,253 41,253

~ = =412.53 = 26.15 dB
07 014024  (10)(10)

D

| Do ~ 412.53 = 26.15 dB

(d) Tai & Pereira (2-30b):

72,8156 72,815 72,815
e2,+ 62, 2(10)2 200

Dy ~ = 364.075 = 25.61 dB

| Dy ~ 364.075 = 25.61 dB |

2-9. 1 0° <6< 20°
UO,¢) = { 0.342 csc(8) 20° < 6 <60° $0°< ¢ < 360°
0 60° < 6 < 180°

2m  pm 20°
Prad=/ / u(0, $)sin 0 df dp = 27 [/ sin @ df
o Jo 0

60°
+ / 0.342 csc(f) x siné dﬂ}
i .

0°
n/3
0 7r/9}
=27 { [— cos (%) + 1] +0.342 (—g - g—)}

=2m {[—0.93969 + 1] + 0.3427 (g)}

/9

=27r{—cos€ +0.342- 6

= 27{0.06031 + 0.23876} = 1.87912
AnUmax _ 4m(1)
Poa  1.87912

Dy = = 6.68737 = 8.25255 dB



210. (a) p, o, 41,253 _ 41,263

= = 39.29 = 15.94 dB
014021 30(35) ~ 0%

)\2
Aem = -
47rD0
(b) py~ 72815 _ 72815 4 o0 15354B
07 92, +02, (30)2+ (35)2 ' :
)\2
Aem = E-DO
47U,
2-11. Dy = —7&x
L 0 Prad

(a) U =sinfsing for 0O 0<Pp<m
Ulmax = 1 and it occurs when 6 = ¢ = /2.

Prad:/ / Usinedod¢=/ sin¢d¢/ sin?g s =2 (%) =
0 0 0 0 2

Thus Do = #23) = 4 = 6.02 dB
The half-power beamwidths are equal to

HPBW (az.) = 2[90° — sin™*(1/2)] = 2(90° — 30°) = 120°
HPBW (el.) = 2[90° — sin~*(1/2)] = 2(90° — 30°) = 120°

In a similar manner, it can be shown that for

(b) U =sin@sin® ¢ =Dy = 5.09 = 7.07 dB
HPBW (el.) = 120°, HPBW (az.) = 90°

(c) U =sinfsin® ¢ =Dy = 6 = 7.78 dB
HPBW (el.) = 120°, HPBW (az.) = 74.93°

(d) U =sin?@sin¢ =Dy = 127/8 = 4.71 = 6.73 dB
HPBW (el.) = 90°, HPBW (az.) = 120°

(e) U =sin®@sin® ¢ = Dy = 6 = 7.78 dB, HPBW (az.) = HPBW (el.) = 90°

(f) U =sin®@sin® ¢ =Dy = 97/4 = 7.07 = 8.49 dB
HPBW (el.) = 90°, HPBW (az.) = 74.93°



2-12. Using the half-power beamwidths found in the previous problem (Problem 2-11), the
directivity for each intensity using Kraus’ and Tai & Pereira’s formulas is given by

U = sin@ - sin ¢;

41253 41253

014924  120(120)
72,815 72815

02, + 02,  (120)2 + (120)2

= 2.53 = 4.03 dB

(b) DQ >~

U = sin 8 - sin? ¢;

(a) Do ~ 3.82 =5.82 dB
(b) Do ~ 3.24 = 5.10 dB

U =sin# - sin® ¢;

(a) Do ~ 4.59 = 6.62 dB
(b) Do ~ 3.64 = 5.61 dB

U = sin? 0 - sin ¢;

(a) Dy ~ 3.82 =5.82 dB
(b) Do ~3.24 = 5.10 dB

U = sin? 0 - sin® ¢;

(a) Do ~5.09 =7.07 dB
(b) Dy ~4.49 = 6.53 dB
U = sin® 6 - sin® ¢;

(a) Dy ~6.12="7.87dB
(b) Dy ~5.31 = 7.25 dB

47 47

= = = 5.5377 = 7.4
213. (a) Do= g5, = [Taoeaz ~ >0 =7 33 dB

321n(2) 321n(2)
_D = = = 4, 2 = 0. dB
(b) 0= 82762 T (1.5064)2 + (1.5064)2 4.88725 = 6.8906




2-14. (a) Dy = 47Umax _ Umax

Prad UO

27 pm T 30°
P,adz/ / Usin0d19d¢=27r/ Usin0d9=27r{/ sin @ df
o Jo 0 0

60° 90°
+ / (0.5) sin @ df + / (0.1)sin 6 df
3

o 600
30° cos 90°
= 21 { (~ cos)| - ~0.1cosf
7r{( cos )0 +< 5 ) 30°+( cos )600}

—0. . - 0.
e {(cosmn 1)+ (<2E03)  (20405)]

Praa = 21{—0.866 + 1 — 0.25 + 0.433 + 0.05} = 27(0.367)
=0.734 - 7 = 2.3059
1(4m)
0~ 2.3059
(b) Do (dipole) = 1.5 = 1.761 dB
Dy (above dipole) = (7.3636 — 1.761) dB = 5.6026 dB

60°

= 5.4496 = 7.3636 dB

Dy (above dipole) = 51—455 = 3.633 = 5.603 dB
2-15. (a) 27 pm ) 2 » /2 4 .
Pmd=/ / U(6, ¢) sin 0d9d¢=/ sin ¢d¢'/ cos“ 60 sinfdb
o Jo 0 0
1 T
Umax =U(0 = 0°,¢ = 1/2) = 1.
A7 Upnax 4
Dy Py (/5) 20 3.0 dB
(b) Elevation Plane: 6 varies, ¢ fixed
— Choose ¢ = 7/2.
U,p=m/2)=cos?d, 0<6<7/2.
cos? [HPBZV(el.)] ~1
HPBW (el.) = 2 cos™1{/0.5}'/2 = 65.5°.
2-16. (a

2m T
)P,ad=/0 /(; U(6,$)sinf df dp = 2w

30° 90° .
cosf -sinf
. -sin @ df —_—— df
{/0 Snvdr+ /3 . 0.866 }
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n/6 w/2 1
=27 /0 sin(9a'ﬂ+/7r/6 0.866c059-sin0d0

o d —coso|l/® 4 = (520 " = 27[—0.866 + 1 + 0.433]
B ° 7 0.866 2 )l ' '
= 3.5626
47 Umax 4m(1)
Do = = — 3.5273 = 5.4745 dB
0= “Paa 35626 o023 =90

®) =280 o5 coso = 0.5(0.866) = 0.433,6 = cos~(0.433) = 64.34°

~ 0.866
O1, = 2(64.34) = 128.68° = 2.246 rad = ©,,
Do~ —2T 4™ 94912 — 3.9641 dB

01,62,  (2.246)2
217. a. 35dB

b. 201og;, —gﬁi = 35, log; %mjf = 3_3 = 1.75
8 S

IE"E‘K =10'7° = 56.234

8

2.18 2m I
"0 & U =5ing, Upax = 1, P,ad=/ /Usin0d0d¢>
0 0

2 pm
=/ / sin 0 df d¢p = n*
o Jo

AnUpax  4m 4
= = — =—=1.2732
Prag w2 ™ 3

b. HPBW = 120°, 27/3
The directivity based on (2-33a) is equal to,

B 101
~ 120° — 0.0027(120°)2

while that based on (2-33b) is equal to,

/ 1
Dy = —172.4 4 1914/0.818 + o205 = 1.2245

c. Computer Program Dy = 1.2732

Dy

Dy = 1.2451

27 ™
2-19. a. U=sin%0, Upax = 1, Prag = / / sin* 0 df dp = Z.Trz,
0 0

4m 16
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b. HPBW = 74.93°
101

From (2-33a), Do = 7y g3y —0.0027(74.08° ~ 0007t

= 1.75029

From (2-33b), Do = —172.4 + 191\/0'818 + 7193

c¢. Computer program Dy = 1.693
The value of D (= 1.693) is similar to that of (4-91) or 1.643

2-20. a. U = J;%(kasin),
a = /10, kasin 6 = %sin 9. HPBW = 93.10°

From (2-33a) Do = 101/[(93.10) — 0.0027(93.10)2] = 1.449120

From (2-33b) Do = —172.4 + 1914/0.818 + 9311 5 = 1477271

a = )/20,kasin 8 = i% sind, HPBW = 91.10°.
From (2-33a), Dp = 1. 47033 From (2-33b), Dy = 1.502
A
b. a=-—. Pag= / / JZ(kasin 6) - sin 6 df d¢ = 0.7638045

10
B _ 4m(0.0893)
Umax = 0.0893, Do = Tz = 1469193
)‘ 27 s
a=c5 Praa= / / J1%(7w/10 - sin 6) - sin 8 df d¢p = 0.202604
0 0
47(0.0240714)
max = 0.02 , Dp=—rnu-—""=1. .
Umax = 0.0240714, D, 0305604 1.49257

If the radius of loop is smaller than A/20, the directivity approaches to 1.5.

