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Preface

This Solutions Manual consists of solutions for all the problems found in A ntenna Theory:
Analysis and Design (3™ edition, 2005) at the end of Chapters 2-16.. There are 596
problems, most of them with multiple parts. The degree of difficulty and length varies.
While certain solutions need special functions, found in tabular and graphical forms in the
appendices, others require the use of the computer program. These computer programs
are contained in a CD, which is included with the book. All of the computer programs,
especially those at.the end of Chapters 6, 11, 13 and 14 have been developed to design,
respectively, uniform and nonuniform arrays, log-periodic arrays, horns and microstrip patch .

. antennas. In some cases, the computer programs also perform analysis on the designs.

The programs at the end of Chapters 2, 4, 5, 7, 8, 10 and 16 are primarily developed for
analysis. The problems have been designed to test the student’s grasp of this text’s material
and to apply the concepts to the analysis and design of many. practical radiators. In this
third edition, more emphasis has been placed on design. To accomplish this, equations,
procedures, examples, graphs, end-of-the-chapter problems, and computer programs have
been developed. . : C
~ This manual has been prepared to assist the instructor in making homework and test
assignments, and to provide one set of solutions for all of the problems. There are undoubt-
edly errors which have been overlooked. In addition, the solutions contained in this manual
are not necessarily the simplest and/or the best. The author would, therefore, appreciate
having errors brought to his attention and solicits alternate solutions to the problems.

This Solutions Manual for the third edition has been prepared from the manuals of the
first and second editions and many other new problems provided by the author.
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CHAPTER 2

(6. Shals el ae o¥el

Extract Approximate

< 2-1. (a) d).=sin 6 df dqb T
'E/ v /3 ' QA_(:";_.Z) (3 6)
: QA=/ / / sin 0 df dgb s o o
d Jo ), L e@®-3
= ($) ( cos 9) Q4 ~0.13708 sterads
) = (g - 4) (=0.5+0. 866) =~ 450 (degrees)? or error of
T 450 — 314.5585 . :
- ( —2 (0.366) = 0.09582 sterads (W) x 100'= 43.06%

0.09582 sterads ,
1
0. 0958" 180) (—ig) = 314.5585 (degrees)2

Lz
/ Qa
30°
60°
N\ ~a
60° \\ \\\v
45° N

¥

T




4 A4
Q4 (sterads)  0.09582

(b) Dy = ‘= 131.1456 (dimensionless)

= 101log,,(131.1456) = 21.1775 dB

or

() (2)
Do = o ?degreesT;Z' = 131.1456 (dimensionless) = 21.1775 dB
Do — 131.1456 (dimensionless)

0= 1 21.1775 (dB)

2-2. W = £ x H = Re[Ee’!] x Re[He "
Using the identity Re[Ae’*!] = 1[Ee/t + E"e~Iv!
The instant Poynting vector can be written as »
m: {%[Eejujt_{_ﬁ*e——jwt]} x {%[ﬂejwt_*_ﬁ*e—jwt]}
=1{ExH +E" % H]+ HE x He? + E* x H*e ¥}
— % {’%[_E. x '_-ﬂ_* + (E x En)*] + %[E x ﬁej&ut 4 (E X-Eejwt):-]}
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/™")]

2 52‘

23, (8) Woea = 3E X H'] =

5=Gr = grom— iy = 0.033154 2
2'fla 2(1207r)a 0.033154, w§tts/m

2 .
(b)‘ Prag = jq( Wraa ds = / / (0.03315)(r2sin 8 dd dg)
3 . [} 0

27 T
= / / (0.03315)(100)? - sin 6 df dop
' o Jo , .

—_ 271’(0.03315)(100)2 / sinf df = 271"(0.03315)(100)2 -(2)
0 :
© = 4165.75 watts
2-4. a. U(F) =cosb _ .
U(B) = 0.5 = cos ), = ), = cos™*(0.5) = 60°
= 0, = 2(60°) = 120° = 2 rads.

U(0,) = 0 =cos b, = 6, = cos™(0) = 90°
= 0, = 2(90°) = 180° = = rads.
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b. U(8) = cos? @
 U(BR) = 0.5 = cos? b = 6 = cos™1(0.5)1/2 = 45°
= Op = 2(45) = 90° = 7/2 rads '
U(0n) =0 =cos?0, = 0, = cos™1(0) = 90°
= O, = 2(90°) = 180° = 7 rads
c. U(B) = cos(20)
U(Or) = 0.5 = cos(26)) = 9), = 3 cos™1(0.5) = 30°
v = Or = 2(30°) = 60° = 7/3 rads o
U(0) = 0 = cos(26,,) = bn = 5 cos™1(0) = 45°
= On = 2(45°) = 90° = /2 rads
d. U(8) = cos?(26)
U(On) = 0.5 = cos?(26,) = 6, = $ cos~1(0.5)1/2 = 92 50
= O = 2(22.5°) = 45° — g rads
U(On) = 0 = cos?(26,) = 6, = 1 cos™1(0) = 45°
= On = 2(45°) = 90° = /2 rads '

e. U(f) = cos(36)

U = cos(36) =05 Oy, = é cos™H0.5) = 20°
- = O = 2(20°) = 40° = 0.698 rads

.

U(0y) = c0s(36,) =0= 6, = % cos"l(O)v= 30°
= On = 2(30°) = 60° = /3 rads
£ U(B) = cos?(36) | _ .
U(Bh) = 0.5 = cos?(30,) = ), = %003_1(0,5)1/2 = 15°
= Op = 2(15°) = 30° = /6 rads
Ulr) =0= cos2<30n) =0, = % cos™1(0) = 30°
= O, = 2(30°) = 60° = /3 rads

25. Using the results of Problem 2-
beamwidth of the radiation inte
we have that:

4 and a nonlinear solver to find the half power
nsity represented by the transcentendal functions,

7 HPBW = 55.584°
(ay U(B) = cosﬂCOS(ge) = { FNBW = 90°

i




HPBW = 40.985°
'FNBW = 90°
HPBW.=38.668
FNBW = 60°

(b). U(8) = cos? § cos?(26) => {

(c)u ;:"cdsécds(ﬁe) = {

L
. i
w")f]

HPBW = 28.745°
= one? 2
(d) U = cos? B cos*(30) = { FNBW = 60°
S HPBW = 34.942°
(e) U = cos(26) cos(36) = { FNBW = 60°

HPBW = 25.583°
FNBW = 60° |

AU max 47(200 x 1073) '

] \ Do = = =22.22 = 13.47 dB
2:6. (a) Po=—p "= = 55(125.66 x 10-3) :
Go= €ca - Do = 0.9(22.22) = 20 - 13.01 dB
A AnUmax  4m(200 x 1073) .
- - ) — 90 =13.01dB
(0) Do = —5 "= = 1135 66 x 10-3)

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

2Ok

(f) U = cos?(26) cos?(30) = {

N
L ﬁ 3

)

O

2-7. |{U = Bgcos? 9

=27 By / cos® 6 d (— cosf) . (ﬁ
Jo S~

Prag = —27 By cos” = 21 By [.._:.L..] = _21B0 =10= By = E /\}
0 3 3 7 "‘:g

= N I 2 4
U= Ecosz'€=>W,ad =£2 _ Ecosze = |

T ' max max T max
=‘%§%§ = 4.7746 x 107° watts/m°@ ¢ = 0° (
Wiad =4.7746 x 10~° Watts/m2@ 8 =0°
max » .

27T " .
"(b) . a4 (exact) =/ / U, cos® @sin 6 df do
o Jo

2 i .
= 5 steradians = 2.0944 sterads

e

U = 0.5 = cos? 8), = ) = cos™1(0.5)}/% = 45°
= O = 2(45°) = 90° = 7/2 rads

) =02 = (1/2)? = = =2.4674 sterads

Kraus’ w2
4.

approx
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(c) D £) = 47 47 6o ‘
Dy (exact) = o (exact) o /3 = 7.782 dB

4z 47

Dy (approx/Kraus’) = Oa (appron) ~ 2 7

(d) Gy Assuming lossless antenna (Pin = Prag)

Go (exact) = Dy (exact) = 6 = 7.782 dB
Go (approx) = Dy (approx) = 5.093 = 7.0097 dB

(a) Py = -—27rBo ( ) = —Bo =10 = By = 20,%

Wrad

1
, =—Q—2 '—“-;“0 1075 = 6.366 x 107® watts/m
™ K

max

(b) Q4 (exact) = (7r/2) = 1.5708 sterads _ o
U=05=cos® ), = 6, cos_1(0.5)1/3 = 37.467°°
= O = 2(37.467°) = 74.934° = 1.36785 rads 0, (approx)
= (1.30785)% = 1.71 sterads

(c). Do (exact) = 4r/nx/2 = 8 =9.031 dB

Do (approx) 4—7 7.347 =8.66 dB

(d) Assuming lossléss antenna => Gain = Dire<:ivity (see part ¢)

2-8. U(6,¢) = cos™(8)© 0<0<7/2,0<é< 2

(aj Un(On, ¢) = 0.5 = cos™(5°) = [cos(5°)]" ;(0.996]0)4"
. 0.5 = (0.99619)"

log10(0.5) = 10g[(0.99619)"] = nlogy,( 9.99619) = n(~0.00166)

*~0.30103= ~0.00166n

F=tsr3]

=18 5003 = 7.0697
w . .

st
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(5) u(6.9) = cos?®l 3(0); U =1,0=0°

Prag = / L((l‘) $) sinf df qu = 27r/ cos'8%34(0) sin 6 d

0
COSIS2 34(g)
=2 [ 182.34 ] = [‘-O“L

182.34 ~ 182.34

} or = —2% _ _0.03446
i .

Do =~ 4”(1) (182.34) = 2(182. 34) = 36468

[Do=36468 = 2562 dB|

(¢) Kraus’ A pprozimation (2-27):

: 41,253 41,253
Dy o =222 _ = 412,53 = 26.15 dB
0 eidezd (10)(10)

‘ L'Do ~412.53 — 96.15 dB

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

72,815 72,815 72,815

Do 91d +©82,  2(102 200

= 364.075 = 25.61 dB

| Do = 364.075 = 25.61 dB|

2-9. . 1 0° <0 <20°
UB,¢) ={ 0.342 csc(9) 20° £ 6 < 60° 0° <'¢ < 360°
‘ 0. 60° < 6 < 180°

271 p . 20°
P,ad=/ / u(6,P)sind df dp = 27 [/ sin @ dg
~Jo Jo . |Jo

60°
+/ 0.342 csc(f) x sin @ dﬁ}

20°
©/3
0 7r/9} ‘

. 7c
—27r{[—cos(§) ] +0342(—— r }
=2 {[—0.93969 + 1]+ 0.342 (g) }
= 27{0.06031 + 0.23876} = 1.87912

AmUpax  -4m(1)

Do = - _s s
° Frag 1.87912 6.68737 = 8.25255 dB

/9
+ 0.34{2 -6

-=27r{—cos¢9

——

4

), Bt )
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2-10.

2-11.

(b)D 72815 _ 72,815 — 3497 =
0 =~ 2d+462 302 = (3572 3 .2’( 15.35 dB

/\2
Aerm = = Dy
m

AU

rad

Dy =

(a) U =sinfsing for 00K~ 0<dpET

Ulmax = 1 and it occurs when & = —‘7r/2 ‘ ‘
Prad—/ / Usin df do = / smd)qu/ sin® g df = (2> =
Thus Do = 2} — 4 — 6.02 4B

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 =sinfsin® ¢ =D, = 5.09 = 7.07 dB
HPBW {el.) ="120°, HPBVV (az = 90°

(c)U—smB\m ¢=>D0—6_7 78 4B : '
~ HPBW (el.j = 120°, HPBW (az.) = 74.95"

(d) U =sin®6sing =Dp= 127/8 = £.71 = 6.73 dB
‘ HPBW {(el.) = 20°, HPBW (az) =120°

(e) U = sin® § sin® ¢>=>Do—6—-74‘¢ dB,HPBW (a.z)_.HPB\’ o \._90‘

(f)U—sm 6sin® ¢ =Ds = 9rr/4 = 7.07 = 8.49 dB :
. HPBW (el.) = 90°, HPBW (az.) = 74.93"

3
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. Using the half-power beamwidths found in the previous problem (Problem 2-11), the
directivity for each intensity using Kraus’ and Tai & Pereira’s formules is given by

U =sinf -sin¢;

e
S
R

41253 41282

©1a924  120(120)
72,815 .. 72815

02,4+ 03,  (120)2+(120)2

(a) Do =~ =286 =4.57 dB

(b) Do = =253 =4.03dB

U =sin® - sin? ¢:

(a) Dp~3.82=75.82dB
-(b) Do =~ 3.24 = 5.10 dB

U =sinf-sind ¢;

(a) Dy =:4.59 = 6.62.dB
(b) Do = 3.64 = 5.61 dB

U =sin? 6 -sin¢;

. (2) Dy ~3.82=582dB
" (b) Dp~3.24=5.10dB

U =sin? 6 -sin? ¢;

(a) Do~ 5.00 = 7.07 dB
(b) Do~ 4.49 = 6.53 dB

R = sin? @ - sin @:

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

47 47 : : }
Dy = = =5, = 7.
213 (a) Po= 55~ (15064)° 5.5377 = 7.433 dB
321n(2 321n(2 '
ne) n(2) = 4.88725 = 6:8906 dB

- (B) Fo = 57767, T (1.5064) + (1.5064)2

]

P

) mD md Dmd ) D whr Dl V) e 4




2-14. (a) Dy = A7 Unax - Umnax _
: Prag Uo

30°
Prad—/ /UsmGdeé—27r/ Usin @ df = 271'{/ sin 6 dg
0

60° - - 90°
+ / '(0.5) sin 6 df + / (0.1)sin' 6 do
300 . 60° :

o . 30° - 6 60° . 90°
=27 {(-— cos 9)"0 + (— CO; ) w0 T (—0.1cos 9),600}

= 2#{(—0.8664r 1)+ (ﬂﬁﬁ;().@) + <*0$0'5)}

Prag = 27{—0.866 + 1 =025+ 0.433 4 0.05} = 27(0.367)
=0.734. 7r—23059
1(4m)
D —_
™ 2.3059
(b) Do (dipole) = 1.5 = 1.761 dB

Do (above dipole) = (7.3636 — 1.761) dB = 5.6026 dB

Dy (above dipole) = % = 3.633 = 5.603 dB

@) Prad—/ /U(B $)sin  0dfdg = / sin ¢d¢5/ cos® ¢ * sinfdo

()3

Unnax = U(8 = 0°,¢=m/2) =1.

47U, 47
Dy = max:—— 20—130dB
0 vPrad /

X AN

= 5.4496 = 7.3636 dB

“(b) Elevation Plane: 6 vanes, @ ﬁxed
— Choose ¢ = /2.
U(B ¢ =7/2) = cos*9, 0 0< /2.

- cost [HPBW(el )J

HPBW (el.) = 2- cos~1{v/0.5}1/2 = 65.5°.

" p2m L .
Fraq =/ / U(6, ¢)sin b df dp = 2r
Jo Jo :

30° X 90% o5 6 -sin @
. {/(; -81n—e—d0.+ /3‘00“ —de

2-16. (a)

?ﬁ:’
I
!
l
I




*
-

10 |
i

o /l-7r/6 . /2 1 dg ) '
=2 I i 5+ — 6-sinf
T A ‘smﬁd /7r/6 0.868 cos 8 - sin

. 2 4 :’/'2\ TR I T T g e
=2rd—coso™/® = L (ST ON I o 0.866 41 404
—27r{ CO.SOIO ' 53.866( 2 ) 7r/6} 088641+ 0453
= 3.5626 :

AmUmax 47"(1>

= = = 3.5273 = 5.4745 4B .
Do P.a - - 3.5626 - 3.9213 S

() 290 o5 cesp = 0.5(0.866) = 0.433,0'= cos™(0.433) = 64.34°

7 0.866
S1, = 2(64.34) = 128.68° = 2.246 rad = O,
D : 4 47

~ = _ = 2.4912 = 3.9641 dB
0~ 81,6,  (2.2462 _ 3.95

217 a 35dB _
’ 35 .-

max max

- 20logyp |
Oc>10 Es

= 35,log:,

= 10"7° = 56.234

o
[
[e3]

- . 27 i B
2 U=sinf, Unax = 1, P,adz/ / Usin 8 df do
o . o Jo S

T 2w N
=-/ / sin® 0 df do = #*
0 0 :

AnUmax 4w 4
Dy = = — =— =1.2732
0 Praa 7w = ’

b. HPBW = 120°, 27/3

The directivity based on (2-33a) is equal to.
. 101
T 120° — 0.0027(120°)2
while that based-on (2-33b) is equal to,

/ 1
Dy = -172. . + =1
Do 172.4 4+ 1914/0.818 150° 1.2245

. ¢. Computer Program Dy = 1.2732

D =1.2451

: R . 2r  pw o
219, a U =5in®6; Unay = 1, Pag = / / sin 0 63 dp = 22,
: 0 0 .

4 16 .




" b. HPBW = 74.903° Lo1
| From (2-33a), D= —___ 100 = 1.6897
. From (2-33a), Do (74.95°) = 0.0027(74. 93°)2 1.68971

From (2-33b), Dy = —172.4 4. 191\/0 818 + ~——

I 93 = 1.75029

¢. Computer program Dy = 1.69766
The value of Dy(= 1. 6976) is similar to that of (4-91) or 1.643
220 a. U= J;%(kasin 9),

a=X/10,kasing = ~ smB  HPBW = 93.10°

From (2-33a) D = 101/[(93.10) - 0.0027(93.10)3] = 1.449120
From (2-33b) Do = —172.4 + 101, /0.818 ﬁ = 1477271

a=1/20,kasing — %sin 8, HPBW = 91.10°,
From (2-33a), Dy = 1.47033, From (2-33b), Dy = 1.502
27
b. a= o0 Py =/ J1 (kasin 6) -sin @ d5d¢ 0.7638045
o Jo

: 47(0.0893)
Unmax = 0.0893, Dy = 0763304 = 1469193
A

2n
a=, P,ad_/ / A(7/10 - sin 6) - smeded¢>_02026o4

240714
Umax = 0.0240714, Dy = %—) =

If the radius of loop 1s smaller than A/20, the directivi-

49257

«¥ approaches to 1.5.

2 21. Using the numerical techniques, the directivity for each intensity of (Prob. 2-11) with

10 umform d1v151ons is equal to U =sin§ - sin &;

(a) Midpoint; Dy = &
. rad
18 18
A . )
Umax = 1. Prag =15 (E) Zsm &5 ;st 6;
' 9,1——+(z—1)— 1=1,2.3,...,18
= 1 1=1.2.3,...,18 -
¢.7 36 +(.7 18; ¥ 1.—. s y | ‘
= 2 =
Praa (18) (11.38656)(3.992 £=3119
' Do;m'=4 " = 6.05 dB




12 _ |
(%) Trailing edgé of each division

Trailing edge; §; = i(7/18), 1.=1,2,3,...,18

¢; =3j(n/18), §=1,2,3,...,18

19
_4n(1)
7 3119

. 2
P = (1) (11.25640)(8.96985) = 3.076

=4.09=6.11 dB
Ina sx';‘ idlar manner ‘
U = s -sin® ¢;

(a) Prag = 2.463 = Do = 5.10 = 7.07 dB
(%) Praa =2.451 = Dg = 5.13 = 7.10 dB

U = sin 8 - sin3 ¢;

(5} Prag = 2.092 = Do = 6.01 = 7.79 dB
(b Prad = 2.086 = Do = 6.02 = 7.80 dB

U =sin?8-sin¢;
(a) Prag = 2.469 = Do = 4.74 = 6.76 dB
(bj Praa =2.618 = Dp=4.80=6.81dB . .
U =sin?8-sin® ¢; - ‘
(2} Prag = 2.092 = D = 6.01 = 7.79 dB
(b} Prag = 2.086 = Dy = 6.02 = 7.80 dB
U =sin%0- sinadb.;

(2) 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 ¢; Prag = 3.1318

47 - U, . :
U = M = _n.l_ia)_c.. — . N
max 1; Dy 31318 | - 4 0125 =>6.034 dB
b. U =sin8-sin®¢; P,aq = 2.4590
4r -1 :
Umax =1; Do = ——— = 5.110358 = 7.0845 dB

2.4590

4
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c. U—sm0 - sin® ¢; Prag = 2.0870

. 4m-1
Unax =1; Dp= = 6.02124 = 7.80 dB

2 0870
d. U =sin Bsm @&; Prag = 2.6579
47 -1 L
=1; = = g, :
Umnax i Do 36579 4.72793 = 6.746 dB

e. U =sin?4 - sin? &; rad-2087’0

o = = 6.02126 = 7.7968 dB

47 -
2. 0870
£ U =sin?0.sin3 ¢; Poag = 1.7714

o = =T. 09403 = 8.5089 dB

4r
L. 7714
2-23." (a) Elmax = cos [Z(cosf — 1)] hnax = 1 at 8 = 0°.

0.707 Emax = 0.707 - (1) = cos Bﬂ (cos i — 1)]

; 5 cos~1(2) = does not exist
_(COS 1= 1) i4 =h= cos™1(0) = 90° = g rad.

elr=92r=2(g) =7
47 47

4 : .
0 5o =z = =1273=1040dB

D

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

Since the pattern is not very narrow, the answer obtamed using
mate formula is not as accurate.

2-24.  a. E[ma_x = cos (Z(COSG + 1)> Imax =1 at 8 = 7.
0.707- = cos (%(éos 6+1))

Kraus’ approxi-

cos~!(—2) — does not exist.

T ) T
‘ gleosbi+1) = S ind {cos"l(O) - 90° — = rad
. ' T -
@1,—92r—2(—2—) = T.

4r 4
Do~ =3 == =1273=1.049 dB
9 T

b. Computer Program
Dy =2.007¢ .- - 3.027 dB




b

: 25 prf2 . : . . :
2-25. .8 Poa= / / Ug sin(r sin £) - sin 6 df dp =27 -Up- 7—2r-.]1(1r) = U2 Jy ()
47U nax Anly 4 1 - ‘ ‘
= =—’———‘=——-———*=4.473
Do= "5 = Granm x Am

— ng(n) — 0.44707273561622
b. Computer Program
om pm/2 ’ : - )
 ad = / / 7 gin(x sin @) sin § df do = 27 (0.44707273561618)
Do = 4.4735 o

2.26. (a) Using the computer program of Chapter 2..
Dy = 14.0707 = 11.48 dB.

. PNEY ] .
sin(r sin 0)] =1 when8=0°

Itefativély we obtain 6, = 26.3°. Therefore

Oy =€ = 2(26.3%) = 52.6°.

41 253
and Dy =~ 2. 6)2 =14.91 = 11.73 dB using the Kraus” formula

(¢) For Tai and Pereira’s formula

72,815 72,815
Dy=—5 = =13.16 = 11. ’
Do=357gT, 326 was

1 ! . 1
2-27. U = §—|E12 = 2—ﬂsin9cosz¢=> Umax = 2

D pgma [ [ gantsetonar=2 () G) -5

1
AU dmlz;) 16 '
o= T = <Z”> _ 1 _so9=707dB
rad ‘_IT_" T,
8n

s |




L .
(b) Umax——é;at0=7r/2,¢=0

In the elevation plane through the maximum ¢ =0 and U = 51— sin 8.
7’.

The 3-dB point occurs when
: 1 1. e
U=0.5Upax =05{— ) = —sinf = 6 =sin"(0.5) = 30°
2n 2n ‘

Therefore ©14 = 2(90 — 30) =120°

In the azimuth plane tfu‘ough the maximum 6 = 7/2 and U = -2—1— cos? ¢.
’ ’ , 1

The 3—dB ‘point occurs when U = 0.5 Uwax = 0.5 (21—17> = %}cos2 6,
= ¢1 = cos~1(0.707) = 45°, O2q4 = 2(90° — 45°) = 90°.

2
Therefore using Kraus’ formula Do =~ I%_(_SQZ%) =3.82 =5.82 dB

(c) Using Tai and Pereira’s formula -

72,815 72,815 '
Dy~ . = : =3.24 =5.10dB
0T B2, +0%, (12002 +(90)2

(d) Using the computer program of Chapter 2.
' ‘Dp = 5.16425 = 7.13 dB’

Jl(kasin.‘})] _'( w2 [Jl(kaqme)] —u, [Jl(kasiné)]‘g

228 L{=[ sin@ " kasiné ~ kasinf

() Umax = Uo 2) 1;{10 and it occurs when kasin8 =0 => 8. = 0°.
The 3-dB point is obtained using '

U = 1 Unax = = 0.3535

Uy Ji(kasin8)]®  Ji(kasin®)
— =Up —=| = -
8 kasin 8 ka sin 8
with the aid of the Jy (z)/z tables of Appendm V.
Cx= kasm91 =161 = 6, = sin~ (1. 61/27r) = 14.847°
= O, = 29.694°
(b) Since ©1, = B2, = 29.694°, the directivity is equal to

41,253

o 41293 e 09— 16.70 dB
0~ (29.694)2 ,

15
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2-29.. Go=16dB = 16 =10 Ioglo Go(dlmensmnless) = Go(dlm) = 101 6 = 39.81"
r = 100 meters = 10,000 cm = 10%cem C
_ Pisa = €caPin = (1) Pin'= 8 watts v
’ ‘:f—lQOOMHz=>A—-30x109/19><109—15189cm

(YRS _Prad= 8 8 ,
W= s 4m(10%)2 ~ 4m x 108 o
= -2— x 1078 = 0.6366 x 10‘8 watts/em®

Wo = 0,636 x 10~ = 6.366 x 10~2 watts/om® |
Winax = WoGo(dlm) — 6.366 x 1079(39.81) = 253.438 X 107°.

| Winex = 253.438 x 1072 watjcs/c'm? .

(b) Do(A/4 monopole) =1. 643 . :
. 2 _ 2
Aem =, DO _ 2 T (1643) = 1.643(15.789)° _ 59 5038 cm?
YT e ﬁ_Ae : —32 5938 em? i b T L

P(received) = Winax Aem = (253.438 x 107%)(32.5938) .

E(received) = 8.2606 x 107° wattsgl'

2-30. (a) Linear because A¢ = 0.
_(b) Linear because A¢ = C.
(¢) Circular because
1. B = Ey
2. Np=m/f2. .
CCW because E, leads E,c., AR=1,7=90°
(d) Cifcular because
1. E, = E,
2. A¢g=—7/2 _
CW because E lags E;. AR =1,7=90°

‘(e) Elliptical because A¢ is not mult]ples of ©/2. CCW because Ey leads E;.
AR = OA/OB .

|

L@m




17

Letting B, = E, = Ey

OA = Eo0.5(1 + 1+ v/2)]1/2 = 1.30656 1.30656.' 0414

OB = Eo[0.5(1+1 — v/2)]"/? = 0.541196Eo 0541196
T =90° — %tan"l [M} = 90° — % t.anfl (1‘(1)14)

}:AR:

1-1
= 90° — 3(90°) = 45°

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

From above OA = 1.30656E, } AR_‘ 1.30656

OB = 0.541196 Eq = 2.414

‘ T 0:541196
From above 7 = 90° — 3(90°) = 45° A
(g) Elliptical because
1. E;# Ey
2. A¢ is not zero or multiples of .
CCW because E, leads ..

OA = B, {1025+ 1 +0.75]}* = E,

1
S = AR= — =2
OB = E, {1[0.25+ 1 - 0.75]}""? } 0

= 05E, N

7 =90°— }tan™" ( ) = 90° — 1(180°) = 0°

—0.75
(h) Elliptical because . .
1. E, # B, o
2. Ag is not zero or multiples of 7.
CW because E, lags E;.

From above OA = E, }=>»\R-—1——2
05

- OB = 0.5E,
T =90° — $(180°) = 0°.

2-31. &,(z,t) = Re[E e @tHF+e)] = B cos(wt + kz + 62)
&y (z,1)= Re[Ey e’ @iHk=+4)] = B, cos(wt + kz+ ¢y)

“where E; and E, are real positive constants. )
Choosing z = 0 and letting Ad = ¢y — po =y — 0= ¢

"€4(t) = B cos(wt) ‘ .
. &,(t) = Eycos(wt + ¢) ' _ (1)

Tyt v
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-“written as

and '

CE[) = \ﬂ‘jf +&,7 = \/ Bg? cos?(wt) + E,? 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—angl'e identity, equation {2) can be

Ez(t) = %{E,;2 + B2+ E* cos(éwt) + E,% cos®[2(wt + )J} ) (3)

" Since E; and F, are constants, the maximum and minimum values of (3) occur;when

f) = EI? cos(2wt) + By ? cos(2(wt + ¢)] is maximum-or minimum. These are found
by differentiating (4) and setting it equal to zero. Thus '

A el L ) | |
Cqwry T “su?(2wt) E,"sin[2(wt + $)] =0 : . (4)
or o S o S
E?sin(2it) = ~EZsin2(wt +¢)] ’ P !
S = —E;{sin 2wt cos 2¢ + cos 2wt sin 2¢} : (5)

Dividing (5) by cos(2wt) yields

- E2 tanéth) = o -_t,a}n[2cvut] cos(2¢) + sm(2¢)]

or '
: _ —E2sin(2¢)
t" 20t :—————-y——-———v——-, ; iy o
an(2wt) = 57 EZcos(24) A
from which we obtain that - '
E2 + E? cos(2.
COS(th) — ;__L_E.M ) (6
+p » ’
" E¥+ EZcos(2
cos(2wt + 2¢) = _y__;_M
p

where

p=+/E4+ E‘y‘ + 2E'§E§'cos(2d)) . (8

~Substituting (6)—(8) into (3) yields

whose maximum value is )
. 1/2
Emax = OA = {3[E2 + B} + (B + B} + 2B Ey cos 2¢)1/2]}

_ 1/2
Ein = OB = {J(E2 + B — (B + B + 2625} cos26)"7}

-

- )
¥ '>
(A

1,

o

|

D00

Hhooo
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The tilt angle 7 can be obtained By expanding (1) éﬁd writing the two as
g2 28,E&,cosd 9 » '
E2 E. B, + —ﬁ =sin“ ¢ (9)

which is the equation of a tilted ellipse. Choosmg a coordinate system whose prxnc1pal_ .
axes coincide with the major and minor axes of the t1lted ellipse, we can write that

&, = &L sin(2) — &, cos(z)
&y

! cos(z) + & 'sin(z) (10)

where &l and 8’ are the new field values along the new prmmpal axes z',y, 2. Sub-
stituting (10) mto (9) yields

267! cos(z)sin(z) 2 & cos(z)sin(2) ' 2.8;8.;cos¢'
EZ E? T E; Ey

(sin® z — cos? z) =0

_ which when solved for the tilt angle 7 reduces to

o X 2E; E, cosq’>
wn[2(5-7)] = 52

or
"% . _,(2E; E,cos¢
T - jan 1(_—-——52_!' : )

~ For more details on the tllt angle derivation, see J.D. Kraus, Antennas, McGraw -
H111 1950, pp- 464—476

. (a). Pw = Gzcosdy +aysing
Pa = axcosqu + d, sin ¢2
PLF = |py - fal® = |(Gz cos 3 + Gy singy) - (az cos ¢ + @y sin b2)?
= | cos ¢, cos ¢ + sin ¢; sin $2]% = | cos(é1 — )2

() P = s si‘n;t‘)l cos ¢y + &y sin 6y sin ¢y + &, cos
' pa = @ $in B cos 2 + @y sin 2 sin b2+ G, cos gy -
PLP = |pw - fal? = |sin 6 cos ¢y sin B cos o + sin 91 sin ¢ sin 92 sin ég
4 cos By - cosfa]?
PLF = |sin 4, - sin f2(cos ¢; - cos ¢z + sin ¢; sin $2) + cos 6, cos b
PLF = |sin 6, sin 62 cos(¢1 — $2) + costh cos 62?
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2-33. Assuming electric field is z-polarized -

] (a) ..E._w = aIElé'_’jkz :> Faw =Gy

E, = (a0 - 500)Bof.0,8) = o = ( 251%)
PLF = |p- pul’ = Law - dg — joe -t
since 59 = G, cos 6 cos ¢ + ay cosfsinp — G, sin
" Gp = —GySin@+ aycos
A IPLF = 1(cos® § cos® ¢ + sin® ¢)

(b) when E, = (& -+ jao)Eof(r, 6, ), PLF is also .