2-21. Using the numerical techniques, the directivity for each intensity of (Prob. 2-11) with
10° uniform divisions is equal to U = sin @ - sin ¢;
47mUmax
P, rad

(a) Midpoint; Dg =

18 18
Unax = 1. Prad = (T sin ¢, sin? 6;
ax T (18) Z J; i

0; = 36+(z—1) 1=1,2,3,...,18
7T .
Prad = (E) (11.38656)(8.9924) ~3.119
_ 4m(1)

=4.03 =6.05dB

3.119
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(b) Trailing edge of each division
Trailing edge; 0; = i(7/18), i =1,2,3,...,18
¢; = j(n/18), §=1,2,3,...,18
T2
Prad = (I'é) (11.25640)(8.96985) = 3.076

47 (1)
3.119

Do = —=4.09=6.11dB

In a similar manner
U = sin@ - sin® ¢;

() Prag = 2.463 = Dy = 5.10 = 7.07 dB
(b) Prag = 2.451 = Dy = 5.13 = 7.10 dB

U =sin 8 - sin® ¢;

) Piaq = 2.092 = Doy = 6.01 = 7.79 dB
) Prag = 2.086 = Dy = 6.02 = 7.80 dB

(a
(b
U = sin? 6 - sin ¢;

(a) Praq = 2.469 = Do = 4.74 = 6.76 dB
(b) Praq = 2.618 = Do = 4.80 = 6.81 dB

.2 2
U = sin” 0 - sin” ¢;

) Prag = 2.092 = Dy = 6.01 = 7.79 dB
) Praga = 2.086 = Dy = 6.02 = 7.80 dB

(a
(b
U = sin? 6 - sin® ¢;

(a) Prag = 1.777 = Dy = 7.07 = 8.49 dB
(b) Prag = 1.775 = Dy = 7.08 = 8.50 dB

2-22. Using the computer program Directivity of Chapter 2, the directivities for each radi-
ation intensity of Problem 2-11 are equal to

a. U =sinfsin¢; P.q = 3.1318

— . — 47r : Umax —
Unax =1; Do= —gpot=® = 4.0125 = 6.034 dB
b. U =sinf - sin® ¢; Praq = 2.4590
Uno=1: Do=—"1 _ 5110358 = 7.0845 dB

2.4590
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c. U =sinf-sin®¢; P.aq = 2.0870

4 -1
Unax =1; Do = 5og7g = 0-02124 = 7.80 dB
d. U =sin?0sing; Praq = 2.6579
47 -1
m = ; = = 4, . B
Umax =1; Do 5as7g = 472793 = 6.746 d
e. U =sin?0-sin?¢; P.q = 2.0870
47 -1
= = 6.0212 ) dB
0= 5og7g = 6:02126 = 7.7968
f. U =sin?0-sin ¢; P..q = 1.7714
4 -1
0 = Ty = 709403 = 8.5089 dB

2-23. (a) E|max = cos [5(cos — 1)] |max = 1 at § = 0°.

0.707 Emax = 0.707 - (1) = cos [%(cos 6, — 1)]

cos~1(2) = does not exist

T T
Z(cosﬂl -1)= :l:Z =6, = {cos"l(O) =90° = g rad.

™
617'2621':2(5) =
. ilz
911‘927 - 2

|

Dy ~ =—=1273=1.049 dB

3

(b) Using the computer program of Chapter 2
Dy = 2.00789 = 3.027 dB

Since the pattern is not very narrow, the answer obtained using Kraus’ approxi-
mate formula is not as accurate.

2-24.  a. E|pax = cos (Z-(cose + 1)) lmax =1 at 0 = 7.

0.707- = cos (%(cos 6, + 1))

%(cosé?l +1)= +7 5 6, =

{cos“l(—2) — does not exist.
4

cos~1(0) — 90° — % rad

O1, =@2r=2(g) =.

4 4
Dy~ —3 = — = 1.273 = 1.049 dB
s ™
b. Computer Program
Dy = 2.00789 = 3.027 dB
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995 a 27 pw/2 T
: " Prad = / / Upsin(rsin @) - sinf df dp = 2w - Up - §J1(7r) = Upm?Jy ()
o Jo

Do = dmUnax _ 47Up 4 1 — 44735

Paa  Upn2Ji(m) 7 Ji(m)
— ng(w) = 0.44707273561622

b. Computer Program

2 pmw/2
Praa = / / Uy sin(r sin 6) sin 8 df d = 27 - (0.44707273561618)
0 0

Dy = 4.4735

2-26. (a) Using the computer program of Chapter 2.

Dy = 14.0707 = 11.48 dB

Ulmax = - =1 when 8 =0°.
msin@

(b) sin(7 sin 6) 2
[ ]ma" sin(7 sin 01)J2

iy —1(1) =
U = 3Umax = 3(1) [ﬂsinﬁl

Iteratively we obtain 6; = 26.3°. Therefore

eld = @2d - 2(2630) - 52.60.

41,253
(52.6)2

(c) For Tai and Pereira’s formula

and Dy ~ = 14.91 = 11.73 dB using the Kraus’ formula

72,815 72,815

- - =13.16 = 11.19 dB
2.67, ~ 2(526) d

Do

1 1 1
2-27. U = 56|E|2 = %smecosz(ﬁ = Unax = o

(a) Prad:2,/;/2/0”-2—1;l-sin20c082¢d9d¢:%(%) (g)zg_n

1
4 4 | 5= 1
Dy = T Umax _ (22”) = -7? = 5.09 = 7.07 dB

Prad E__
8n
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1
(b) Unax = 5 at 6 =7/2,¢ =0

1
In the elevation plane through the maximum ¢ =0 and U = 5; sin 6.

The 3-dB point occurs when

1 1
U =0.5Upax = 0.5 (—) = —sinf; = 6; =sin~!(0.5) = 30°
2n 2n

Therefore ©14 = 2(90 — 30) = 120°

1
In the azimuth plane through the maximum 6 = 7/2 and U = 5—6 cos? ¢.

1 1
The 3-dB point occurs when U = 0.5 Upax = 0.5 (%) = 57; cos® 0,
= ¢1 = cos1(0.707) = 45°, Oz4 = 2(90° — 45°) = 90°.
41,2
Therefore using Kraus’ formula Dy ~ —1——2—(—)1—’—(5—930—) = 3.82 =5.82 dB

(c) Using Tai and Pereira’s formula

72,815 72,815

Dy ~ =
0T 82, + 02, (120)2+ (90)

5 =3.24=15.10 dB

(d) Using the computer program of Chapter 2.

Dy =5.16425 = 7.13 dB

Ji(kasing)]? (ka)? J1 (kasin 6) 2—u J1(kasin6)]?
sin @ - kasin 6 - kasin 6

2-28. U = {

(a) Umax =Uop (%)2 = %9 and it occurs when kasinf =0 = 6 = 0°.

The 3-dB point is obtained using

Jl(kasinﬁ)r _, Nlkasing) oo

=1 = —_— =
U = 3 Unax Uo [ kasin @ kasin 6

8
with the aid of the J;(z)/x tables of Appendix V.

z =kasinf; = 1.61 = 6; = sin"!(1.61/27) = 14.847°
= 0, = 29.694°

(b) Since ©1, = B4, = 29.694°, the directivity is equal to

41,253

W = 46.79 = 16.70 dB

Do."!
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2-29. Go = 16 dB = 16 = 10log;, Go(dimensionless) = Go(dim) = 106 = 39.81
r = 100 meters = 10,000 cm = 10* cm
Poqg = €cqgPin = (I)Rn = 8 watts
f=1,900 MHz = X = 30 x 10%/1.9 x 10° = 15.789 cm
(a) Prag 8 8

Wo = 12 = Zr (1092 ~ 47 x 10°

= % x 1078 = 0.6366 x 10~ watts/cm®

Wo = 0.6366 x 10~8 = 6.366 x 10~° watts/cm’
Winax = WoGo(dim) = 6.366 x 1079(39.81) = 253.438 x 107°.

Winax = 253.438 x 10~° watts/cm’

(b) Do(A/4 monopole) = 1.643

A2 A2 1.643(15.789)2
Aem = 7-Do = 21;(1.643) i —

Aem = 32.5938 cm?
P(received) = Wiax Aem = (253.438 x 1079)(32.5938)

= 32.5938 cm?

P(received) = 8.2606 x 10~5 watts

2-30. (a) Linear because A¢ = 0.
(b) Linear because A¢ = 0.
(c) Circular because
1. E; =E,
2. Ap=m7/2.
CCW because E, leads E;. AR = 1,7 = 90°
(d) Circular because
1. E; =E,
2. Ap=—7/2
CW because E, lags E;. AR =1,7 = 90°

(e) Elliptical because A¢ is not multiples of 7/2. CCW because E, leads E;.
AR = 0OA/OB



Letting E; = Ey = Ep

OA = Eo[0.5(1 + 1+ v2)]"/? = 1.30656E, | _, AR — 130656
OB = Ep[0.5(1 + 1 — v/2)]*/2 = 0.541196 E ~ 0.541196

_1 [2(1) cos(45°) _1 (1414

) 1 _ o 1

T =90° — ; tan [—————1_1 =90° — § tan 0
= 90° — 5(90°) = 45°
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= 2.414

(f) Elliptical because A¢ is not multiples of 7/2 CW because E, lags E,.

From above OA = 1.30656E, _1.30656
OB = 0.541196 E, } = AR = 541106 — 24

From above 7 = 90° — (90°) = 45°
(g) Elliptical because

1. E; #E,
2. A¢ is not zero or multiples of 7.

CCW because E, leads E;.

OA = E, {1[0.25+1+0.75]} /> = E, } S AR= — =2

1
OB = E, {1[0.25+1—0.75]}/* = 0.5E, 0.5

o - O o o o
7=90°— Jtan™’ (——_0'75) = 90° — 1(180°) =0
(h) Elliptical because

1. E; #E,
2. A¢ is not zero or multiples of 7.

CW because E, lags E;.

From above OA = E
OB = 0.5E,

T =90° — 1(180°) = 0°.

1
= AR = — =2
} 0.5
2-31. €.(2,t) = Re[ELe?WtHh*+92)] = B, cos(wt + kz + ¢5)
Ey(2,t) = Re[Eyej(wt+kz+¢u)] = By cos(wt + kz + ¢y)
where E; and E, are real positive constants.
Choosing z = 0 and letting A¢p =@y — o =¢, —0=¢

&2(t) = E; cos(wt)
&y(t) = Eycos(wt + ¢)

(1)
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and

£(t) = /&2 + &% = /B2 cost(wt) + B, ? cos?(wt + ¢) (2)

The maximum and minimum values of (2) are the major and minor axes of the po-
larization ellipse. Squaring (2) and using the half-angle identity, equation (2) can be
written as

&3 (t) = %{Ew2 +E + E.? cos(2wt) + E,® cos®[2(wt + ¢)]} (3)

Since E, and E, are constants, the maximum and minimum values of (3) occur when
f(t) = Ez? cos(2wt) + E,® cos[2(wt + ¢)] is maximum or minimum. These are found
by differentiating (4) and setting it equal to zero. Thus

ngw_tj = —E,?sin(2wt) — E,%sin[2(wt + ¢)] =0 (4)
or
EZ2sin(2wt) = —E2 sin[2(wt + ¢)]
= —ES{sin 2wt cos 2¢ + cos 2wt sin 2¢} (5)
Dividing (5) by cos(2wt) yields
E2tan(2wt) = —Ez tan[2wt] cos(2¢) + sin(2¢)]

or .
—E; sin(2¢)

E2 + E2 cos(2¢)

tan(2wt) =

from which we obtain that
E?2 + E?2 cos(2¢)

cos(2wt) = " (6)
E2 + E? 2
cos(2uwt + 2¢) = —~ + Bq cos(29) (7)
+p
where
p=1/E4+ E} +2E2E2 cos(2¢) (8)

Substituting (6)—(8) into (3) yields
1
e =3 [Eﬁ +E2+ ;(p2)]
whose maximum value is
1/2
Emax = OA = {%[Eﬁ + E2 + (EX + E* + 2E2E2 cos 2¢)1/2]}

1/2
€ . =OB= {%[Eg + E? — (E% + E* + 2E2E2 cos 2¢)1/2]}
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The tilt angle 7 can be obtained by expanding (1) and writing the two as

€2 26,€ycosp  EF
E—g——Ew—E,;——‘FEyZ-—quS (9)

which is the equation of a tilted ellipse. Choosing a coordinate system whose principal
axes coincide with the major and minor axes of the tilted ellipse, we can write that

I

€ = &, sin(2) — &} cos(2) (10)
&y = €, cos(z) + &} sin(2)

where €, and & are the new field values along the new principal axes z’,/, z’. Sub-
stituting (10) into (9) yields

2€;.€;, cos(z) sin(z) B 2€; &, cos(2) sin(z) B 2€,€, cos¢5(Sinz 2 —cos?z) = 0
EZ E2 E, B,

which when solved for the tilt angle 7 reduces to

or

T =

2E, E, cos ¢
1 -1 z Dy
-y (S5 5)

For more details on the tilt angle derivation, see J.D. Kraus, Antennas, McGraw -
Hill, 1950, pp. 464-476.

Nl

(a)  puw = Gz cos Py + Gy sin ¢y
Pa = Gz COS 2 + Gy sin ¢y
PLF = |y - pa|® = |(4z cos ¢1 + Gy sin ;) - (a4 cos ¢g + a, sin ¢o)|?

= | cos ¢h; cOS ¢2 + sin ¢y sin @o|? = | cos(p1 — ¢2)|?

(b)  pu = Gz sinb; cos ¢y + a, sinh; sin ¢y + @, cos b,
Pa = Gz sin B3 cos P2 + dy sin O sin o + @, cos b,
PLF = |py, - fa|® = | sin 6; cos ¢; sin 6 cos ¢ + sin 6; sin ¢, sin b5 - sin o2
+ cos 8, - cos B2
PLF = |sin 6 - sin 63(cos ¢ - cos ¢ + sin ¢; sin ¢h2) + cos f; cos 6>

PLF = |sin 6, sin 6, cos(¢1 — ¢2) + cos #; cos B,|?
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2-33. Assuming electric field is z-polarized

(a) E, = a.E 7% = p, = a,
h n . ap — ja
E, = (8¢ — jig)Eof(r,0,0) = po = (—’i—#)

PLF = |py, - ﬁal2 = %I&z Qg — jag - &¢|2

since ag = Gz cosf cos ¢ + a, cosfsing — a, sin b
Q¢ = —0@g Sin @ + Gy cos @
PLF = 1(cos? f cos® ¢ + sin? ¢)

(b) when E, = (G¢ + jae)Eof(r,8,¢), PLF is also
PLF = 1(cos? § cos? ¢ + sin? ¢)
A more general, but also more complex, expression can be derived when the incident

electric field is of the form E,, = (ad, + bd,)e 7 where a, b are real constants. It
can be shown (using the same procedure) that

1
PLF = ————[(acosf cos ¢ + bsin Osin ¢)* + (asin ¢ — beos ¢)*]*/2
2(02 +b2)[( ¢ ¢) ( ¢ ¢) ]
z
4
Incident Wave  x N Antenna

2-34. (a) E,, = Eo(jay + 3a,)et7*
1. Elliptical polarization; AR = % = 3; Left Hand (CCW)
a. 2 components orthogonal to direction of propagation
b. Not of same magnitude
c. 90° phase difference between them
d.

y component is leading the z component or z component is lagging the
Yy component



(b) E, = Eq(dy + 2a,)e~7%
1. Linear polarization; AR = oo; No rotation
a. 2 components orthogonal to direction of propagation.
b. Not of the same magnitude
c. 0° phase difference between them,

(¢) PLF = |pu - fal®

. 1) 3”2 .
E, = Ey(ja, + 3a,)et* = E, <M) V10e+ike

V10
by = (jay + 3&,,)
w \/m
ay + 24,

Pw
E, = Ea(ay +24,)e™7* = By <————-) Ve ik

V5
) (ay+2az)
pa = | =
V5

—
Pa
PLF = |py - pu|? =

(Gay +3a:) (ay +24.)|" _ |i+6 37

V10 V5 50 50
PLF = 21 — [0.740 = —1.31 dB]
50
2-35. E., = (a5 + ja,)Egeti*?
R . e—jkr ) . e—jkz
—E—a = (am + 2ay)E1 r 0=0°; _axis — (aa: + 2ay)E1
X
A y
E, f /
z —

. (ag+ja .
(a) E, = (_w_\/_2___y_> V2Egetik

Circular: 2 components, same amplitude, 90° phase difference
(b) Clockwise (y component is leading the  component)
dgz + 24 e Ikz
(c) E, = (l—\/g—y') V5E, .