PLF = (cos?fcos® ¢ + sin2'¢) o ! |

. A more general, but also more comp,l_ex,expre_és'ion can be derived wheil the incident
“electric field is of the form E,, = (ad, + bay)e™7%* where a, b are real constants. It
" can be shown (using the same procedure) that : oL
- ) ! . . . .t
: R T
- *PLF =

[(acéjs&cosg‘b‘::i-: bsin'f sin ¢)? +§(asin¢—_bco$¢)2]1‘/2‘ e R

I A I

Incident Wave  x Antenna

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

Ly compbnent is leading the 2z component or z component is lagging the
y component




(b) E, = Eq(8y + 24,)e~ 7%=
1. Linear polarization; AR = co; No rotation
a. 2 components orthogonal to direction of propagation.
b. Not of the same magnitude ‘
c.. 0° phase difference between them,
(c) PLF = [P - ﬁalz

' e\ s jay + 3a, N
B, = Ey(ja, + 3a,)et7%* = E, (_y_) V10etik=z
w 0(.7 Y ) 0 m

) pu
b= <jay + 3&2>
E, = E,(a; +23,)e 7 = E, (———a" h 2“‘) Vbe~ike

RV
A (dy+2dz),,
Pa 5 .

o |(dy +38,) (8, + 23.)

Pa
2 . .
’ : - 6|2 7.
PLF = |3y, - ol = ~ e s

V10 V5 50 50
PLF = gg =[0.740 = —1.31 dB]
) 2—35._»@:'0 = (&5 + j&y) Eoe'-l—jkz : ’
e—jkr i —jkz

E, =Gz + 28,) B i |omge, iy = (G + 28,) By

T

g,

-

z

(a) E}, = (a:_:}éyﬁ) V2Egetikz
Circular: 2 components, same ainplitude, 905 phase difference
(b) Clockwise (y component is leading the 2 component)

4, + 28 e~ Ikz
E,=(%2T%) 5E -
(c).__a ( V5 )\/_l,z

Linear: 2 components, 0° phase difference
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, (d) No rotation S :
w T \/5 ] ’ (] \/g L
e [fae+iay\ [ +28,\]° _ 1+420 _§>_
i () (5 2 -
PLF = 15—0-= 0.5 =} lOlogw(O.S) =-3dB -
o ap gmikr " T
236 () b _ y(jag + 280) fol6or o) = Eo (’ = )f Fo(80, #0)
: N Pa . .
5 = (M) B - o ‘
Pa e \/5 ] _‘: . ’ s R e - ..1 .‘,;{p . .._,,
. Y
(b) . +1kr
. L, = Ei(2a +Ja¢)f1(9o,¢0)
289 + ja e‘”’”r' ot
= E1 (-—9\/——57"7—2) \/—fl(QOaQSO) ) . ;
— s R
P A O : |
) _(2ag+ja¢> - S e
Elliptical, CW : - i
(©) PLF = lpo-ul? = (f""’””%).(?aeﬂ%)l 12J+J2 |4 [ - ®
' Ve V% C ?
16 NE P
=2~ 064=-1938dB »
PLF = 5 0.64 93
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237, i ke s Lo
(2) E,, = Eo(é: + jay)e 7%= = p, = %(az + jay)
E, >~ Ey(ag — jag)f(r,0,¢) = pa = E(ae — Jjag)
PLF = 3|(az % jdy) - (0 — Jag)I* = §1(8a - 4o £ &y - G4) — j(8285 F dy80)|°
1

Converting the spherical unit vectors to rectangular, as it was done in
Problem 2.32, leads to " ;

PLF = '%('cc_)se +1)2
(b) When i
E, = Eo(ty % ja,)e 7 o
- B, > Ey(dg + jag)f(r,0,¢) the PLF is equal to
PLF = (cos6 ¥ 1)° ' '

2-38. E,, = (Gg cosq&'— dg sin¢coé 8)f(r,0,¢) or

_ [&9 cos ¢ — &g sin pcos b
aw T

} \/cos2 ¢ + sin® pcos2 0 - f(r, 6, ¢)

V/cos? ¢ + sin® ¢ cos? §
Thus f) _ Ggcos — Gy sin ¢ cos 0
s V/cos? ¢ + sin® ¢ cos2 6

and

PLF = Iﬁw : ﬁa|2 =

2
Ggcosp — Gg Sin ¢ cosf N
V/cos? ¢ + sin® ¢ cos? 6
Transforming the rectangular unit vector to spherical using
Gy =, sinfcosd + Ggcosfcos d — G, sin @
- cos?8
cos? ¢ + sin® ¢ cos2 §

The same answer is obtained by transforming the spherical unit vectors to rectangular,
as was done in Prob. 2-32. :

the PLF reduces to PLF =

2-39. E, ~ (245 * j&y)f(r,0,6) = (?&\%&) VB(r0,8)

Antenna

o [

Wave

b
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V2
(28 EJay
p_a.‘—-(> 75 ‘\

-7 .

{ \ -~ - PRy . : o ' .
18) 5 (a_,,-___]iy_.) = Wave is Right Hand (RH)

PLE = [pu - ful | |
V Ty . (Antenna is LH in receiving
= —0.4576 dB using the + sign mode and RH in transmitting)
I . . . .(Antenna is'RH in receiving
= —10 dB using the — sign mode and LH in transmitting)

SR

(b) bu = (a:t +Jay )f,> Wave isv__.Lef’c Hend (LH)— <

';f_(%ziaﬁay) PR s

PLF=:}5w'ﬁalzb- . 5 i
! ' (Antenna iS LH in receiving

H in receiving

~ (Antenga i
in transmitting)

=~0.4545 dB using the —sign 40 ang §

B j .
4 &

.- b
450 - o

> X

2'40:‘.‘{9{ P . | ) . . ER

. Ggtay

= .PLF = /!
? V2 V2 VT |
L. - PO 1 a2
PLF = -3—4|(a‘: -4ag) + (@y ‘Jay)lz = '?;'1|4+J|2’. ;§ :
. =0.5 ’

-»__ 10 dB using’ _vt.hé + sign: e odtzg?x a ?ﬁ in tra_n.sm‘imtl ting) .

'\)

R Y




OCTCT T 0C

C UCTOYTO CC

C TR CTC TR O

25

t

~

241 (a) RHCP; p, = 2= 1%

72

’ " P, a2
PLF = |y -pal? = 28z +jay Gz — jay

7 75| =09=-046 (dB)

. 18z +ja
b) LHCP; p, = 2= 7%
A %, + 74, &, + ja, |
PLF = |p, - fal? = | 727020 222000 _ .1 = —100 (4B)

B3 7z

2-42. E' = (&, - j&y)Eoff_jkz = (%) V2Epe=9%:

~ (£ _Jay

Pw = /2 - Cw
n
E ’ . \
}_.‘ N .
/

(@) E® = (4 + ja,)Ereti*?

- (Bb4) vame
= (=22 ) Vo ¢tk
- (g% vamer
Gty

V2
PLF = |p”w’.ﬁa12 =

CwW

PLF=1=0dB

N a':: _jay

pa"" \/5

PLF = [pu - ful* = (&r J&v).(&x J%)Zi_lﬂ"’z:o
N v V2 2

PLF=0= - dB
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243, E' = GFoe %, py = s

E® = (a, +]ay)E18+”‘“ = (9—1—;—23&) l\/§E1.e+.jk’

)\2 . N .2 . Az . y
(a) Aem = 4_7re°Dina “pul® = E.Goipa * P
o (— eoDo =Gp)

. c 3 x 108 3x10% '2
- = = — =3 10.~ .
At. 10 _GHz=>./\ 7 10 % 10° 1010 3 X

= 10 = 10log,;4 G dlm) => Go(dlm )= 10l 10

'_/\ e 2»; . az +Jay
47‘rG°|p“"p’f’ T3 4w a’.(

. V2
= (0.7162 x 1073) (1)

47

Aem—03581x10‘
N\ : {

(b) Pr= A.,m W= (0. 3581 X 10" S(m § 1073) =3.581 x 10=S watts ...

- Pr= 3 581 X 1078 watts

— Al T,
" 944, E (QuI =+ ]ay)Ee"sz T e ’ ‘ ‘E
. 23, % jag ‘ T

SV S %

(8) Ey = azEy = po =6z

il

i
Lo
o

!

- 12P 4
PLF = |p, - pul’ =| 2| =z =08=-0.9601 dB
(b) Eu =y B = pu= iy d
: So2 1
PLF = |py  pal? = | —=| = = =02= —6.9897 dB.
B - fal l\/— ;=02 :

- 2-45. (a\ E E" - Ey = = 3coswt + QCoswt = 5coswt

E.=E., + E = Tcos (wt—!- 2) +3t:os (wt— g)
= ——7smwt+3smwt —4sinwt

5 '?;
AR=2=125 :




‘

1 CEO

i

’
.
p
s
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(b) Atwt=0, E=05a
Atwt=n/2=E= —4&I => Rotation in CCW

2-46. (a) PLF =1 independent of 9 — must have CP
[

AR = 1 .
(b) Polanzatlon will be elhptlcal with major axies ahgned with x-axis.
guess: AR = 2+

Verlfy pw = (20.1 + Jay)/\/g
2<':os1,b-§-jsim[)12 _ dcos’ ¢ +sin® ¢
75 5

| PLF =|pu fal? =1
% =0: PLF=0.38
% = 90°: PLF = 0.2

(¢) PLF=1 at t =45° and 225°
PLF =0 at .1 = 135° and 315°

‘ Pola.rlzatlon must be hnear with that angle of 45°
. AR=o

247, [ — _ 2__ - 2
97 (80 +1+73) + (25 +42.5) 124+ 7675

= (12.442 — j6.7724) x 1073 = 14.166 x 107°£ — 28.56°

AT
Rg=50 Xg=25 A.=1

(3) Py = LRe(V, - I}) = Re(12.442 4 j6.7724) x 1072 = 12.442' 1073 W
(b) P, = i|,|°R, = 7.325 x 107> W
() Pr= YI,[2Re = 0.1003 x 107*'W

The remammg supplied power is d1531pated as heat in the mterna.l resistor of the
generator, or -

Pg = L|I|*Ry = 5.0169 x 1073 W
Thus

Pr+Pp+ Py = (7.325+ 0.1003 + 5.0169) x 1073 = 12.4422 x 1073 = P,
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T 2-48. -Thé impedance transfer. equation of '
"_ 4 JZ tan(kl‘
Zin=2e Ze+ ]Zl,tan(kl)

A reduces for | = /\/2 to Zm =27

Therefore the equivalent load 1mpedance at the termmals of the generator is the same
.8s that for Problem 2-47.

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

-49. (a) 100)?

2-49 (a) Zin = 5(()_?_])50 = }SGOOTO(? (50 — j50) = 100 3100 Q-
T R 1 .
Wy—m— 0 10 - or
#7150~ 7100~ 180.3Z - 83.7° ‘0 05546433 7

. 2,4‘550;1_—56 Q““

SOt ] T TN
Ll o
—h
(o)
< +.
(4]
i (@]
; o]
&N
i}
-—
Q
Q
Q

PR, Ly T

e 4

(b) P = Re{l/ = 3 % 10 x 0.05546 x cos(33.7°)

: 1: 0.231 W

(c) PA = 1|1, PRe{Zm} =1 x (0.05546)% x 100 = 0.1538 W
Pma = ech4 = 0.96 x 0. 1538 =0.148 W

: . P,
2-50. »  Gain= “rad—Directivity

- i . accepted

P
Re‘ahz¢d Gain = “-Dlrectlvn,y

available

>‘ Galn - Pavaxlab]e
Reahzqd_Gain Paccepted
L




&)

Pavailable = 3 A A
© V(a) = Al 4 T(0)e*%)
I@) = (e~ T(O)e)
V(0) = A(1 + T(0))
| 10) = £-(1=T(0)
‘From Fig: 1;

Vi + 1(0)Z0 + V(0) = 0.

_"vs + zio(l —T(0))Z +‘A'(1_ +T(0) =0

—V,+ A— AT(0) + A+ AT(0) = 0
2A=Vs—>A=%

Pa'ccept‘,e.d = RQ[V(O)I* (0)]

v =2+

10) = 5~ ~T()

: _Zin—2o
o) = Zin+ Zo

29
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Vo Zm— 2
L ?V(O)‘Z?(l—*__zin +'Zo)
V. ( 1 Ri;:+-jX5n—-ZO>
2 :
V.

3

© Rin + 7 X+ 2o
(Rin + 3 Xin + 2o + Rin + j Xin — Zd)

T2 C Bn+jXm+ 2o
. ~— Vs(Rin +JXm) . o -
V(0)= Rt Xt Z , |
10)= 2 (1= Zn=Z0) _ Y -Zm+'Zo—Zi.,+tz5>
227, Zin 4+ 2y 270 Zim+ 25 -
. Vs o Vi N
o " Zin+Z0 RntjXimt+Zo

ViRin + 3ViXin Vs ]
Rn+2Zp+jXin Rin+2Zo=3Xin
VA Rin + i Xin) : VIR, o
P, accepted = Re 2 7 )= 2 7 :
) (Rin + Z0)? + 'Xin_. (Rin + 20)% + Xi_n

N o A.Re[V‘(O)I(O)"‘} = Re [

- : |
_ 4—2-5 . - (Rin + Zo)?' + Xﬁl
Realized Gain . V2Rin - 4Z4Rin . -

. (Rin -+ Zo)2 + Xizn v

Who

20

___A/60 [or x 109(47 x 10-7)
= ax(/200) T 2(5.7 x 107)

= 0.4415 x 107% = 0.004415 (ohms)

!
2-51. (a) Rr = Ras(2:90b) = =

' : ’l 2 2 :
(b) R.(4—19) =80r%{ ~ | = 80> L = (.21932
. — A 60 :
= Rn=R,= 0.21932 ohms (because of assumed constant current)-

(c) gy Br - 021932 — 0.98
¢ca(2290) Ry +R,  0.21932+0.004415 98027

o €cq = 98.027%

STSRS S15 CRe SRe B eRS ¢

,y o=




Cu W DO CED O RO

)
v

(d). . Zr = (RL+ Rin) + jXin = (0.21932 + 0. 004415) + JX

= 0.2237 + j X,

o ‘ : 1 [ 2/80 4
- In(l/2a) -1 2/100

X’," o~ -1onn A —-120+ (73 -

2 2) 60
0.51003 — 1 :
=120 |—=—_~-_*°
0 [ 0.05241

] = Zy —Z. _ (0.2237 4 j1,120.03) - 50

T Zu+Z, (02237 + 71,120.03) + 50

1+ 1+40.9999

1-1{T] ~ 1-0.9999

] = +1,120.03

= 0.9999

VSWR =

= 9,999 ~ o

- 2-52. Radiation Efficiency of a dipole

I(z) = Iocos[ ] —l/2< 2 <1/2

o Iy T
H¢(T = a)lat the surface = 27:_) cos [l ]
ds = g d¢ dz = differential patch of area.
dw = power loss into this patch.
dw = 3|Hy|2R,a do dz

(time avs) («— R, = skin resistance) o
o (o \* Ry gpn
dW-(g;) — cos [ ]adqﬁdz

o U2 .
= d
W'(total loss? /_ " /d> o 87r2 a2 cos [ ]c dé dz .