Linear: 2 components, 0° phase difference

21
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(d) No rotation

(e) 5 _(&z+j&y) 5 _(dz+2&y)
w ﬁ k) a ‘\/g
a N ~ ~ 2 :012
s a2 [f8stidby (8z+ 28y _1+g2F 5
pr =l al = | () ()| =R =

PLF = I56 = 0.5 = 10log,((0.5) = —3 dB

2-36. (a . . e~Jkr jGe + 24 eIkt
(&) E, = Eo(jae + 2a4) fo(6o, o) = Ep (Lj—) V5 fo(60, $o)
r V5 r
S Q.
Pa
5= ( jae + 2a¢)
¢ V5
Elliptical, CW
5
ay
3, .,
X
b R N e+jk'r
() E,, = E1(24¢ + jag) f1(6o, ¢0) -
2&0 + ]&d,) e+j’"
=B [ =222 ) V5 (6o,
1 ( 7 f1(6o, ¢0) "
[
Pw
b = (2&0 +jd¢>
v V5

2

Elliptical, CW 9 s a2 .
Jjae +2&¢) ) (2&9 +jd¢>| . ‘2_7 +]2' _ ' 45

(c) PLF = |p, ’ﬁwl2 = l( /5 /5 /25 7’2—5-
16

PLF = — =0.64 = —1. dB
5% 0.6 938




n cn N —ikz . A 1, i
E,, = Eo(ag + jay)e™7%* = p, = 758 £ 3y)

. o . 1 . n
E, ~ Ey(ag — jay)f(r,0,8) = pa = E(ao — jag)

2-37. (a)

PLF = 3|(dz % jy) - (4o — jas)I* = (4 - o + &y - Gg) — 5 (aly F dyas)|*

Converting the spherical unit vectors to rectangular, as it was done in

Problem 2.32, leads to
PLF = 1(cosf +1)*

(b) When

E,, = Eo(g * ja,)e™7*
E, ~ Ei(ag + jag)f(r,0,¢) the PLF is equal to
PLF = 1(cos6 ¥ 1)°

2-38. E,, = (Ggcos¢p — agsin¢pcosb)f(r,8,¢) or

E, - ag COS ¢ — Gy sin ¢ cos § \/cos2¢+sin2¢cos29~f(T,9,¢)
V/cos? ¢ + sin? ¢ cos? §

Thus p,, = Gg COS ¢ — Gy Sin ¢ cos
¢ V/cos? ¢ + sin® ¢ cos? 6

and

PLF = |y - fal® =

2
G CcOS ¢ — Ay sin ¢ cosd a
V/cos2 ¢ + sin? ¢ cos? § ‘

Transforming the rectangular unit vector to spherical using

Gy = G, sinfcos ¢ + ag cosf cos ¢ — a4 sin ¢

cos2 0

the PLF reduces to PLF = —3
cos? ¢ + sin” ¢ cos? 0

23

The same answer is obtained by transforming the spherical unit vectors to rectangular,

as was done in Prob. 2-32.

2-39. .E.a. = (26'13 iy&y)f(r,9,¢) = (ga@\;t__—sj%) \/gf(T, 97 ¢))

Antenna

=

Wave
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(2) Pw = (w) = Wave is Right Hand (RH)

5o = (2@ —_I—j&y)
‘ VG

PLF = |pu - ol
9 . . (Antenna is LH in receiving
19 = —0-4576 dB using the +sign  ;, 46 and RH in transmitting)

S

— 10
- 1 . . (Antenna is RH in receiving
10 10 dB using the — sign mode and LH in transmitting)

S

(b) Pw = (w) = Wave is Left Hand (LH)

5 (za, :tj&y)
¢ V5

PLF = |py - Aaal2

1 10 dB usi b ) (Antenna is LH in receiving
) 10 using the + sign mode and RH in transmitting)
N 9 : . (Antenna is RH in receiving
10 = 04545 dB using the —sign /40 and LH in transmitting)
y
A
45°
> X
2-40. for py,
A a A oA . (2
. Qg + Gy Qg + Gy 4az + jay
= ;PLF = .
TR Vi VI

1 1
PLF = —|(a, - 44, Gy - Gly)|2 = — i|2
34|(a, az) + (Gy - jay)| 34|4+.7|
=0.5



2-41. (a) RHCP; jp, = 22 =%
V2

~ ca ~ on 2
28z +jay Gz — jay

PLF = |jy, - fa|* = 7 75| =09=-046 (4B)
(b) LHCP; p, = “—:}—;“—y
PLF = |py - ful® = 26’”;; by G :;g&y T 0.1 =-10.0 (dB)
2-42. E' = (4, — ja,) Boe—i%* = (ﬁ%) V3Eoe-ik:
po== 1 ow

(a) E® = (a + ja,)Ereti*=

= (=T1%) V2E,etike
( V2 e
pﬂa—_'%‘l Ccw
~ ~ ~ 2 . 2
A a a -+ 1— 42
i (54 () - ()
PLF=1=0dB
a; — ja )
b) B¢ = ZX 1Y 2F, etikz
()— ( \/-2- )\/— 1€
~ d:c_jdy
’ V2

PLF = |py, - ﬁalz =

PLF =0 = —o00 dB
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2-43. Ei = d:z:EOe—jkz1 ﬁ'w = dz

E® = (d, + ja,)Eretih® = (__“I +J “y> V2E etk

V2
’ V2

A2 2 A2 9
(a) Aem = Zr'eoDOIPAa pwl|t = Z;GOIﬁa * pul
(<— eoDo = Go)

c 3 x 108 _3x 108

At 1 _ _
0GHz = A=+ =10%100 = 1010

=3 x10"2

(10)

GO =10= 1010g10 Go(dlm) = Go(dlm) — 101 =10
/\2 A ~ 12 (3 X 10_2)2 . &z +.76'y 2
9x 1074 9 x 10-3 A
=~y —(10)(3) = ——(3) = (07162 x 107%) (3)
Aem = 0.3581 x 1073 m?