I - 2 a1, L*l-R,
me-Zwa-Rs l/2COS [TLJdZ——E a
= 310°Ry,
IR
= 1. il
Re=3 27a

31
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: . 1 0<6<45°
2.53. E="¢:0 45°,<9<90°
B LR A
(@), . _ ZE"" 2|E|2 o1
L UE Ty Unos = =308
: 2 o p180° '
‘Pradz"“/ / sin0d19+/' Zsinﬁdﬂ ‘
e A goo
r? 180° ,
= -’—,’- 21r][ cos 9[0 + ( cosG) 000 ]
2~,~ R PR O FRERE SRS :
R cos45 +cosO ——005180 + = cos90

Poad = 0.54289—?;;—

2 .
4rUmax 4’”%’ :

= = = 3.684
b - Praa 0 54289(271’)7'2/7)

(b) When the field is equal to 10 v/m; for 6 =0°‘

(10v/m  0<< 45 .
=E={0 45° < 6 < 90° _
1x10v/m 90° <6<180° .
2 [ e 45° 180°
Pmd_=;'[/ {/ |E|?sin 6 df + / lElzsinﬁdﬁ} dd)}
0 0 0

Prag = 12(0.54289) ( ) |10|2 = 36,193

P = '2'1-” R, = lIrmsl
36,193 36,193
= = =1,447.72
Hims|? 25 ’

' 2-54. Input parameters: .
'I'he 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

3
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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=23)\b=2x
ab
Do =4m (/\2> = 47(6) = 24~

Dy = 75.398 = 18.774 dB

Since the maximum |Eg| = |Eg| = |E| then the maximum d1rect1v1ty

Do = Dg = 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 degregs = 360

OQutput parameters: -

Radlated 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 ,
Do = 0.81 (471' Az) = 0.81(24)
= 61.072 = 17.858 dB
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2-56.

" Radiated power (watts) = 0 4863 s
-Partial Directivity (theta) (dimensionless) = 4.2443 ' i

Usmg Table 12.1 '

257,

D1rect1v1ty (éB) = - 6. 2780

Since the rnax1mum |Eg| = |E¢| - |El, then the maximum directivity

" Dy=D; =D,

Input pa:raméters :

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:

Partial Directivity (theta) (dB) = 6.2780

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

. St . i i }1’ . T [
f=10GHz=>A=3cm=q= —38—6A-0762,\

b= 1—(;1—6,\ 0.3387X

L ed AL

N )
Do = 0.81 (47r:\—2) = 0.81(47)(0.762)(0.3387)
=2.627 = 4.194 dB

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

‘Dy=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




.35.

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=T1.5x"

27ra

Da’ ar 3 ’ 2
o= v(wa y=|——) =9
Dy = 88.826 = 19.485 dB

Since the maximum |Ep| = |E4| = |E|, then the maximum directivity -

Do=Dp =D,

2-58. 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 dsg,‘rees = 360

- Output parame%éIS'
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\

21ra
A
Dy = 74.2589 = 18.71 dB

2
D0 = 0.836- ( ) = 0.836(97%)

X DD K & 3O

i

e 9

C
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" Since the maximum lEgl = |E¢l = |E|, then ‘the mammum dlreetlmty

2-59.

Do.=Do—D¢

Input paxameters . : '
_________________ . i 5

The lower bound of theta in degrees =0

The upper bound of theta in degrees =90

. Directivity (dB) = =38. 0236

- ~Using Table 12.2 o , ISR E AR
f=10 GHZ=>,\ 3cm=>a—llf‘—3-3 0381
Do = 0.836 (2:“) =038 %{27}(0 381)]2
Do = 4791 = 6.804 dB ' t
Since the maximum |Ep| = |E,| = |El, then the maximum dir_ec'ﬁivity
. 2 D=

2-60.

The lower bound of phi in degrees =0-
The upper bound of phi in degrees = 360

Output parameters:

Radlated power (watts) =D. 4952

»

. Partial Directivity (theta) (dlme‘neienless) —6 3439 .

Partial Directivity (theta) .(dB) =i8.0236 ,
Partial Directivity (phi) (dlmen31on1ess) = 6.3439
Partial Directivity (phi) (dB) =8. 0236 i
Directivity (dmens:.onless) =6. 3439 o

i

f =150 MHz, A = 2m
A :
= 1 'm dipole is 3 in electrical length

= R, =730, 7, =T3+j425Q

0.625

s ditidd e

l
l




O

& -

B
_qa,

T fi‘ =3 =

KX QK

=0.765£ - 18.97° A

a. I = Vs -
| T 50+ 73 + 0.625 + j42.5

b. Pd%SS;iP = Pross = %'Iantlz - Rposs = 189 mW
c. Prag = %IIantlz ‘R, =2136 W
R. 73

= 9%

d. Ec = =
T Ry ¥ Rposs 7340625
R kIl  klpe=kT
2.61. E = GpEp ~ Goin—-e=* sin@ = —in0% " 1 Galsi
6l. E = ag ‘_9 dejn—e sin @ =y [~ églsind

!

a. l, = —aglsing .
b. [lelmax = | = @plsinOlmax =1 @ 8 =90°
¢ Helmax/l=1"
™
—jkr | cos { = cos 6)
2-62. B = b0 Ey = 6ini0e” (2
. == Gobe = QoI5 sin §

’ - T
kIpe=3%r s 2 cos (—2— cos 9)
—_— g——

ksin 8

‘T
 kIge—ikT _ )¢cos (5 cos 9)
= drr —ae;r_ “sind
I i
) cos (g— cos 0) cos (g cos F/) '
le Gg———=2—t = —30.3183) £

. = :—a_.oﬁ sin 8 -sin @

V. cos (Zr— cos 0)
—50.3183A —2 7
oo sin 6

|_l.e Imax =

. Imax

llelmex _ 031834 _ 0.6366 = 63.66% @ 6 = 90°

T A2

2-63. l,=—dplsing,l =A/50,f =10 GHz = A = 3 cm
W= -21;@[2 = 1073 W/cm = |E| = /20W
= /2(377)(10~?) =0.8683 V/cm

. A _
Voclmax = l_Ef”Lelmax = (08683) (%) =352.1> 1072 Vorts

=0.3183\" @ 4 =90°"

37
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l/7 IV,,CI,,,ax = ( e of dlpole w1th uniform current)

oclm =1(52.1 x 107%) = 26.05 x 107 Votts:(se¢ Problem 4—63)

2-65. [Lelmax = 0.3183) = |V = |le[mu1E‘,. . From Problem 2-63 solution -
: lVocl = O.8683(0.3183>\) = 0.27638,\ = 0.27638(3) = 0.82914 Votts
2-66. Usmg equatxon (2—94) the effectlve aperture of an antenna can  be written as

[Vr|? -
2WilZ, |2 ’

Deﬁmng the effectne Iength I as Vp = E - [, reduces A, to

Ao = where W |E?/2n

E 2 2
A, nRTle»-=>-~l~ - AeIZtI e

o TeT Az T T Y R

)

For ma.x1mmm power trarasfer and lossless antenna (R =0)

XA1= —X7,R. = RT=>'Zt|——2R,~—2RT

2 67 Aem = 2 147 = (4—) ?cd (1 — |~) ]pw : pa_I2 - Dy

I .,,“,“," . e
v rsiis0 3k 108 o
’ I'= — =025 = ——— =
75580 0 T To0xigs o
. Do= 32_214_’__ =312 4
(1 — (0932
% (- 0277
_3x 108
268. d = = o = sx o
68. 1m, f=3GHz s, =68%= » = 5700 Olm
(d 2 n d? 7'(1)2 7 '
(a} Ap = Tl =r (;) = T i "1 = 0.785 m>
- A
(b) Cap = ‘fﬁ = Aem = SapAy
P

Aem = EapA, =0.68(0.785) =]0.534 m2|"
(c) . _ A2 . A
o Aem_47rD0:>D0'")‘ Aerm
4m 4w
Do = ——Aem =

Dy =|671.044 = 28.268 dB]

=5 01(0 534) = 671.044 Lol
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(d) Pp = AemWr, = 0.534(10 x 107°)
Py, =[5.34 x 108 watts|

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

* )2 '
Ae@=Z;-Do,Do=2O dB = 10log,o x = = = 100 _,
c 3x108 '
)\ = = = eem—— T = 1 -2
7= 105108 0.03 m=3x 10
1 —2\2 -4 .
A, = Bx107 o0 = 2X 070 100y = 0.716 x 1072 = 7.16 x 10~3
AT v . : :
-5 . .
Prec = 1073 (9 x 107 ) = IX107 - 716 %1075 = 7.16 x 107° watts
- 4r 4 : ' .

P.oc = 7.16 x 107% watts.

2.70. A, = 10 cm?, f = 10 GHz = A = 30 x 10°/10 x 10° = 3 cm, W* = 10 x 107° W /cm?
. 2 2
(8) Aem = %T-Do = ;\—WGO = A, =10
4w(10)  4n(10)
X (3)2
(b) Pr = AenWHPLF) = 3(10)(20 x 107 3) = 100 x 10-3/2 = 0.05 Watts
P, = 0.05 Watts

; (ax+jay 2
]
' V2

2-71. Woa =W, ™ o—cos 4(8)a, (O <7/2,0€ ¢ < 27T)>

21r 7r/2 . 27 /2 ’
Prag = / / W.q ds= / / GrWrad ' Qrr sm6d9d¢

27 /
-—Co/ / cos 93m9d9d¢-27r00/ cos 95_m6d9

. 5 n/2
= 91Cy (_cos ,9)
5 Jo

=Gy = =13.96 =11.45dB

PLF =

[S1E

1 2 '
Prag = 21Cy <0 + g> = -gco = 1.2566Cp

b- Dy = 4_711";_&(' = Unax = r? Wradlmax = c"O cos? elrvnax = Cy
ra .
47!'00 v
= =10 =101 10) =10 dB

—p—
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¢. Do= 10 towa.rd 6=0°

'_d_ _ﬁ L 3><108rn/sec_'03
. Ac:'m— 47T‘D0 )\—f—- ——“——-‘—‘. 1x1Q9 m
' 3)2 0 ©0.225
Ao = (04‘:’3 0= 9(10) —ﬂi = 00716

e. P = AnW* = 00716 x (10 x 107%) = 0.716 x 107% Watts
. /\2 B )\2 . . 4
2-72. Ao = —eyDp = —Go
: 4r an :
a. Go =.14.8 dB = Go(power ratio) = 10148= 30.2
. . f—82GHZ=>A—36585cm
The physical aperture is equal to A = 5 5(7 4) = 40.7 cm?
b. Go = 16.5 dB = Go(power ratio) = 101 85 44, 668

(30 2) = 32-1_» ,

‘.4?

f—103GHZ=>/\—2912cm ER :
t .
4. ‘.'.\‘\ %\ :\ Sy b L e 2 ‘ 3! . - .
B Co " .;,,.éern = ( 912) (44 n68) _” tg s e b
i “ o o ; ;’% ,
% 18.0 dB = G’o(power ratlo) = 10% = 63.096

_ (24190
4m

Go-

f= 24GHZ=>/\—2._419cm : ;

Aem -(63.006) = 29.389 cin® i
: <

A”
2-73. Aem = 3-Do

From Problem 2- 54

A "2
Computer Program D1rect1v1ty Do = 80. 2511 = A,z,,1 = :—-(80.2511) = 6.386\2
T

Table 12.1: Dy = 75.398 = Aem = 4—;(75.398) =6.0\2

- ) “\2 . : S o -
2-74. Aem=’\—Do' R T

an R N
From Problem 2-55: ;

' )
~ Computer Program Dxrectxwty Dy = 62.4‘635 = Aem = :7(62.4635) =4.9712%

Table 12.1: Do = 61.072 = Aem = (61 072) =4.86A%"

SHeE®

P

o

O

;/ ™~
ot

o




2-75.

2-76.

2-77.

2-78.

2-79.

41

)‘2
Aem‘ = Z"'DO

From Problem 2-56:
Computer Program D1rect1v1ty Do =4.2443 = Aem = (4 2443) 0. 3378/\2

Table 12.1: Dp = 2.627 = Aemm = Z-7;(2.627) = 0.20905\% -’

/\2
Aem = ED() .

From Problem 2-57:

. 2 .
Computer Program Directivity: Dy = 92.947 = 4., = i—(92.947) = 7.396)\?

Table 12.2: Dy = 88.826 = A.,, = 2—7(88.826) = 7.068)\°
. ')‘2 -

Aem - Z;T‘DO

From Problem 2-58:

2

. \ -
Computer Program Directivity: Dg = 75.1735 = A.,, = 4—(75‘.1735) = 5.982\"
: m

| ' . SLP
Table 12.2: Do = 74.2580 = Aey, = 7—(74.2589) = 5.900\°

Az
Aem = _’DO

From Problern 2:59: ‘
Computer Program Directivity: Dy = 8.0236 = A, = (8 0236) 0.638)12

. Table 12.2: Dy = 4. 791 = Aem = ———(4 791) = 0. 3813/\2

Gam—30dB f—2 GHZ, P,ad=5VV '
Receiving antenna VSWR = 2, efficiency = 95%

Egp = (287 + ja,)Fr(6,¢), Use Friis transmission formula (2-118)

, . by 2 ' : .
P = Peecasecar(1 = INP)1 = 0,1 (27 ) DelBur D, (6, 07) - PLE

4R
P. =107 W,e.s: = 1 (we assume that), esqr = 0.95,1 — |T|2 =
VSWR-1| 2-1 '
i = = 1-10%) =
Since .VSWR 2= |y VESWRL ' e ,( ) =8/9
3 x 108
== =01 R = 4000 x 10° m
%10 o m x




AN T els N\ s
 ‘Hence '(Zy?ié) - (471'4000 5('103) =89x10

"D, =130dB ~10% PLF = . .
C o |pr= %(2&1 +_’_,J'&_y) |
=107 = 5(1)(0.95)(1) (g) (8.9 x 10718)(10%) D (0.1)

D, =2.661"

. . 2 ’
. Hence A = 2;2.661 = 0.00476 m?

1

4; - 0°<9'<90° = .
TP a0 <o gseef 0 S P30

w2 /2

1. 'M E o .
= 5% =) > e =02

BU(6,¢)sin 6 db dp = 21 / cos*(6) sinf df = 2r .‘l— CO‘; Gj"
4 R 0 o

o 10X 3x108

e 0-2
Do = =0 A= g = 3% 10 ‘0.03m
10(0.03)2  10-(3x 10-2)2 19. 104
Ay = 2007 10-(3x 10727 _ 10-(9x 10 ) _ 716107 x 10~

Agm = T.16197 x 1074 -

2-81. 1 status mile = 1609.3 meters, 22,300 (status miles) = 3.588739 x 107 m v

e PR L BN e v
L e T 4rR? Y 4w x (3.58874) atts/m.".
: 32

b hem = if—Dcs, (— Do =60 dB = 10°)
dm _

e g

')

DED R B S50 ARG B D L el

Lo




[

10% = 1790.493 m?

(015)2
Aern = o

Preceived = Aem - P; = (1790.493) - (4.943 x- 10716)
=8.85 x 10713 watts.

2-82. A,.. =0.7162 m?

A\ .
Aen = (32) - ecalt ~IOPYpu 5l

A 75 — 50 - 3x 108
Dg = em T = =022 = =19 _
AN 75 + 50 T
() a-wp) o
" 0.7162
DQ = 32“—
i . 2
Do ='1.0417
2-83. p 1 2y [ A . a2
’ PT =.W’iAem = 4‘./Vi66d(1 - IPI ) E DOIpw . pal
Wi =5 W/m? ecq = 1(lossless), T = Zin=Zo _T8—50 _ 0.187

Zin+ 2y T3+50

. 3
= 2X 10 30 m, Dy =2.156 dB = 1.643, PLF = 1

10 x 106
. 2
P, = (5)(1)(1 —(0.187)%) (%) (1.643)(1) = 567.78 watts

P, =567.78 watts. . -

e % - (47:‘\}?) GorGot, Gor = Go: = 16.3 = Go(power ratio) = 42.66
t : :

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

' 0.03
a. R=5m: P,- — [27—1_(—5—)
b. R =50 m: P, = 0.829 uwatts
c. R=500 m: P. = 8.29 nwatts

2 .
} (42.66)2(0.2) = 82.9 pwatts

The VSWR was not needed because the gain was given. -

43
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c2:85. P Lo A N~
B - |Be - prl (4—”2 G'OtG.'orb_

Got = 20 dB = G (power ratio) = 10 == 100 °
_Gor=15dB = Gor(power ratio) = 1015 = 31.623
f—lGHz=>/\ 03meters :
. R =1 x 10°meters '

a. For [p - A2 =1

P = (—-—(B-l—o-g) (100)(31.623) (150 X 10'3) = 270.344 pwatts

b When transmitting antennas is cxrcularly polanzed and receiving antenna is, lin-
ea.rly polanzed “the PLF is equal to

" A 12 . Gy i]&y . 2 1
lpa bl = —5 ) | T2
Thus ’ :
= l(270 344 x 10~ ) = 135 172 x-107% = 135. 172 pwatts N
""2—86 Lossless €cd —Tpoia:wat on ,m hpd lpw.ﬁgal = lme matched (1= } ‘) = 1

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

47R 50X
P, = 0.253 watts

a2\ 2 3 2 ' )
P, =P, (-—) Dot Doy = 10 <4W—) (100)(100) = 0.253 watts

2.87. Lossless: ecq = 1, PLF = 1. Line matched_: (1-?) =1

Do = 30 dB = 10% = 1000 = Dy, = Dy

'/\ 5 1 \ 2 . .
. = — = =12.
P.=F ( 100/\) (1000) 20- (471_) ‘100 1 665 watts

) 8
288 Go, = 20 dB = 100, GOt_Q)dB—31623A_3X1O = 0.1 m.

3 x 10?
22 '
=P -lpe- bl (m) - Gor- Gor

=100- (1) - (Z—iﬁ) (1(:)0)(31.6.'23)» V.

bl P, = 8 x 107* watts

PR TR A

A

DING)

|
-\

4

=)

202 0
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€

2-89. £ _ _3x10°

Gor = Gor = 15 dB = 10'% = 31.62
R=10km=10"m
P.> 10 nw = 1078w

|be- el = ~3dB =}

Friis Transmission Equation:

P AN L
B, = GoGor- <m> pe - prf?
. ) 2’
= (10%9)2. (%) (1) =285x10"1!

P,
Pi= g% 1011
Pr>108 W = (P)min = 351 W

E Ft--— (PLF)egCTDOtDQT (471’R>

\ 2 .
= (PLF)(ert ' ecdt)(err . ecdr) <m) - Doy - Dor

2 . .
B = Were @) ) (555) Dot Do

e 3x108 :
=2 =2 —3mR=10x10%=10%
AT e |

AN 3\’ (3 2
— == -4
(’47rR) = (471' x 104) (471' x 10 >
4R
= (1 —(0.18897)%) = (1 — 0.0357) = 0.9643

. = (0.2387 x 107%)? = 5.699 x 1072 x 1078
oy \2
( ) ‘= 5.699 x 10710
' ’ 733502\ 23.3
— — — 2y —_ —_ | —— = — | ——
ert = err = (1~ |T|%) = (1 .73.3 + 50 ) (l |123.3
‘ - €cdt = Eedr = 1
Dot = Dor = 1.643



AnR

.46
Pr_ (0.9643)2(1.643)(5.699 x 107%°)
= (0.92987)(2.699) (5.699 x 10719)
- =2.51-(5.699 x 107 10) = 14:305 x 10-10
AN i -2 10 6
— 1 1010(1 5 107
B = 11305 x 1010 699" o (1x 1077
;-=6.99xi02_699. _
P, = 699 watts
2-91. AN 3 x 108 3x108 ;1
=(———> Got Gorm A= s T o w108

< x|

"9x10° 90x 108 30
10,000
1/30

e R, e o
B[ a g 10X o
P, |4n(3x 10| 10 -

Go? = 107%(4r x 3x 10%)% o
Go = 1073(4r x 3 x 10°) = 127 x 10° = 1200w :

- Go = 12007 = 3,769.91 = 101og;(3,769. 91) dB -
Gy 869,91 =35.76dB

110,000.meter = A =3x10°X

292, R=16x10°mf =2 GHz, Gor = 20 dB, P, = 100 watts,
P, =5x107% watts Gor =7

Got = 20dB = 1010g10[Go¢ (dim)] = Gm(dlmensmnless) =10% =100

GOt(dlmenmonless) =100
3 x 108

2 x 109
Friis Transmlssmn Equation (2-119):

f =2GHz= A= = 0.15 meters

P. PR . P [ 1 4w R 2( 1 '

Gop = 2 1072 (L) [47r(16 x 103)}2 (g)
TP 1000 \100 0.15 1
_10.x 107° x 10° [47(16) 2 ‘

- 104 [ 0.15 }

Gor —179670665x10_ = 1.7967 = 2.545 dB

[Gor —17967=2540L|

= 1075(1,340.413)®

—¢—




2-93. o=mwa’= 257rz\2
Got = Gor = 16.3'dB = Got (power ratio) =10"% = 42.66
f=10GHz = A =0.03m

&_UGot'Gor A 2
P 4r 4mRy - Ry

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

» 42.66)? AT
P.=25. 7r)\2( 47r.) . [4n(200A)2] -(0.2) = 9.00 nwatts’

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

2-94. Got - Gor A1, 3x108
Fr=Ffo-—p—- [MRL,-RJ = Fxi00 - 006m
1502 [ 0.06 12 '
- 5 . * —— ——rrrn.
P10 g e
P.=1.22 x 1078 watts
2-95. &_. Gor-Got [~ A ?ia— P drx 4rR; - Ry1?
P S 4TR1 R, P, -Gor - Got | A
_3x10f
T3x108 ™ |
-3 2 .
_ 01425 X 10-%(4r) [4m(500)(500)]* _ 3142 o2
1000(75)(75) 1
2.96. _ P.-4n [4xRiR,1*
g “.P,-Gor-Got A
_3x10% 5
“ix108 °™

_0.01-(47) 4wk700)(700) :_ .
7 = 1000(75)(75) [ E ] = 841145

3
0 =94,114.5 m?

—p—

47
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2-97. .0 =0.85)\% .
P, Got-Gor [ A 2 5
5 =0 = P - P,
B T an (4an R2> | I ,
o= 0.85A%, Got = Gor = 15 dB'= Got = Gor = 31.6228 (dlmensxonless)
R = R2 = 100 meter = Ry = Ry, =1 000/\ . : ) U
' 3 x.108 - I P
 f=3GHz= =31 =0.1 meters ) _ :
lpw prl’=1dB = |5, .pr12.=_ 0.7943 ‘

2 2
085/\2 - (31.6228) ( A )-(0.794’3)

B 4. 47 x 105)\2
0.85(31.6228)2(0. 7943) 1
- =0.3402 x 10
@rpory 03402

* P, = 0.3402 x 10‘12(102) 0. 3402 X 10-10 — 34,02 x 10-12 watts ¢ .
P, = 34. 02 pwatts : :

2-98. ’ Ty = TAe—'2al + Tc(l - e—;2al) » | ‘
.TA = 5°K . bt : C : . o . . ) .
s T =TPF = 8(72 — 32) +273 =? 2052°K - | ’

—4.dB = 20log;ge™* = —(20)log;g ¢ _’-a(zoxo 434) P

C daates

4 3
oO=ces = 0.460 Nepers/100 ft = 0.0046 Nepers/ft. :
a. [ = 2 feet;

T, = 5e72(0:0046)2 4 995 9[1 — ¢=2(0-0046)2] _ 4 9 | 538 = 10.29°K
b. [ = 100 feet;

T, - Fe—2(0.0046)100 295.2i1 — e0:0046)200) _ 179 700

) | d ' Y ? ’
2-99. T, = Tye~ Jo 2a() d= ‘1‘/ €(2)Tm(2)e= J 206N 42 g,
. Tt

If a(z) = ap = Constant

d ' .
T, = Tqe 2004 +/ €(2) T (2)e~200(d=2) 4y
0.

. - d .
Ta = TAe—and + e—2aod +/ e(z)Tm(z)e"'z"“’z dz
. 0 o




If T,,(2) = Tp = Constant and €(z) = €9 = constant

d .
Ta — TAe—2ao d + €oToe_2a° d/ 620102 dz
) 0

T, = TAC—2ao d 4 _EE_Toe—Zao d(e2ao d_ 1)
20(0

For €p = 2(10
T, = Tae 2004 4 Tpe 20 d(e20d 1)

—_ TAe—Zad d + T()(]. — e'—'2ao d)

49
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d g
1 [————
T, // - dz T,
2, & A,
&
}—
~ z
<
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CHAPTER3 . | . o«

3-1. - . o If_Iie=jwerze S . (1)
“ .Ma.xwell s c'ii'fl 'éciﬁé.tlon VxE,= ‘—jc"‘u,uH ‘can be wriften as : v T T

VX E, ~—]w/,LH =—-]w,u(jwer )"‘f’zﬁ’-fvxﬂe.

or . . !
T Btk =V x (B K =0 where K = w’ue
Létting"_ R . Coann BT ,»va »
: . E, —k2 '=—v¢e = ~_—‘;_v¢”k ,.c,‘ {2y
o lTakmg the curl of (1)+and using the veéctor 1dent;ty of Equatlon (3—8) lead‘; to Lo
( VxH, =jweVxVxz,= jwq[V(V-Ec) - V ’x,) = (3)
Using Maxwell’s equation -
| V x H, = J + jwek,
reduces (3) to ‘ _
I+ jweE, = jwelV(V - r,) ~ V’r,] @
Substituting (2) into (4) reduces to
| 2 2 - : ‘
Vem, 4 K, = — + [V(V - Z) + Vée] (5)
~ Letting ¢, = -V -z, simplifies 5 to
Vir, + Kng=5= (6) )
and (2) to
E, =V(V- 1) +kr, (7)
50




3-2.

. 8t

Comparing (6) with (3-14) leads to the relation
If B, = —jwpS KT, S
Maxwell’s curl equation V x H,, = jweE,, can de written as
VxH,= jwe(—ju),uV X M) = wlsY X m,,
or
Vx(Hn, —wzpelr_m) =Vx(H, -k Z,)=0" where kg = w?pe
Letting .
_Iim - k2£m = _vém = H_—- - _v¢m + kzlm ’ (2) T
Taking the curl of (1) and using the vector idex:ity of Equation (3-8) leads to
V X Epy = —jwpV X V X @, = = 2p[V(V - 1,,) - Vir,,] - (3)
Using Maxwell’s equation
VX E;,=-M-jwpH . reduces (3) to
_M - j“"l""_.H_m = _jwu[v‘ N Em) - v27—rm] (4)
Substitutingv (2) into (4) reduces to
Letting ¢m = —V - x,, siniplifies (5) to
: oy \
Vi + Ky = = (6)
wi :
and (2) to - , :
| H,=V({V 1, ~Fzr, (7)
Comparing (6) with (3-25) leads to the relatio= ‘
| R
= —) ——
T =i = E
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'e.—jkr
A_ ='I§,ZAZ] = aZC’I

R - . . ) ) . 7‘ . ) . -
Substituting the above into (3-34) leads to the following terms:

d*A,;  d [d eIkt e=Ihr
N dr2 dr[ (Ql-r )} Cl []k'

Jkr ]ICT —jkr —~jkr1°
=, [(—Jk)2%+ﬂ»e = kg 25

2dA,; 9 e~IkT  o=jkr

= | o .
]kr . . ’
.k2Az] =k, £
. The sum of the. above three terms is equal to zero, ‘and it satisfies ( TR
The same conclusmn is denved usmg ‘ o
e ikr i :
A= a'zAziZ = 6'202 :
_ . r H
as a solution o - : fi o
3-4. The solution of VZH ______ ,uJ can be mferred from the solution of Poisson’ S equat’on iy -
..f o Ybé = —--— T o S R ; (T}_w. : gg
- : R g ' : ‘
for the potentlal &. p(:c y 2’) represents the chuige density Z%
* We begin with Green s theorem = N |
[ - svryyar - FVo-gvp)nm (@) 4
where 9 and ¢ are well behaved funct;ons . ‘

(nonsingular, continuous, and twice differ-
entiable). For 9 we select a solution of the form :

1 - \

= — n‘

v R (3
where- |
: P T ~ ‘--§
R=\/(z- z')2 + (y - Y2+ (z— )2 B — ._g
By consxdonng the charge at the origin of the coordinate system, it can be shown that :
(provided r # 0) . .
i

2_18 20¢ 1 &Y 16‘21/)_21_
Vw-ﬂar or +rzsm€69 Sm069 + 2 sin 93¢2 v r ._\O
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Thus (2) reduces to

To exclude the r = 0 singula:ity of 9, the observation point z',3’, 2’ is surrounded
by a sphere of radius r’ and surface ¥’. Therefore the volume V' is bounded by the
surfaces & and ¥, and (2) is broken into two integrals; one over ¥ and the other of
%', Using (4) reduces (2) to

2 [2a = § wve-ovw) ~nda+ﬁp(¢v¢—¢w>-nda (5)
and |

N 4 ) 1 ' . -
§ 96— 0w nda= § [ 296 s(Op)ar | 2o
‘ 1 [ 9¢
=7 ard“nrzf ¢ do (52)
- Since 7’ is arbitrary, it can be chosen small erllough.So that ¢ énd %? a.re; essentially

constant at every point on £’. If we make r’ progressively smaller, ¢ and its normal
* derivative approach their limiting values at the center (by hypothe31s both exist and
are continuous functions of position). “Therefore in the limit as v’ — 0, both can be
taken outside the integral and we can write that -

b
2

| f (VY — $V) - da = ~476(2,3,2) - ®

Since

) 1 8¢> a¢ o 1 9¢ 2y
rl'l-r-l»lo;7 % 67" rl—~07~ (or)m,; fi\; da. b or' (31_‘ - (4mr) =0

: Substltutmg (6) into (5) reduces it to

- The ﬁrst term on the rlght side of (7) acccunts for the contributions from the charges
within & while the second term for those outside 2. Expansion of £ to include all
charges makes the second term to vanish and to reduce (7) to

1 / ol v, 2) .,
o(z,y,2) Tne /. T . (8)

. By comparing V24, = —uJ, with (1), we can write that

RN RACHS Z)

A, (z,9,2) = i j - ' 9).

. , 1 o FI,‘ /',' A : |
/vlbvr"qﬁdv =——;/UE—.(z—Ty:—z—zdv (4) -

#a,v,2) = o d'+$;§2FV¢—éV(E)]-w  (7) _.
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For more details see D.T. Paris and F.K. Ha.rd Baszc Elgc'trbmagnetic "Theory, -
McGraw-Hill, 1969, pp. 128-131.