(b) Pr = Aem W= (0.3581 x 1073)(10 x 1073) = 3.581 x 10~¢ watts
Pr = 3.581 x 107% watts

2-44. E, = (24, £ ja,)Ee k>

. 24+ ja,
pa \/5
(a‘) E_w=&zEw:>ﬁw:dx
212 4
PLF=|ﬁw'ﬁa'2=‘ﬁ =5=0.8=—O.9691 dB
(b) E, = ayEy = py = ay
112 1
PLF = |py - fal?> = |—=| == =0.2 = —6.9897 dB
V5 5

2-45. (a) Ey = E, + E; = 3coswt + 2coswt = 5coswt
E, = FE_ + E] = Tcos (wt+ g) + 3 cos (wt - g—)

= —7sinwt + 3sinwt = —4 sinwt

5
AR = 1= 1.25
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5a,

(b) At wt =0, E =
= FE = —4a, = Rotation in CCW

At wt =7n/2

2-46. (a) PLF = ] independent of 1 — must have CP

AR =1
(b) Polarization will be elliptical with major axies aligned with x-axis.
guess: AR =2

verify: py = (28, + ja,)/V5
2cos v +jsinzp,2 _4cos? ¢ +sin® ¢

V5 B 5

PLF:Iﬁw'ﬁaF:I
v =0: PLF=08
¥ = 90°: PLF = 0.2
(c) PLF =1 at 1 =45° and 225°
PLF=0 at % =135° and 315°

Polarization must be linear with that angle of 45°
AR =00

247. [ — 2 ___2
97 (50+1+73) +j(25+42.5) 124 + j67.5

= (12.442 — j6.7724) x 1073 = 14.166 x 1073/ — 28.56°

AM—TIT

Ry=50 X,=25

Vg=2@ /—lg\k

(a) P, = %Re(Vg -17) = Re(12.442 + j6.7724) x 1073 = 12.442 x 1073 W

(b) P = %]Igler =7325x 1073 W

(c) P = %IIgPRL =0.1003 x 1073 W
The remaining supplied power is dissipated as heat in the internal resistor of the

generator, or
P, = 3|I,|*R, = 5.0169 x 1073 W

Thus

Pr + P+ P, = (7.325 4 0.1003 + 5.0169) x 103 = 12.4422 x 10~3 = P,
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2-48. The impedance transfer equation of

ZL+ 32, tan(kl)]

Zin = Ze [ZC + jZy tan(kl)

reduces for I = A\/2 to Zi, = Z,

Therefore the equivalent load impedance at the terminals of the generator is the same
as that for Problem 2-47.

Thus the supplied, radiated, and dissipated powers are the same as those of
Problem 2-47.

2.49. (a) (1002 10000 , .
Zin = - — (50 — §50) = 100 — §100
50+ 750 ~ 5000 — (°0 ~750) J

[ 10 B 10
97150 — j100 ~ 180.3Z — 33.7°

= 0.05546£33.7° A

oV Zy =100 Q Z,=50+j50Q

]

(b) Py = jRe{V,I;} = 1 x 10 x 0.05546 x cos(33.7°)
=0.231 W

(c) Pa=3lI°Re{Z;n} = 1 x (0.05546)% x 100 = 0.1538 W
Prad = €caPs = 0.96 x 0.1538 = 0.148 W

P,
2-50. Gain = =29 Directivity
P, accepted

. ) P, o
Realized Gain = —¢ Directivity
available

Gain _ P, available
Realized Gain  P,ccepted




f——

Vs (#) % VA

|

Fig. 1.

(3) v

l available 1
0

From Fig. 1;
P, accepted
V(0)
1(0)
I'(0)

T 42,

V(z) = A(e™7%® 4+ T'(0)e’*®)

I(z) = %(e

V(0) = A(1 + T(0))

—jkx

— I'(0)e?*®)

10) = 2-(1-T(©)

= Re[V(0)I"(0)]

= S+T()
Vs
5z, (1= T(0)

_ Zin — ZO

B Zin + ZO

—V, 4+ I(0)Zo + V(0) = 0

~Vi+A— AT(0) + A+ AT(0) = 0

2A=V‘,—>A=K"z

V. + Zﬁu —T(0))Zo + A(1 +T(0)) = 0
0

29
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Zin + 2y

(1 + Rin +inn - ZO)
Rin + jXin + 2o

_V (Rin + jXin + Zo + Rin + j Xin — Zo)

8 Zin“Z
=>V(O)=Y2-—<1+ °>
Vs
2

2 Rin + inn + ZO
V. (Rin + inn)
V()= =2
© Ri, + j Xin + Zo
1(0) = V., 1_Zin—Zo _ Vo (Zin+ Zo — Zin + Zy
274 Zin + Zg 27y Zin + 2y
Vs Vs
1(0) = =
( ) Zin + ZO Rin +inn + ZO
*] __ ‘/.sRin +jV9Xin I/.9
RelV(0)1(0)7] = Re [Ri., T Z0 1% Rt Zo— jXJ
P _ Re [ YVe(Bint iXin) ) _ VZRin
et T B+ 202+ X2 ) (Rin+ 20 + X3,
V2
Gain _ 47, _ (Rin + Zo)? + X2
Realized Gain V2R, B 420 Rip

(Rin + 20)% + X2,

! 0
2-51. (a) Rp = Ras(2:00b) = = “;F;

= 21(7/200) 2(5.7 x 107)
= 0.4415 x 10~2 = 0.004415 (ohms)

/60 \/ 27 x 109(47 x 10-7)

1\? 1\°
T 4 _ = 2 - = 2 —_— = .
(b) R-(4—19) =807 (A) 80w (60) 0.21932
= Rin = R, = 0.21932 ohms (because of assumed constant current)

R, 0.21932 A
R; + R, 0.21932 + 0.004415

(©) ¢,4(2 = 90) = = 0.98027

eca = 98.027%
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(d) Z1, = (RL + Rin) + jXin = (0.21932 4 0.004415) + j Xin
= 0.2237 + j Xin

Xin = —120 2020 —1 _ 105 [ln (,\/\//1%%) 1J

t E - tan 2——)‘—
a3 2\ 2x 60

0.51003 — 1
=-120: | ——| = 20.
120 [ 0.05241 J +1,120.03
Zr — Z.  (0.2237 + 51,120.03) — 50
Tl = = = 0.9999
Ir| Zr+Z. (0.2237 + 51,120.03) + 50 09
1+ 1+40.9999
= = =99 >~
VEWR = T1F = T=0.9999 = 29990
2-52. Radiation Efficiency of a dipole
I(z) =Ipcos [F2'] ,—-1/2 < 2/ < /2
I m o
H¢(7' = a)lat the surface = Zfoz cos ['l"z] y
ds = a d¢ dz = differential patch of area.
dw = power loss into this patch.
dw = |Hy|?Rsa dp dz
(time avs) (« R, = skin resistance)
_ I() 2 Rs 2 ™
aw = (57?(1) + 5 cos [—I-Z] a dp dz
l/2 27 I 2R
W (total loss) = /1/2/ a2 cos [ ]ad¢dz
1/2 1. 2 l-R
-2 =2 %1
822 waR/l/zcos dz i a2
=3I°R,

1
RL=§.27ra
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1 0<6<45°
2-53. F = 0 45°<6<90°
% 90° < 6 < 180°
2 2 2| g2 2 1
(a) U=——TE _______’I‘| I, Umaxzr_

n 1207

2n n
F2 2 45° 180° ¢
P,adz—/ do / sin9d0+/ —sin 6 df
n Jo 0 g0o 4

r? 45° 1 180°
= 7’—[27r] [— cos9|0 + 4—(~— cosO)[900 }

2r27

1 1
= — c0s45° + cos0° — = cos 180° + = cos 90°
n 4 4

2 2
P.oq = 0.54289=7"

2
AmUmax 47"%
Paa  0.54289(27)r2/n

D = = 3.684

(b) When the field is equal to 10 v/m, for § = 0°.

10 v/m 0<6<45°
= FE= 0 45° < 6 < 90°
1 x10v/m 90° < 6 < 180°
r2 2r 45° 180°
Pog = — [/ {/ |E|?sin 6 df +/ |E)? sin@dG} d¢]
n 0 0 90°

Praq = 72(0.54289) (%") |10 = 36,193

Prag = %lIler = |Irms|2 ‘R,
36,193 36,193
TR =g T T

= 1,447.72

2-54. Input parameters:
The lower bound of theta in degrees =0
The upper bound of theta in degrees = 90
The lower bound of phi in degrees =0
The upper bound of phi in degrees = 360



2-55.
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Output parameters:

Radiated power (watts) = 0.1566

Partial Directivity (theta) (dimensionless) = 80.2511
Partial Directivity (theta) (dB) = 19.0445

Partial Directivity (phi) (dimensionless) = 80.2511
Partial Directivity (phi) (dB) = 19.0445

Directivity (dimensionless) = 80.2511

Directivity (dB) = 19.0445

Using Table 12.1
a=3\b=2)\
ab
Dy = 4rw (ﬁ) = 47(6) = 247
Dy = 75.398 = 18.774 dB
Since the maximum |Eg| = |E4| = |E| then the maximum directivity

Do = Dy = D,

Input parameters:

The lower bound of theta in degrees =0
The upper bound of theta in degrees = 90
The lower bound of phi in degrees =0
The upper bound of phi in degrees = 360

Output parameters:

Radiated power (watts) = 0.0330

Partial Directivity (theta) (dimensionless) = 62.4635
Partial Directivity (theta) (dB) = 17.9563

Partial Directivity (phi) (dimensionless) = 62.4635
Partial Directivity (phi) (dB) = 17.9563

Directivity (dimensionless) = 62.4635

Directivity (dB) = 17.9563

Using Table 12.1
a=3\b=2)\
ab
Dy =0.81 (47r:\—2—> = 0.81(24m)
= 61.072 = 17.858 dB
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2-56.