. For the details of the solution of (3- 31) see R'E. Collin, 1'zeld Theory of Guzded Waves.
McGraw-Hill, 1960, pp: 35-39, It- can be shown that

35. 4

—Jk . . ‘
A ="—/J’($,y z,)'—"—d'U . ‘ L eee—

Because of the length of the derivation, 1t will not be repeated here.

A

[arA' 6,¢) + agA9(€ ¢) + agA'

E = —jwA —j—V(V 4)

L 10 1 ' . 944
_____ zb—Vé- T2 dr r A,.) ' rsznﬁBG(Aesma)*r 'n6 e
:_ ’ - ]kr —jkr : —Jkr—\‘ ‘;\’:-‘

f Y =V-A=- Ae + 52 (CRRRPRS [ N T
:? r< r .

: , O 100 1 oy

V{V - =4, — i

- (V-4) = Vw a’a +a9 r 80 My rsm06¢ =

b ‘ ‘ 2

i 3
Therefore

E=—jud~j=9(V4)

. ks
Ex —jufa, 4] +apAp + a44L) 5
1 (. e=ikr IV

+ &g [%(o_) - ;}2_(. : -,) 1 7&3( ) e J

a¢[%(0)+ri2()+ri3()+” ; ,;
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*Or

ey

~ = {—jwe I (a, (0)+00A0+0¢A I}+ 2[ 1+T3[ e

-3

‘Ina similiar manner, it can be shown that

1 1 1
T H= ; A:;{Jne -’k"[ar(O)+aoA¢—a¢A ]} 2[]+?73[]+
3.6. Let us assume that within a linear and isotropic medium, but not necessarily homo-
geneous, there exist two sets of sources J;, M, and Ja, M, which are allowed to
radiate simultaneously or individually inside the same medium at the same frequency
- and produce E;, H, and E,, H,, respectively. For the fields to be valid, they must
satisfy Maxwell’s equations - '

VX_E_1=—2LTI_1—M_1

(1)
.V x Hy =yE; +d, (2)
V x E, = —2H, — M, (3)
VxHy,=9E+J, . @
Cwhere 5 = juls' —3") )
=0+ jw(e —je') (6)
If we dot multiply (1) by H, and (4) by E,, 'We can write
Hy Vx By = —2H, Hy - Hy M, )
E,-VxH,=9E -Ex+E - J, (8)

Subtracting (7) from (8) reducps to
E, -V x Hy —H_er E,= yEl E2+ZH2 H\+E,-J,+Hy- M, | (9) |
which by using the vector identilty
V-(AxB)=B-(Vx4) -4 (VxB) ©o)
~can be written as
V. (Hyx By =-V- (B tz) = §E, - E, + iH;- H1+E1 L+ Hy My (1)
In a similar manner, if we dot multiply (2) by E; and (3) by H,, we can: write

E, VxHy=§Ey By + By | (2
H, VxE,=-:H, -Hy—M,-My (13)
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Substractmg (13) from (12) leads to

E2 VxH H1 Vsz——yEz E1+zH 11'2+E,, J1+H J%2 (14)
whlch by using (10) can be wntten as '

V. (H ><E2)——V (E2/\H )—yE2 E, +:H, H2+E2 J1
Substractmg (15) from (11) leads to

+H,-M, (13)
=V (B x H, - usz)—E J2+H2M E2 DL—H M, (18)
Whlch is known as the. Lorentz Reczproczty Theorem in dlfferentlal form. Takmg the
volume integral of both sidés of (16) and using the divergence theorem on the lef:
side, we can write’ (16) as S :

ﬂ(Eleg E2XH1) ds'_/\‘/‘/(El J2+H2 IM E2 J Hl M2)d'U (1:

thch is known as the Lorentz Recxproc:ty

3

Theotem in integral form

g




CHAPTER 4

4-1. a. siny'= \/1 —cos2y = /1 —lé, - arl?
- = /1 — (sin8 - cos ¢)2

In far-zone fields

klp-lei k-Io-le™7% ,
: E,,,.-—:yn—oﬁr—-——— n'(/)—]n——oz—r y/1— (sin 6 - cos ¢)?
o kIple=kT ' |
fHX-: ].——9@‘——' -siny = =

b. U= Uo(l—sinzé’cos2 ®)
2w
P,ad—Uo/ / (l—sm 8- cos qb) sinf df d¢ = Uy -
Do= 8U° 315
. v 2 .
Us- 3

42, 2 ging=+/1—cost9p = /1 — |ay - &2
=i\/1—sin29-sin2¢>

57
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>Inv. far-zone, the fields are

 kIpleikr Klgle®ikr
Ey= jf,kloi; “5in =jn% /1 —,sin‘t?-smztﬁ

- ~jkr | e
-H?,_ ~ En’ﬂ ":jk{é;fr ' l,/l ~ sin®sin? ¢:

\

e

bl U= Uo(l ~ sin® #sin? )

2 x _. .
Prag = Ua/ / (1—sin26’~sin2¢t)sin6’dl9d¢
i o370 Jo : h ‘

= IR, P T ) )
A / [ / sin6 — sin® 9 - sin da} - L
i . # 0 o - T : e
o s oo ' 2 B o .
‘ .4 . 9 4 8 .
- = I = U — =7 = -7 [
| [/0 2d¢ 3/, sm_q&dzﬁ} 0[471- 3 J 37r 0 '
+/2 —jkr Ty e—dkr rp+i/2
4-3. £ d. TS dz’ =, JORE / dz’
47 —~1/2 T d7 47r —l/2
8o Ay = Ay =PI ik
4mr
' Isin § cos ¢ sinfsing = cosd Ay .
= | cosfcosd cosfsing —sing 0 (4-5)
_ —sin ¢ cos ¢ 0 0 :
E3 . —jkr . .
G e I A e A sin f cos ¢ = #lole sin @ cos:¢
T 47y
R CILIETE _ ke
: L As= A, cosfcos ¢ = plole cos @ cos ¢
' e
Pl A= cdasing = EDE Ty
i . )




jo 1) o}

‘K X Q0K

,\
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In far-field: :
E.~0 H,.~0

E =0 _wplple= 3T

| Ep o —jwAg § (3-58a) = Fo = —j—————cosfcos¢ s ==
Es =~ —jwAy )} (3-58b) wplple=35 -
Jwhe  Ey= —J—-——I’l Zvrr sin ¢

() U= 5B I (-120)

Ipl
U= <wp’ 0 ) —[cos? 6 cos® ¢ + sin? ]

Il

Bp [cos2 8 cos> @ + sin? ¢] (See 3-D )
1
2

plot
2 2 2
B 1 <wulol> S| (nw,u.]ol) nwplpl
0 = — = — . = ——
2n 47 2n ndm 47r\/ ule

77
_ nw\/— '1 nklol _—n_ ho n @ 2
277 4n T 4ar | 2m AT
n [ kIl\? '
By = & 220
72 < 47r) :
U= Bo(cos Bcos ¢ + sin? ¢) = Umax = B when ¢ = 90°,270°
‘ 0<60<180°
2w pw : -
P,ad———/ / U'sin 8 df d¢p
- Jo Jo

27 T » 2 7 : . .
o / / ‘cos? @ cos? ¢sin § df d¢+/ / cos? ¢sin 6 df do
| Jo 0 S ‘ - Jo 0 S

. ) I . Ig
27 ‘r . 2w ) o )
I = / cos2d>d¢>/ cos® Bsin 6 df #/ cos® ¢ d¢/ cos? § d(— cos 9)
0 oo Jo - Jo o
2m i ) .
= _/ <HC;M> d¢/ (cos 8)2 d(cos )
o o o

3 ™
-1 [(¢+ Lsin 2¢)§"‘] [————0083 9]

1 2\ 2
n=-yienl (4 -1) =1en (3) =% .
27 27
‘.Igv / / cos? ¢psin 6 df dp = / cos gbdd)/ sin 6 df
_ 1+ cos(2¢) ) wre
/0 ( > d¢/ sin

—

)
—

—
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C

e

P e

.= St =

M

B Dipole * .-

L=} Tm+}sin26])" (~ cosf)f = L(@m)[~ (1) +1] = 21
Lith="rt2r="2 ‘
PP (8 -
Prag = Bo(I + Ir) = By (‘3‘) .
" 4nUmax | 4m(Bo)

; 3 :

W Doz—__=“—=—=1.761dB .

Y , 8w . .
e |

Do =15=+1.761 dB|
. Computer Program Dire.c_tiv'izfy:
| Do = 1.4980 = 1.7551 dB|

[RLURARAE

IREY]

T

4-4. From Example 4.5

E,.~0

. ' wplole =757 s
Ey >~ —jwAhy = —j(—dﬂﬁoL cos @sin ¢
4drr .
e wilgle=7%r
Ly ~—jwAy = —j 097 ©
° I e 4d7r

cos ¢
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(a) D =47rUma.x i
° Prad _
2 . 1 (wpld\? ,
U8, ¢) = —|[|E|? 2] = — [ X0 2002 ¢ 2
(6,9) 277“ ol” + | Fg)°] 271( o [cos® O'sin® ¢ + cos® ¢)]

2 .
1 Iol
U(e "= ( = ) [cos? Bsin® ¢ + cos? ¢] = By(c's” Osin® ¢ + cos® ¢)

2 \ 4m\/i)

By = L (MVELIN _n (KIol\?
°T o\ 4n T2\ 4n
U(8, ¢) = Bo(cos® fsin® ¢ + cos® ¢) =3 Upax = By@¢ = 0°. 180°

27 T 27 T ’
(b) Prag = / / U(6,¢)sind df dp = By / / (cos® @sin” ¢ + cos? @) sin 0 df do
0. 0 . “Jo Jo

27 pm L “ ; ) ram
/ / cosQGSin2¢sin0d9d¢+/ / cos” o sin 8 df dg
o Jo , o Jo Jo

I ' , s

27

Ii=/“.sin2¢d¢/ cos? Osin 8 df
0 0
- 2w _ ¢ T
=/ <1—COS2£) do / cos® 8 d(— cos 6)
4] 2 ~/O
1 cos®ON" _ 4 —1-1y 2«
=—3[p— sm2¢>] ( 3 )0 =- 2(27r) 3 =3

12—/271/ cos? ¢sm9d9d¢ /21r (1+C082¢>d¢/ sin 6 do

L[B+}sin26]2 (~ cosb)f = h(2m)(2) = 2

Praa = Bo(ly +12) = B, ( - +2T) By (87r>

3
47U 47B ' o - : :
(c) Do = i = B _3 (same as in Problem 4-2 or any other infinitesimal
Prad _8_7TB0 2
3

“dipole)

~ (d) Input parameters:

The lower bound of theta in degrees =1
The upper bound of theta in degrees = 180
The lower bound of phi in degrees =0
The upper bound of phi in degrees = 360
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Output parameters:

. Radiated pover (watts) - =8.4122
Directivity (dimensionless) = 1.4938

Directivity (dB) = -  =1.7430°

4-5. a. $p=0°, (z — z plane) .
co N

E, = yp— 1 —sin%9 -
. k]ole_jkr
~ j————— - cosf
4mr

At ¢ = 0°, £, has only &'g direction.
_Ew. — E, poiarization

)
=

s

o | [ R

L «’67 NS
SEEPS
Ny %

(a)
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b. ¢ =90° (y —z plane)
kIgle=3kr
_ d7r ‘
At ¢ = 90°, (y— z plane), E, has only a4 direction.

Ey >~ jn

E, ~ E, polarization

]

Az

¢ =90°

1E4(9)]

<\

" “(b)
c. 8 = 90° (z — y plane)

kIole=3% klple=i% .
Ey=jn—2 /T cos?¢ = no2% " lsing
4d7r ) 4drr :
At 0 = 90°.(z,y), E, has only 44 direction.

L, ~ E4 polarization

LY

04 =90

(o]

(@)

B 4;\ .
-
AL <.<\
./
.210 ‘ X @ 330
,_ ».240 -300 |

180

D

Y
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46, a, ¢ =0° (z — z plane)

. N (o kT ’
Ey = '77“06.’ 1

- '
At ¢ =0°, E, direction has only .44 component
£y ~ E, polarization -

.. ‘ bz

.
:
. l.

— . :
X : :
i .

i a

) i

. i

) i

:

b ¢=90° (y - z plane) ' SR |
snFolole™ 7 - N .
By = =0 T aPp PR SRR,

- T =INT————— " cos®. i PR R
e v s = X - . v . .

At ¢ =90°, E, direction has only & component ;

E, ~ E, polarization : ' oo




N
L;_
]
m.
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c 6 = 90° (z,y) plane.

. koIple=IkT
Ey =]n—0—%7T— - cos ¢

At 6 = 90°, E,, direction has only 44 cqmponent
Ey~ Ey .Polarization

AY

4-7. E'é = —jbui-{iff—r_ﬁ cosBcos ¢, By = ’——'jﬂi—l%gi sin ¢
(g)_ ¢p=0 Ey= —j%—IZlTe;fk—r cosd, Ey = 0. (same as .in Problem 4-5)
(b) =90 Ep=0,E, = _]_%‘k_r (same as in Problem 4-5)
(¢) §=90° Ep=0,Es=— jﬂj—gi sin ¢ (same as in Problem 4-5)
4-8. From Example 4.5 | '
Eo‘ = ejm cosfsin ¢
‘ dar .
Ey = —jgl—‘%:r_i cos ¢
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: ' . woplpleTikT - .
“(a) ¢= 0 By = 0 E¢ —% (same as in Problem 4-6)
' : —jkr . '
(b) ¢'= 90°: Ep = —j wﬂ.{gfi cos § (same as in Problem 4- 6)

N o o _am _ wulpletikr
(0)9-90. E9—0E¢——'.? o cos¢>

(a) Usmg {4-26a)- —(4-26¢) and the duahty of Table 3.2, the ﬁelds of an mﬁmtesxma]
magnetic dlpole of length ! and magnetlc tutrent I, are given by -

E,=Ey=Hy=0

4-9.°

E¢ = —_7M sin [1 + -L] e~7hr

dnr Jkr
I 'mlcosf 1
—Jkr
Hr = "o ‘[1 Jkr J . o
Il LN S DI :
YH"*J47;S’“9[I+71¢7‘(1€7;)2J6 : i

(b) Since the pattern of the

magnetic dipole is the same
directivities are also iden

as that of the electric, the
tical and equal to o

Dy = —(dlmenswnless) =1.761 aBi

: 4-10. -(a) When the elemmt is p]aced along the z-axis *

*
i

[

Tl T e
siny = \/l—cos"’w:\, 1 —fa,-a,.]2

S
|

. = ~\/1 ~ 18z - (3 sin O cos ¢ + Gy sinfsin ¢ + &, cos 0)}2

and the fields can he writte as

klple=ikr g k] le=dkr
E — . _ﬁm\ ) 2 2 —_ . m . 1
O J - 1 —sin Qcos ] 7 - sin ¢
E :
Hy = =X

7

RUNIE

(b) In a similar manner, when the element ig placed along the y-axis

siny) = \/l—cos- = l—ldy-&,.P:\/l—éin2ﬁsin2¢')

and the fields can be written as

. ) 1“[ l —~jkr k}"nl ~jkr. -
Ey=-j- 4:7' siny = —j. i ° \/1 - sin®@sin? ¢ , : E
. nr

2

i |
Hy=-2x
12 n .

DD DD

5.0




e

C .

411 g, = _777]; ol e Ik siny
H, —]Z—I(—)!e"’k"simp

Convert ¥ to sphericé.l coordinates

‘ '  (az+a 2
singp=1-cos?® = {/1— y-&;) :
sy v (=

. 8y +ay ,<&: &y> L s .
2TV g = = 4 2} - (asinfcos¢ + dysinfsin + a,cosf
V2 it e P ¢ )

sinfcos¢ sinfsin¢ 1 .
= + = —=sin®{cos¢$ + sin¢
V2 V2 Nohind )
Thus
E¢ = Jngo—l _Jkr\,ﬁ— 1sin? §(cos ¢ + sin ¢)?].

Hy = J ZIO ‘Jk"\/l — 1[sin® §(cos ¢ + sin ¢)?]

67
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w1y v kIl
4_12 Ht/) = ja—qe_"k‘r sm Y. .
kIl
—Jkr
dar . smw
Convert 1 to spherical coordinates
, | - ’ .sinw ;.% s-inie(simb + cos ?) .
Thus ' ,
H,,, —-J::;q: "7’"\/1 - L[sin? §( cos¢+smd>)2]
E kI l —Jkr 1ra: 0 : 2
= _J T -.\/1 - '2'[5“{ (cps¢+sxn¢).] .
413 i . . | R Lk
E=-L1vixH whereH Ho—OH¢— Solsing ) | 1) ik
: Jjwe 47r jkr]

Since H is not a functxon of r,zS

s U U S) - _'_
S D E¢=——xﬁ—-—{ Tsmaao+(H¢sm0) ao ('rH )+a¢(0)v

Jwe 3 Jwe

- whlch reduces uamg t‘xe Hy from above to. .

M i TS A ] T S TUITIP .

-_ Il cos<9 ‘ L T : &8
Er=n=ra [H jkr] “z ) g‘\
kI,Lsin 6 1 1 ] sk ' i

B = 47r [ jkr (kr)2 € %

4-14. W, = JRe[E x H*] = 1RelagEp x a¢H¢]

' Ly E
W =8:W, = iRe [&oEo X Gg 770} = ar—Re(]E9| )= arI 207,
_ I n|kLpl{?] sin?0 . sin?# n | klol .
WT' - [2 dx .7‘2 "'VVO 7z where WO = 2 47r .
o AN e 2T
Praa ~/ / _avearr smedﬁdqb = 27Wy / 5in @ dg = 27rW0 (3)
Jo ER
8 Lol|* -
. Praq—3wo—n(3) /\ l
B o
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[T ) _
4-15. A =a,A, = az-’ille-ﬂ’" = A, = polol —jr
4rr 4

4-16.

nr
using (4-6a)—(4-6¢)

Inl ~jkr —jkr
Ar=Acosf =0 T 050 = 47 (9)E oA =Bl o
47nr T 4
—plgle—ikr e—Jkr ' —
A9=—Azsin9=iz—;—~sine=A;(eae = Al = f:IolsinB
. ‘ . T - 4m
Ay =0 = A, =0
Substituting these into (3-57) and (3-57a) reduces to »
E,=0 -
e dkT wplole=3kT kIgle=3%
B A= _ g .
o jw - 0 J——4wr sin 6 ]n—————47rr sin 6
) e—jkr ,
E¢ = —Jw A¢, =0
H. =0 .
W e—jkr
we Ikt wulgle=ikr kIyle~dkr
Hy=—j2S 4= 9RO Gng=j50C "
6 7 - 6 =17 prm— sin J— g sin 8

which are identical to (4-26a)~(4-26c)

. i, e 2 1/2
R=[r?+(-2rz' cos 6 + 2?)}*/2 =7 [1 + (_ 2rz C:se +z >}

Using the binomial expansion of

anbo nar‘z-—l 1 n—2 32

: b an2.p2 N
(a+b)”=T+T—{-(n)(n—l)—T—+(n)(n—1)(n——2)' 3t + -
it can be shown by letting
ca=1?
b= (~2rz cosf + 2'?)
=1l

that

1 2 1. 13 )
R=r—z'cosf+ - { Zsin’6 + = (icose-sinze
T\2 = ¥\ 2 /-
14 R
(—1+6coszt9"—5cos'463)j+..7.

z
8

17
v |
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Therefore the fifth term of (4;41) is:

E 14 .
_ % [Z (- 1+6cos 6~ - 5 cos? 9)]
T

4—17 For maxxmum phase error of 7 / 8 radians

o . ' ' ' 0.62\/D3//\ <r<2DP/A
: (3) For a maximum phase error of '7r./ 16 radians

 V2(0385)\/D¥/X < r < 4D?/A

. 0.8775y/D3/X < r <'4D? /,\

(b) For ¢ 2 maximum phase error of wl4r radrcms

,/038 \/W<T<D2/,\ Ry
- 043875y/D3/A < r < D/

(c) For a maxxrnum phase error of 18° radlans
! -~ - -

r

-y

v

i
!
1
i

S oga, L

S L S 18% s % radlans«

e

T

1
1
wodrd

' \/125{0 585")';/1)3 /3 <r <THasy “zbz/"
=  0.6937/D3/X < r < 2.5D%/) -

(d) For a ma.xxmum phase error of 15° radians

15° ~ 1—2— radians.

“ o R R Lo 1

V/1.5(0.385)/D3/X < r < (1.5) - 2. D?/) |
0-7599\/D3/X < r < 3- D*/A

418. 1=5Xg = 2|0, = 2.5)
i a. Far-Field (Fraunhofer)

o ad e

2 S Y RS 2y T
L a2 2(25,\)_50A L 3

A A X
. 2 :
_ k(z .2 _ T (2 5)2‘?‘2 _ °
A, = = (—2— sin“ @ e 33:'2'_2 sn = Eox [ 5 4 = 0.0982 rads = 5.6250
=5 -

i




.
3
o

S

@

(AR (RO CK R QiC

P
3

e

. :71'

b. Fresnel

7= 0.62y/B/X =0.62/(5))3/X = 0.62- \ - VIZ5 = 6.9318)

k (273 , 21 (250)3 . . :
A = — | — cosfsi 20 —20° = LAY CAVA
Afe = 5 ( 3 ; n' ) o=s0° 5 (6.9318/\)2-2(COS30 )(su‘13O )
r=6.9318)\ -
2.5)° A
Age = (—;r—(9~31—;)§(0.866)(0.5)2 = 0.2212 rads = 12.6724°
; ~opl —jkR ‘ !
4-19. A= dzl—l—{g e'—jkz’,i dZ, > 5 'u_IO.e"jkT e—jk(l—cos9)zl dzl
- am Jq R ® dnr o
A~ BoeI ]’ e IK1=c000)2" G k(1 — cos0)2')
T dnr . —Jk(1 - cos §) '
. . » .
A~ p.Ioe”Jkr e~ ik(1—cos8)z _ ﬂIole_Jkre_szin(z)
T dmr —jk(1 — cosf) 0_ Amr z

kl '
where z = 3(1 — cos §)

- A= A.cosf By ~ —jwAy

(a) Ap = —A,siné } = For far-field = By = —jwAy
Ay =0 E . ~0
Therefore .

- —jkr
B, ~0~H, &y~ jotole

E¢':0=HQ, Hd,'z%

G sin @
drr z :

) oo = Won = §RelE X ) = L ESP
‘ ;
_ 1 |wull Sm(z).-sinﬁ
2n | 4nr oz
) _ —jk In [ e~ikR
420. (a) A= % I(2) S i = "z% £ = d7
(o) -0

R=V@-oVP+=v)2+ e~ Ploay=o= VT + 17 + (z - )
Making a change of va,.riablé of the form,

z—2' =—p, d =dp
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- reduces the potentiaI to

&12 VT
A, =

——=—==dp Wherep = z? +9?
\/p +p2
. Using ,
T o0 -—_7[3,/ 3

oty dt——JﬂHo(z)(bﬂ)
G

We can write the p_otential_' as

pulo .
A= =2 (k) = J*—Ho(z)(k\/mz +9?)

fb)

Since A,, =A4,=0,in Cyliqcfrical coordinates

. 04, Iy 0
(“% Bp > = a¢]-a—do(2)(kp)

where H,P(kp) ;

is the Hankel function of the second kind of order one and
argument kp. - B :

: “ 1 ’ :
The electric field can be Obtaihed using

3

Jwe \ 9p p
I .
6[ a-~H1‘2)<kp)—y pHﬁ”(kp)J

il
Q)

1 _‘1 10 1 (9H,  H,
E—'n_uevxliﬁa]“k [Pap(p q))] . ( * )

? ju

Smce ang(z)(kp) -~k H ‘(2)(kp) ~ —Hlm(kp) by using V-18
SRR .
then , ) i :

y . k.[o . (2)/, _ ” Iok (2) .‘. R
E=a, [ mkh'o (kp)| = —an =~ Ho™ (kp)
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|To]?

4-21. Prad—n 4

Tint

where

sinf

- Ko\ (K\]?
x |cos | 5 cos 0} —cos Y
Iint —_-/ : — dg
' 0
. which can also be written as ’ '

/2 [COS:) (% cos 9) + cos? (%—) — 2cos (g cos 6’) cos (%l)}
o = 2/ — a0
0 - -

sin 8
‘ (leosb=u .
- Letting du

—sm@d@—-du=>d9—-——-—
sin @

reduces [ to

I;,;t=2/.1 [C°S2 (%u) + cos” (%5) —Qéos( ) (Elﬂ

s /’E 2 l_c£ _ kl Kl
_/1 {cos k2u)+cos <2 2cos Dhe cos 0] N
__ -1 , (1+'LL) R

du

“cos kl(l +u)| + cos kl(l — u)

_ /1 (1 -+ cos{klu) + 1 + cos(kl) du— rt 2 2
2/ (1+u) -1 T+u

Making another change of variable of the form - .

' L

(l+wkl=v=du =>—l§l1 .

we can write that

' o kil
2kl : KL 1 COS {—(1 - u)]
Ly = l/ 2 + cos(kl) +qo$(klv) o — / cosv. _/ 2" .
0o - 0

2 v B v -1 1+u
_ /“ 1 4+ cos(kl) — cos(v) 4l /2“ —cos(kl) +cos('u - kl)
o v 0 v
B / cos(kl(1 — v)] i
0 v
provided v = - -12—11.




l

|

pE

© Ifz =k,

T =/ A1:+ cos(ki) cos»(v) dv
0

{
¥

o.n

0 /2'“' — cos(kl) + cos(v). cos(kl) + sin(v) sih(kl)- b
+3 L " — . :
_ /k’ cos(kl) cos(z) +sin(ki) sin(z) &
0 2

B . in(k ’
Tine = [1+ cos(ki)] / 1-cosw L / M&Q dv
o .

+ sm(kl)/ Yy~ cos(kl)/ 2 cosv T

thch reduces to

Tint = {C’+ln(kl) -C (kl)+ sm(kl)[S (2kt) "2S~(kl)]. |
+ cos(kl) {C +In (k ) + Ci(2kl) — 2C; (kl)J

St

where C = 0.5772

O L L PR LY .

; g % b _——————Pl;—d -_‘—:_‘_7%_},mni's..idemie&ift(_);@"—'*'68)"“_" o o v C
3 i@ From (488) - ' SR -
: 5 | Prag = 77?/0 T eng ¥ )
. =§1 Letting .

u=cosf 20 =1 — coc2g — 1 _ .2
du:—sin&de}ésm 6=1-cos?6=1-—qy2

We can write

o ' P ]-’olz /0 cos? ( u) | AL /1 cos? (gu)
e rad = x
o 1 0

MR e e e

d
Tom 1—u? =T o -2 @

. which can also be written as

AL 1 cos? (;—Tu) 1 cos? (gu) 7‘ ,
S Prag =np—2 —= 2y —% Lo
I e 7747r ‘é 1-u :.u+/0 1+u UJ
i Making another change of variable of the form
. v=1- =14u -
i {{ { do — — } for the hrst mtegral dv = du} for Fhe sgcon_d integral
b
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We can write P,q as

.2 w - Lo (T .2 (T,
T, 2 1sm (—U) : 2 sin =V} 2 2 sin -7V
Pradznlol {/‘——vz—-dv"l‘/ —————(l—zd'u IIO’ / (2 >d’U
o - 1 0

47 v v 47' v

1 — cos(wv)

5 > reduces P,,q to

"Using the half-angle identity < sin? (gv) =

P =
rad - 77 7 v

II0|2 /2 [1 - cos(mv)] "
0

By letting y = v, dy =mdv

we can write Prad as

Il? 1 — cos( Ip|?
Prag =nl o / [ ‘y)] dy =77|—°|— in(27)
0 .

8m Y 8w
: 5 N
4-22. (a) Io(1+lz> F<<0

Io(l—%z) s 0<Z<l/2

—jkr  plf2 L,
Afr) = a, & / S (z')e]k“"r dz’
. ™

) 4 - T /2
—3kr (/2 y .
— az_!ie J / 1— le,l ejkz’ cos @ dzl
Y ¢ T _1/2 {

in Kl os §

.M eIk S\ 2 -c- 2 Izll ikz' cos@ j_t
= —= -2 —el" dz
ameT (ﬂ <':050> :

. S K 2 B .,

l . 0 :

‘/l/2 Iill_ejkz'COSG dz' = //2 ejkz cosf g,/ _ / E:ejkz' cosf g1
2 L o U : —i2 b

’ 1/2 4

— / / llejkz cos f dz’ + / & ZT/e—jkz’cosé) dz
0 . ]

. 1/2 2 l 1 kl
= 2/ T cos(kz’ cos 9] dz' = 3 / £ cos [—gcos GJ /3
0 .

o (o) (e )-1)
LoE s ()
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: kl
ul eIk , 1—cos (-2— cos&)

r 7 n ki 2
: (—é— cos 0>

In the far-zone
E.~0

- f kl P
- [ e—ikr 1~ cos 5 cos
Eg :]w,ua " sin 8

3
_ (% cos 6)

Ey~0
H.~0
Hg~0 .
Hy = Eg/y o
(b) From (4-58a). ‘ ‘ | '

/2

'. k.e—jkr .
Ey = _777—47rr sind [

I(Z/)ejkz' cos 8 dz' '
—1y2

ke—ikr 2 . , L
Ey = jn ° sin - I / cos (E) eikz'cosd g1
. d7r ) 12 1 ‘

let g = 7%°%6 and b = ?, use following integral formula

/coé bre gy = & (acosbz + bsin bz)

a® + b2
: . {2
Le—Jikr jkz’-coso‘ — ’
Eo=jn © sin@ I - _—ef,“———— [jkc"secos = + Zsin ”—z}
4wy (E)~_k200526 - l. l ,
l ~ij2
. ke~ dkr e*2c0s0 e TH/ 20059
= jn sinf - I Tt
477 l

(;)2’— k2cos2@ (?)2—k2cqs20 !

e ) W ) ) D) w0m OO O D) Om D wh et i) i) D

Lo o0V,

0

e

!
I
i




) Ko '
B jnIoke‘J"" . T 2cos ( 5 €08 9> © Jpe—dkr €08 (5 cos 6)
g = Jn——— .= _ ) :
: dxr l (E)z Y - i 5
2cos lc—l os 8 m

H _ Toke k" g T 5 C  Ipemi cos (5 cos 9)
- 4nr l (7" )2 k2 cos? Y
7) T 2cos? @ :

o ke—dkT 1/2 L
(C) Eg = JT] Zﬂ"!‘ sin 9[[1/2 Ip CO’S2 (_TILZI) ejlw cos 6 dz'

let a = j* ?°59 and b =.%, use the following integral formula
. . az’ az

/cos2 bz -e%®dz = E.’Z_a_ + Efi:_:ib—z ( % cos 2bz + bsin 2bz>

 ke—ik gk’ cosf gikz' cos 0 ik cos @ 2w
By = jn~ siné - Iy + d :

0s — 2

25 2 ( 2 ¢ l
(T) — k% cos? 8

/2

’

4mr 2jkcosd '