2-57.

Since the maximum |Eg| = |Ey| = | E|, then the maximum directivity

Do =Dy =D,

Input parameters:

The lower bound of theta in degrees =0
The upper bound of theta in degrees = 90
The lower bound of phi in degrees =0
The upper bound of phi in degrees = 360

Output parameters:

Radiated power (watts) = 0.4863

Partial Directivity (theta) (dimensionless) = 4.2443
Partial Directivity (theta) (dB) = 6.2780

Partial Directivity (phi) (dimensionless) = 4.2443
Partial Directivity (phi) (dB) = 6.2780

Directivity (dimensionless) = 4.2443

Directivity (dB) = 6.2780

Using Table 12.1

2.2
f=10 GHz=>/\=30m=>a=——3§§)\=0.762/\
b= %)\ = 0.3387\
ab
Dy =0.81 <4ﬂﬁ> = 0.81(47)(0.762)(0.3387)

= 2.627=4.194 dB
Since the maximum |Ey| = |Ey| = |E|, then the maximum directivity

Do =Dy =Dy

Input parameters:

The lower bound of theta in degrees =0
The upper bound of theta in degrees = 90
The lower bound of phi in degrees =0
The upper bound of phi in degrees = 360



2-58.
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Output parameters:

Radiated power (watts) = 0.0338

Partial Directivity (theta) (dimensionless) = 92.9470
Partial Directivity (theta) (dB) = 19.6824

Partial Directivity (phi) (dimensionless) = 92.9470
Partial Directivity (phi) (dB) = 19.6824

Directivity (dimensionless) = 92.9470

Directivity (dB) = 19.6824

Using Table 12.2
a = 1.5\

A, 5 (2ma 2__ 2
Do—ﬁ(wa)—()\> =97

D, = 88.826 = 19.485 dB
Since the maximum |Ey| = |E4| = |E|, then the maximum directivity

Do =Dy =D,

Input parameters:

The lower bound of theta in degrees =0
The upper bound of theta in degrees = 90
The lower bound of phi in degrees =0
The upper bound of phi in degrees = 360

Output parameters:

Radiated power (watts) = 0.0418

Partial Directivity (theta) (dimensionless) = 75.1735
Partial Directivity (theta) (dB) = 18.7606

Partial Directivity (phi) (dimensionless) =75.1735
Partial Directivity (phi) (dB) = 18.7606

Directivity (dimensionless) = 75.1735

Directivity (dB) = 18.7606

Using Table 12.2
a = 1.5\

2
2
Do = 0.836 (%) = 0.836(972)

Do = 74.2589 = 18.71 dB
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2-59.

2-60.

Since the maximum |Ey| = |Ey4| = |E|, then the maximum directivity

Do = Dy = Dy

Input parameters:

The lower bound of theta in degrees =0
The upper bound of theta in degrees = 90
The lower bound of phi in degrees =0
The upper bound of phi in degrees = 360

Output parameters:

Radiated power (watts) = 0.4952

Partial Directivity (theta) (dimensionless) = 6.3439
Partial Directivity (theta) (dB) = 8.0236

Partial Directivity (phi) (dimensionless) = 6.3439
Partial Directivity (phi) (dB) = 8.0236

Directivity (dimensionless) = 6.3439

Directivity (dB) = 8.0236

Using Table 12.2

1.14
f=10GHZ=>)\=3cm=>a=-3—3)\=0.381)\

2
Do = 0.836 (?) = 0.836[27(0.381)]2

Dy =4.791 = 6.804 dB
Since the maximum |Ey| = |Ey4| = |E|, then the maximum directivity
Do = Dg = Dy
f =150 MHz, A = 2m

A
= 1 m dipole is 5 in electrical length

= R, =73 Q,Zi, = 73+ j42.5 Q

0.625
" flm | |
73Q| R,

Rs | 500

Vg=100V 42-5| Xa |




_ Vs
"~ 504 73 +0.625 + j42.5

. Pdissip = PLoss = %lIantP . RLoss =189 mW
. Paa = L|L|? R, = 21.36 W

_ R, B 73
" Ry + Rioss 73+ 0.625

=(0.765Z4 — 18.97°A

a. Iant

o

o

e

= 99%

Ecd

kIl _. kIpe= kT
2.61. E = doFp = dojn e ' sinf = -jn—‘jl-‘j-rr—[- gl sin 0]

l

-e

a. l, = —aglsinf
b. |le|max = | — Gglsinf|pax =1 @ 6 = 90°
C. |lelmax/l=1

2mr sin @

9-62. . Iye~ikr l:cos (g cose)]

4rr 0 ksin @

r ™
kIe—ikr 2 cos (—- cos 9)
= jntioc —é 2

iy

kIpe=ikr ), €os (5 cos 9)

=i |- a = —2——~
4drr T sin 0

~

-~

L l

-e

) Ccos ( il cos 0) cos ( il cos 9)
l,=—ag=—2 7/ = 403183\ —2_/
™ sin sin @
cos (E cos 6‘)
Lo |max = [—360.3183A——2— 2| = 03183\ @ § = 90°
sin 6
max

llelmax _ 0.3183)

; VE = 0.6366 = 63.66% @ 0 =90

2-63. l, = —aplsinf,l = A\/50, f =10 GHz = A =3 cm

1
W= %@2 =107 W/ecm = |E| = \/2nW

= v/2(377)(10-3) = 0.8683 V/cm

: A
Voclmax = |E*||le |max = (0.8683) (56) = 52.1 x 10~2 Votts

37
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2-64. Since|l,|max =1/2 = |Voc|max = %(Voc of dipole with uniform current)
Voc|lmax = %(52.1 X 10_3) = 26.05 x 10~3 Votts (see Problem 2-63)

2-65. |l |max = 0.3183\ = |Vie| = |le|max|E?|. From Problem 2-63 solution
|Voc| = 0.8683(0.3183)) = 0.27638\ = 0.27638(3) = 0.82914 Votts
2-66. Using equation (2-94), the effective aperture of an antenna can be written as

\Vz|? - Rr
2 W;|Z: |2’

Defining the effective length I, as Vr = E - [, reduces A, to

Ae = where W; = |E|*/2n

T]Rle
|22

Aethl2

=1, = Yo

A, =

For maximum power transfer and lossless antenna (R = 0)

Xa=—Xr,R, = Ry = |Z,| = 2R, = 2Ry

Thus l / em Aem RT / AemR

267 4, =2.147 = (—) eca (1= |T2) - |pw - al? - Do

4
_7%-=-50 3 x 108 —3m
T 75450 "7 100 x 106
2.14
oDy = 32 7 =3.125
TN 2
(1 (0.2
3 x 108
2-68. d=1m, f =3 GHz,&,p = 68% = A = 3% 10° =0.1m
d\* nd w(1)? [«

— 2 = _ _ L 2
(a) Ap =mr —7r<2) =1 = —2—0.785m
(b) Eap = Aem = Aem = €ap4p

Ap
Aem = €4pAp = 0.68(0.785) =|0.534 m>
c A2 47
( ) Aem = 4_D0 = DO - Aerm
47 47
Dy = <A, = 0.534 0.534) = 671.044
SV (01)( 34) = 001( 4 =67

Do =|671.044 = 28.268 dB |
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(d) Pp = AemWr = 0.534(10 x 107°)
Py, =|5.34 x 1075 watts|

2-69. W; = 1073 W/m?

/\2

Aem = o Dy, Dy =20 dB = 10log,p z = = = 100
c 3 x 108
= - = — = (). = 1 -2
A= 2= oyqge =008 m=3x10"m
—-2\2 —4
A = BT 500 = 2X107° 100) = 0.716 x 102 = 7.16 x 10-3
47 47
-2 1 -5
P =10-3. (221077 _9x1077 _ 16 % 1075 = 7.16 x 10~ watts
4 47

P.oc = 7.16 x 10~ watts.

2-70. A, =10 cm?, f = 10 GHz = A = 30 x 10°/10 x 10° = 3 cm, W# = 10 x 10~3 W/cm?
2 2
(a) Aem—i Do—i—Go—Ap=10
4m(10)  4m(10)
A2 (3)2
(b) P, = Aew W*(PLF) = 1(10)(10 x 102) = 100 x 107%/2 = 0.05 Watts
P, = 0.05 Watts

i (&m+j&y
R Ry
V2

2-71. W, g =W _Co—cos4(0)ar (0 <7/2,0 < ¢ < 27)

—ave

27 27
Prag = / / Wiag - ds= / / arWiaq - @,r2 sin 6 df dop

27 /2
—Co/ / cos* sin 0 df dp = 27rC'0/ cos? Osin 0 d

= Go = =13.96 = 11.45 dB

2

_ 1

PLF = 1

cos® 0) /2

= 271'00 (—
0

1\ 2
Ppg = 21C, (0 + g) = -57300 = 1.2566C,

47U max
Prad

_ 47!'00

0= 27!'00/5

b. DO = = Umax = 7'2 Wradlmax = C'0 COS4 Olmax = C’0
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c. Dy =10 toward 6 = 0°

d. 2 _ ¢ _3x10°m/sec _
Aem‘"47rD° )\—f—-——-——lxlog =0.3m
(0.3)2 0.09 0.225 9
Aerm o (10) e (10) - 0.0716 m

e. Pp = A Wi =0.0716 x (10 x 1073) = 0.716 x 10~3 Watts

A2 A2
2-72. Aem = ECtDO = 4—7;G0
a. Go = 14.8 dB = Gy (power ratio) = 10**® = 30.2
f=82GHZ = X\ =3.6585 cm

2
A, = Qzﬂl(mz) = 32,167 cm?

The physical aperture is equal to 4, = 5.5(7.4) = 40.7 cm?
b. Go = 16.5 dB = Go(power ratio) = 10%° = 44.668
f =103 GHZ = A =2.912 cm

2
Aem = (2‘2713) (44.668) = 30.142 cm?

c. Go = 18.0 dB = Gp(power ratio) = 10® = 63.096
f =124 GHZ = X = 2.419 cm

2.419)>
Aem = %(63.096) — 29.389 cm?

/\2
2-73. Aemn = —Dy
4
From Problem 2-54:
)\2
Computer Program Directivity: Dy = 80.2511 = A.,, = :1—7;(80.2511) = 6.386)\?

)‘2
Table 12.1: Dy = 75.398 = A, = 5(75.398) = 6.0)\?

/\2
2-74. Aem = — Dy
47

From Problem 2-55:
2

A
Computer Program Directivity: Dy = 62.4635 = A = 2;(62.4635) = 4.971)\2

2
Table 12.1: Dy = 61.072 = Agpp = :7(61.072) = 4.86)2



2-75.

2-76.

2-77.

2-78.

2-79.

22
Aem = —D
ar 0
From Problem 2-56:
2
Computer Program Directivity: Dy = 4.2443 = A,,, = 27—;

(4.2443) = 0.3378)\?

)\2
Table 12.1: Dy = 2.627 = Agp = :1;(2.627) = 0.20905)2

/\2
Aem - E-DO

From Problem 2-57:
/\2
Computer Program Directivity: Dy = 92.947 = A, = 1

7(92‘947) = 7.396)\2

2
Table 12.2: Dy = 88.826 = A, = 27(88.826) = 7.068)\2

)\2
Aem - EDO

From Problem 2-58:
)‘2
Computer Program Directivity: Dy = 75.1735 = A.,, = 5(75.1735) = 5.982)\2

2
Table 12.2: Dy = 74.2589 = A, = 27(74.2589) = 5.909\2

/\2
Aem =—D
4r 0

From Problem 2-59:
2

Computer Program Directivity: Dy = 8.0236 = A, = ;\—71_(8.0236) = 0.638\2

)\2
Table 12.2: Do = 4.791 = Ae, = 7—(4.791) = 0.3813)?
Gain=30dB,f =2 GHZ,Paq =5 W
Receiving antenna VSWR = 2, efficiency = 95%
Er = (2a, + jay)Fr(6,¢), Use Friis transmission formula (2-118)

A 2
Pr = Ptecdtecd'r(l - |Ft|2)(1 - ‘Fr’2) (Z;!'—R-) Dt(ata ¢t)Dr(0r, (br) -PLF

P.=107" W, e =1 (we assume that), ecqr = 0.95,1 — T[> =1
VSWR — 1’ 2—-1 1

— - = (1 2y _
VSWR+1 “2+1_3’(1 IT-%) = 8/9

Since VSWR =2 = || =

_3x108

m =0.15 m, R = 4000 x 103 m,

41
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A\ 0.15 2 18
Hence (m) = (m) =89x%x10

1, .. ..
pr= 75l + jay) = |pe - prl* = 0.1
D, = 30 dB = 103, PLF =
Pr = E@&z +ja'y)

= 107 = 5(1)(0.95)(1) <§> (8.9 x 10718)(10%)D,(0.1)

D, = 2.661
/\2
Hence Aem = 4—7?2.661 = 0.00476 m?

4 o o
2.80. _ fcos*(f), 0°<6<90 o o
U(gvd)) - { 0’ 900 g 9 < 1800 0 < ¢ < 360

/\2
Aem = =D
e ar 0
41 Umax
DO B Prad

cos® 6] /2

2n  pmw /2
Prag = / / U(6,$)sin0 df dp = 27r/ cos*(#) sinf df = 2m [~
o Jo 0 0

1 2
Prad=27r(“0+_> :_571,

5
4mUmax ~ 4m(1)
D = = = 1
0 P.od 21 /5 0
A2 A2 1022 3 x 108 —2
AE"‘_ZHDO—Z;'lo_ 471")‘— 1070 =3x107"=0.03 m
2 . —2)2 . —4
100003 _10-@x 1077 10-(9x107) _ 15197 x 104
47 47 47

Agrm = 7.16197 x 1074

2-81. 1 status mile = 1609.3 meters, 22,300(status miles) = 3.588739 x 10" m

. P, = = = 4943 x 1 .
o Pi= pe = Trx (3osera) O3 1077 waits/m
)\‘2

b Aem = Z-Do, (Do =60 dB = 10°)
(«~A=0.15m)
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2
Ao = (—O%:-)— -10% = 1790.493 m?

Preceived = Aem ' -Pz = (1790493) . (4943 X 10—16)
= 8.85 x 10713 watts.

2-82. Aem = 0.7162 m?

A2 .
Aem = <Z;) . ecd(l - 'FI2),pw : pa|2 : DO

Aem 75 — 50 3 x 108
= = =02 A= 20
Do A\ 2 =550 =922 T Toox10s ~ 3™
() a-p
47
0.7162
Dy = gg———
LA ZE 2
47r(1 [0.2]%)
Dy =1.0417
2-83. 2y (A . a2
P, = WilAem = Wiecd(l - IFI ) :1.7-1'— DO'pw : pal
W;=5 W/mz,ecd = 1(lossless), T = Zin—2o _ 7350 = 0.187

Zin+ 2y  73+50
5= 3 x 108
"~ 10 x 108

P, = (5)(1)(1 - (0.187)%) (
P. = 567.78 watts.

=30 m, Dy = 2.156 dB = 1.643,PLF =1

302

Er_) (1.643)(1) = 567.78 watts

Pt 47TR
f =10 GHz = ) = 0.03 meters.
P, = 200 m watts = 0.2 watts

84, P, A2
2-84. v _ <_) GorGot, Gor = Gor = 16.3 = Go(power ratio) = 42.66

0.03
47 (5)
b. R =50 m: P, = 0.829 uwatts
c. R=500 m: P. = 8.29 nwatts

2
a. R=5m: P, = [ ] (42.66)2(0.2) = 82.9 uwatts

The VSWR was not needed because the gain was given.
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285. Pr . . 2\
—15;=|Pt'/0r|2 (m) GotGor

Go: = 20 dB = Gt (power ratio) = 10% = 100
Gor = 15 dB = Go,(power ratio) = 10*® = 31.623
f =1GHz = )\ = 0.3 meters

R =1 x 10°meters

a. For lﬁt . la'rlz =1

03 \? 3
P, = (m) (100)(31.623) (150 x 10~%) = 270.344 pwatts

b. When transmitting antennas is circularly polarized and receiving antenna is lin-
early polarized, the PLF is equal to

(dz:i:j&y> s 2
\/5 T

P, = 1(270.344 x 107%) = 135.172 x 107% = 135.172 pwatts

|Be - brl* = =3

Thus

2-86. Lossless: e.q = 1, polarization matched: |y, - pa|> = 1, line matched: (1 —|T'|?) =1

Do = 20 dB = 10% = 100 = Do, = Dy,

3 \2
P. =P (—> Dy¢ Do, = 10 (

2
) (100)(100) = 0.253 watts

4R 47 - 50\

P, = 0.253 watts

2-87. Lossless: ecq = 1,PLF = 1. Line matched: (1 — |T'|?) = 1.
Do = 30 dB = 10° = 1000 = Do, = Do,

A 2 1\?
P, = —— ) -(1000)2=20-(-— ) -100=12.
P, (471' : 100)\) (1000)“ = 20 (477) 00 = 12.665 watts
8
2-88. G, = 20 dB = 100, Go; = 25 dB = 316.23.\ = 2—:—% —0.1 m.

- 2\
Pr:Pt'|Pt'Pr|2'(m> - Gor - Got

2
~100- (1)- (ﬁ) (100)(316.23)

P.=8x 10~* watts



2-89. ¢ _ 10 GHZ,— \ =

2-90.
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18
%&:0.03m

Got = Gor = 15 dB = 10 = 31.62
R=10km =10*m
P.>10nw=10"8%w

|t - prl* = —3 dB = 3

Friis Transmission Equation:

P, AN\ L L,
‘P‘;—GOtGOr'(m) B¢ - prl

0.03 2
1.5\2 (1Y _ 11
= (10*°) (—————xl 4) (3) =2.85x10

— Pr
~ 2.85x 1011
P.>1078 W — (P)min = 351 W

Py

P, A2
_ﬁ: = (PLF)eteTDOtDOT (m>

A 2
= (PLF)(ere - €cat) (€rr - €car) (m) Dot - Doy

A

2
m) - Dot - Doy

P,
2 = (@) (ere- W) (1) (
——— =3m,R=10x 10° = 10*.

f
A2 3 2 3 %
(m) —(*—4“104) —(E“O )

= (0.2387 x 10™*)? = 5.699 x 1072 x 1078
A 2
-5 -10
(MR) 5.699 x 10
73.3 — 50| 23.3
= = —_ 2 = _— — = —_— | ——
ere = err = (1-|TT) (1 ’73.3 + 50 ) (l ’123.3
= (1 - (0.18897)%) = (1 — 0.0357) = 0.9643

€cdt = €cdr = 1
Dos = Do, = 1.643

)
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P,
5= (0.9643)%(1.643)%(5.699 x 107')
t

= (0.92987)(2.699) (5.699 x 107'°)
= 2.51- (5.699 x 10710) = 14.305 x 107*°
P,
*~ 14.305 x 10-10
= 6.99 x 10 = 699.
P, = 699 watts

=6.99 x 102 x 10'°(1 x 107%)

2-91. Pr 2\ 2 3x10%8 3x10%8 1
AR (AT R - Gor A = = = —
P, (47rR) Got - Go 9x10° 90x 108 30
R = 10,000 meter = 13}2%0,\ =3 x 10°\
2 -6
P, |47(3 x 10°)) 10

Go? = 10"%(4r x 3 x 10°)?
Go = 1073(4r x 3 x 10°) = 127 x 10% = 12007
Go = 12007 = 3,769.91 = 10log;((3,769.91) dB
Go = 3,769.91 = 35.76 dB

2-92. R =16 x 10% m, f = 2 GHz, Gp; = 20 dB, P, = 100 watts,
P, =5x107° watts Go, =7
Got = 20 dB = 10log;([Got(dim)] = Go¢(dimensionless) = 10% = 100
Got(dimensionless) = 100
3 x 108
f=2GHz= )= %100
Friis Transmission Equation (2-119):

P. 22 P [ 1 4arR\?/ 1
B, = GoiCor (_—47rR) PLF:}G“”E(E;) (T ) (*m)

G 58X 107° /1 [4n(16 x 10°) (2
"= 77100\ 100 0.15 1
10 x 107° x 106 [477(16

104 0.15
Gor = 1,796,706.65 x 1076 = 1.7967 = 2.545 dB

= 0.15 meters

2
)] =1075(1,340.413)?

[Gor = 1.7967 = 2.545 dB|




2-93. o =ma® = 25m\?
Got = Gor = 16.3 dB = Got (power ratio) = 1016® = 42.66
f=10GHz = A =0.03 m

P, Got - Gor ( A )2
g

B Ar 4nR; - R,

a. Ry = Ry = 200\ = 6 meters;

\2(42.66)° A

Pr=25-mA"—= '[47r(200,\)2

2
] -(0.2) = 9.00 nwatts

b. R; = Ry, = 500\ = 15 meters;
P, = 0.23 nwatts

2-94. _ Got - Gor A 2 _3x 108 _
P. = Po - - '[4le-R2] ,,\-5x109—0.06m
1502 [ 0.06 1°
P.=10%- . .
0°-(3) 4ar [4#(106)]
P. =1.22 x 10~ watts
295, P _ _Gor- Got N 1P __ Podn  [47Ri-Ry
Pt - ar 47I'R1R2 - Pt - Gor - Got A
_3x10% n
T 3x108
-3 2
_ 0.1425 x 10~3(4m) [47(500)(500)]* _ 3149 m?
1000(75)(75) 1
296. _ _Pdr  [4rRiRp 2
" P,-Gor-Got A
3% 108 5
Tix108 o™

_0.01-(4r) [4r(700)(700)
7 = 1000(75)(75) [ 3

o =94,114.5 m?

2
} = 94,114.5 m?

47
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2-97. o =0.85\*
P, Got - Gor A 2 . 2
B 4 <4an -Rz) P B
o = 0.85)%, Got = Gor = 15 dB = Got = Gor = 31.6228 (dimensionless)
R; = Ry = 100 meter = R; = Ry = 1,000

3 x 108
f=3GHz= )= 3% 10° = 0.1 meters
lﬁw : ﬁrlz =1dB = |py - ﬁrlz = 0.7943
P, , (31.6228) A 2
T 0. . . . (0.794
P, 0.85X 4m 4 x 1062 (0.7943)
_0.85(31.6228)2(0.7943) 12
= (@r)3(1012) =0.3402 x 10

P, = 0.3402 x 107'2(10%) = 0.3402 x 1071% = 34.02 x 10™*? watts
P, = 34.02 pwatts

2:98. T, =Tae > +Tp(l—e )
Ts =5°K
To = 72°F = 3(72 —32) + 273 = 295.2°K
—4 dB = 20log,,e™* = —a(20) log; e = —(20)(0.434)

o= 84§ = 0.460 Nepers/100 ft = 0.0046 Nepers/ft.
a. | = 2 feet;
T, = 5e~2(0:0046)2 4 995 9[1 — ¢~2(0-0046)2] — 4 91 4 5.38 = 10.29°K
b. I =100 feet;

Ta — 56_2(0'0046)100 + 2952[1 _ e~2(0.0046)100] = 179.72°K

d
295, T, = Tpe~ 2244 [ (e (ege 2004 gz
0

If a(z) = a9 = Constant
d
T, = Tpe 2> d +/ €(2) T (2)e™220(d=2) 4y
0

d
T, = Tpe 20 d 4 g=200d +/ €(2)Trn(2)et20% dz
0



If T,,(2) = Tp = Constant and €(z) = €p = constant

d
Ta = TAe_z"“’ d -+ EoToe—zao d / 62"‘02 dz
0

Ta — TAe—Zao d + _C_Q_Toe—2ao d(e2ao d _ 1)
2a0
For ¢y = 2ag

Ta — TAe—-2ao d + Toe—Zao d(e2ao d _ 1)

e TAe-—Zao d -+ To(]. — 6_2a° d)

49

d —>
—~—1 M
o
T, —»é - dz T,
—> ’Rl\ i
£
Nl 2
@
=
3
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