1+ ‘FI Rin — 20 R,
- . = = ) Rin =TT N Z = 50
4-23. VSWR T2 T Rint Zo s <kl> 0
' ‘ - an sin | —
| 2
(a) L=M/4, klj2=n/4, kl = w/2,2kl=m1 _ '
- ' _C Lin () [85(m) —28: (2
R, =60 {C’+In(7r/2) Ci(m/2) + 3 sin (2> [SI(F) 25 (2)]}
R, = 60 {0.5772 + 0.45158 — 0.470 + 51.85 — 2(1.3698)]} = 6.8388

7
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Ry =T 6888 o
. 2 kl Sin2 (E)
S1n 3 4 L
13.6776 = 50 _ 1 +0.5704
- 135776 =50 704 = VSWR = —+ 00704 _ o
56776 750 ~ 05704 = VSWR = T-05704 3.6555

(b) l=A/2:kl/2 =7/2,kl =m,2kl = 21
By = 60 {C + In(x) - Ci(m) + } cos(r) [C +1n (3 ) +Ci(2m) - 2C(m)] }
= 60{0.5772 + 1.14473 — 0.059 ~ 1[0.5772 + 0.45158 — 0.0227 — 2(0.059)]}

. - 73. .
Ro=7313= By = — T _ T3 1,3r =73.13
2 (kD sin? (—)
‘ sin 5 2
73.13 — 37 1+0.18785
S T —0.18785 = VSWR = — =019 _ 1 4696
=537 1-0.18785 ,1', 4626

(c) L=3XN/4;kl/2 =37 /4,kl = 3n/2,2kl = 37

o= (5) -6 (5) b (3) o025 (5]

=60 {0.5772 + 1.5502 — (—0.19839) — -[1 67473 — 2(1 611)]}

185.965
= 185.965 = Rip, = ——o22>_ — 371.03
B ° 51112(37r/4) , _
371.93 — 50 1-+0.7630 ,
= T 07630 = VSWR = —1 (00 _ o
I'=3e3530 = Vob T— o760 — 4386
(d) l=Xk/2=m K =2m 2kl =4r

R, =60 {0.5772 + In(27) — C;(27) + 1 cos(27) [0.5772 + In(7)
+ Ci(4w) — 2C;(27)]}
=60 {o 5772 + 1.8378 — (—0.0227) + (1) 0. 5772+ 1.14473 — 0.006

2(—0.0227)]}
R, = 199.099 = Ry, = 1_992'099 =
: sin®(m)
om0 1
ono 5J=1 50/00=1$VSV\7R=00

©+50 1+50/c0 . - 3

2
424 g~ gon? G) ,a=107*),f = 10 MHz,b = 5.7 x 107 s/m

D

RL=R —f‘/i’ﬁ L [ w1 2m X 107(47 x 10~
L= The = 20 2(7 Qwa\, T 27 x 104X\ 2- (5.7 x 107j

Ry =Ry = 13245(\ eca = RL+R
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, A
(a) l—/\/50R.,—807r (50/\) = 0.316 ohms

: 1 '
Ry = Rpy = 1.3245 (%> = 0.02649

R, 0.316 x-100 -
= %100 = —o 2 2" g9,
= mrv R 0= Gozeas+ o316~ 2264
(b) [ = A/4; From Prob. 4-23 R, = 6.8388
. 1.3245
Rp = Rh[ = ='0.3311
6.8388 x 100 o

Ced = 58388 +0.3311 = 95.38%

(c) [ = \/2; From Prob. 4-23, R, = 73.13

Ry = Ry = 1.3245 = 0.66225
’ 73.13 % 100 :
_ €ed = 7373 1 0.66005 ~ 0 10%
(d) ! = A; From Prob 4-23, R~ = 199.099 _ ‘
Ry, = Rpy = 1.3245 . ' -
©199.099 - .
Ced = 19099 100 = 99.34%

199.099 + 1.3245

 ke—dkr iz - -
T Hyg= ]ke -sin @ / . I, - cos (zz/)e;kz cosé ../
. Anr - 12 1 )

. —]kr 1/2
Hy = ]k Ime sm@/ : cos esz c0s8 g
‘ vz
Using the same formula in Problem 4-22(b).
kl \
. keIt g T 2 cos (5- cos.G’)
- =1 . 81N - _— -
6=J ndnr [

)t

_ Imk K e-—jkr l 2COS (ECOSB)

ndnr F . &ind
_ ,Ime_J{cr . CcoSs (5 Ccos >
n2nr sin ¢
(W os())
—jkr COS{=C
E - 1q = I € ik 2
. 6= 2z sin @

-
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4-26. (a) _ 1+ VSWR — 1 l ' ‘ ,
VSWR = — 5 = Il = VSWR+1 241
'2 in =9
= 3] e | - ey {2 F
3 Zin+Zc m/Z +1 5—1 Z;n 1
. o Zin g
s+1 Tz 2
Largest
. 2 =2= Zip =22, =100
c . . .
(b) Rin =11L.M4G*T  N/2<l<2)\/r
100 =11.14G™7 /2 <klf2<2
~——111010 7 =G, 8.9767 = G417

0g,0(8.9767) = 4.17log,(G), 0.953 = 4.17log,, G
0.2286 = log;y G, G = 10°-2286 — 16928 = % = 96.99°

= 2(1.6928)\ __ 1.6928
- 2m _—

kl = 2(1.6928),
I = 0.5388)

A= 0.5388)

) Ry, == —i*ﬁ = R, = Rj, sin® <-];—l) == 100sin(96.99°)
s~ ( ) ) ‘ )
R =100(0.9926)% = 100(0. 9852) = 98,52 ohms
Ry = 98.52 ohms

167272

1 w2u2102 2% g :
Poag= ——2 -0 -3 . 24 2 2
.rad 27 1672 /0 /(; sin® 8 do d@] [k*A;% + 4A2 ] .

) 42 2[2k2 2 2 2
Prad=U# 0( Al +4A2)(/ /S]n ecwd¢___

o . 1 242 sin 9 ‘
T W 1) = L[S gy +a477)]

1277
. 2Pra 2,2 k2 ) 4 2
:Rradz 2d='w ( AI + A2 )
Iy 677

Elliptical polarization since

= —wpk sin 6 ) .  wpksing .
= T Al _ b nddituldidl SN It —
E(t) ~ i I - A -sin(wt kr)ée + o~ Io - A>cos(wt — kr)ay




4
q

j

#

4 i 3
L

B R 4

*

™
&
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. T
[ne—ikr | cos | = cos@
Ea ~ &9977 0€ { (2 ) }

27r sin 6
:
- Ioke—ikr | —cos (gcose)
= ~degn 27y ‘ksin g '

67 2T Tor sin @

. T s
~ i Ioke—]kr { A Ccos (E COSQ) }
. ' T
ke—Jkr cos | —cos @ '
B~ _jn‘r"*e_f {_gwé#_l}

T sin &

.
A cos (5 cos 9)

T sin @

) cos ( 5 cos (9)

T sin @

#=90°

3>

(b) Me(e)lmax = |—ag = 0.3183)\

|‘ma.x

Nz = 5 = = 06366

which is 63.66% of 1.

o) Be@lmn _Nm_2

. .
cos {— cos 8 . -3
_a’o:}.*@*) - —dg 10 Vv
T sin @

) . . . ' : !9=goa
A /1073 -3 R
== (L) _ 10 3.183 x 10™* Volts

T A T o

d i
() Voc = |l, - E'g=g0e =

4-29. A/2 dipole = (Praq = Py = 1 watt, Dy = 1.643 = 2.1564 dB)
Zin = T3 + j42.5, f = 1,900 MHz = X = 3 x 108/1.9 x 10° = 015789, meters

’ ‘ Prad _ 1 _
(a) Uo= e 0.07958 watts/sterad

Udipole = UpDg = O-.07958(1.643) = 0.130745 watts/unit solid angle (sterad)
_ Utipole _ 0.130745
(b) Waipate = =57 = 155 10%)2

Uy 0.07958
Wo = 72~ (5 x 10%)2

=5.229 x 10~° watts/m>

= 3.183 x 10™° watts/m?

-
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4-30. ﬂ4 . 000 i ﬂ

9 =90°, ¢ = 40°

N
N

At f=300MHz A =S =1m

24
2 2 2\'
:2D = 2 0.5m
XX
r=200m> 0.5m

A \2 A2 o
P. = (———) Go;Go,- = (——) Dot Do

4rr drr

gy

for lossless antenna.

Now since Dy; = Dy, = 1.643 for —;— dipole.
1 2
P. = <m> (1..543)(1.643) W =02mW -

. -
4-31. The time average power density (Wav = %%—)

2 [cos? (Zcos ' 2 prncos’ | = cosf
Was = '8‘71;(;11"2 l: : s(ir?20 ):' » Praa= nl{loﬂl' /; s(ln 6 ) db
Praa = §Rradllof?, Rraa = —[7'+ In(27) = C; (27r) = 30[0.5772 + 1.838 -+ 0.02]
' ' R,ad = 73.0523. '
Praa = (0.5 - 100) = 50 watts. - 50 = 3(73.0523)|Ip|?
IIo|> = 1.36888

. Atr:oOOm,0=60°,¢=O°

. T - o
W 120 1. 36888 I-Cosz (5 Cos 60 )
av = -8x2 - (500)2 l- " sin® 60°
_1.36888
=15- = (0.6667)

= 1.743 x 10~° watts/m>.
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t

4-32. 1 = A/20 = triangular current distribution; @ = A/400, f = 30 MHz => A = 0.1 meters

Al 20

ORI
Xjn = —jl20t N3 1 14190

. 2
(a) R, = Ry, = 20m? (£> = 20n? (-1—) = 0.4935 ohms

tan L . tan T tan(m/20)
‘ A o \ A 20
' = —35986.935

Zin = 0.4935 — 7986.935 (capacitive)

' R,
b R LA
( ) €cd . Rr+RL |
_ Since e]emem; isPEC=0c=0= Ry =0

(¢) Must use an inductor in series to resonate the element with a reactance of

Xy =wL =2rfL = 27(30 x 10°)L = 986.35
98635 -
~ 27(30 x 108)

[ L =5.236 x 10~ henries |

= 5.236 x 10~ henries

4-33. Zo =T34 §42.5, Z. = 75, f = 100 MHz '

o poZa=Ze T34j425-T5 ~2+ 7425 42.547]92.694
" Ze+ Z. T3+3425+75 148 +3j42.5  153.981]16.02

T = 0.2763]76.674 = |T'| = 0.2763, |¢ = 76.674° = 1.338(rads)

: 14+|0] 1402763 12763
. == = = =[1.76358]
b VSWR =I5 = T= 02763 ~ 0.2763 _6358
. Zo=T3+j42.5

Need a capacitor in series to resonate.

X, =425 -

' 1 1 1

d X, = = =425 . —
Xe= 106 = 2xfC = 0= orfazs)

1 K -
= - —10.00374 x 10~8 |=137.4 x 1012 farad
¢ 2m(42.5)(108) ~ | x 10| ={37.4 x arads

——
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e Zin=Za—jXe=T3+j425— j42.5 =73
Zin =73 . '

Zm - Z 73 75 —2
== =< =_0.013
T ZntZ, 13475 14g — 00135
T = ~0.0135 = [T| = 0.0135
1+0  1+0.0135
VSWR = 1-0] ~ 1-0.0135

4-34. A/2 dipole = Z;, = 73 + j42.5, f = 1.9 x 10° Hz

= 1.027

(2) , | Zin = Z.| |73+542.5— 50 2347425 | 48324 0.371
YA 73 +j42.5 4 50 1234 742.5| ~ 1301355 = O
. 1+T] 140371
VSWR=-1_1! T oa7 =2
SWR ToTr] = 1oy = 217965
L 1
(b) Capacitance = X7 = —— = 425
. wCrp
NI 17 1
T B0 B5er) T 5(2m X 1.9 x 109)
Cr = 1971 x 10~12f : .
. C() Co
(c) Co=2Cr = 2(1.971 x 10712) = 3.942 x 10-1%f *-l (——‘(%
. ) N —
Cr
1 1 LL1_z
Cr Co Cp C'0
Co = 2071 L
(d) lz,,,—zc’ 7350 - 23
. M= 32— =22 29 518599
I Zn+Z.| 73+50 123
C vewr _ L+ 14018699 _
VSWR = 1-JT] "~ 1-0.18699 —
4-35. (a) Ly = Iysin [k (é + lzl)}
l=X/4,2=)/8
' 2 AT Tena
Iin, = Ip - sin lk (Z + §)J =1 sTn [ng = Iysin [/T gJ
. (T
# I() sin (Z)
Lp = 0.707I,

SN JUCTE = S LS T e
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© 4-36.

LTI e s .

85
" Rin = 1°—2R,— fo 2R,—2R,—273—146
T\ I / ~\0.7071, - =2(73) =
, I 2 I 2
X- = _— . = . = = . =
" (Ii ) Ko (0.70710) Kom = 2Xm = 2(42.5) = 85
Zin = Rin + j Xin = 146 + 85
®) y - 1 146-j8 14685 _ 5 i s
" 146+ 785 146 - j85 168041 - (119~ J2978) x 10
Y = 472978 x 1073 = X,, = 3;1-— = —37335.776 (Capacitive)
(¢) Y, =5115x10"% = Z, = 5.115 x 103 = 195.503 ohms
195.503 — 300]  104.4966
I = = =0.21
Irl 1195.503 + 300‘ 295508 021 -
VSWR = (1 4+ 0.211)/(1 — 0.211) = 1.5346
Y, Y, ’
I=X/2, Z.=50chms _
1 1 73 — j42.5
io= . y . Y = — = .
Gn =T8HJ425, Y= oo = o T jins
Yin = 0.01023 — j0.0059563 = (10.23 — j5.9563) x 10~% = Gin — By
: o B  5.9563x 1073
= WO = : = = T 0.94797 x 10712
Bm (—L)C)n 27chm = Cm - 27Tf o - (10 % 108) » ) 9479 ‘X 0
. Cia = 0.94797 pF '
Gin =10.23 x 1073 v v
1 o Rin—2. 97.75-50"
L _orws P = = 0.3232
= _97 o = R Tz, T w50
. 1+ D] 1+0.3232
WR = = = 1.955
VSWR = 1= Tia] ~ 1-0.3232
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4-37. . (kb
s . wpblye~dkr S0 ( g ¢ 9) .. wublye—ikr
E=_09]4\'kb\ =—a9-]-—\-(1)
T —cosf dmr
2 6=90°
wplge=kr wplpe~Ikr
- Elo=g00 = ~gg - J'L‘:Trb= ]ﬂ;\ I(6)
le(e) =ag-b
g klgle=ikr . kIgle=ikr
—E nc,9=90° = aﬂ]n ZT sin @ =ap-jn- 04?
6=90° 7
bkl |2
I2, (6) - Emclz n d7r .
T M . .
L@ 1Ep 2. I,,@IZ
- P(dB) = 10logio(1) =0 dB" _
-38. 1200 . Gz + jé : ' ' '
4-38 V'_1‘=46'720 =C[ay][z\/§ y},atz=0 |
M=t =50 S5 o G oy g |
Ié _ (4\/58_].700)[10(2& +a ejéoo)] (&I+j&y = 40v/F-iT0° - 2+ jer30° \{/
= z . —_— — —— H
V2 V2 :
= 40e™770°3 + F(cos30° + j sin 30°))
= 40e~77%°[1 5 4 J0.866] = 40e—370° (1.73e730°)
Va = 70e7740° _ 536 _ j45°
439. l=3cm, A=5 cm, I = 10¢760°
2D?  9x32 4 S v
r> = >; = 38: 3.6 cm = 10 cm is-in the far field.
! 3 '
XN"5= 0.6 = length of dipole is ﬁmte ? =7 /—i = 0.67
cos cos«9 cos kl ‘ |
o Ioe—J’" Toe=7kr c0s(0.67 cos §) + 0.309
B jn 2 * = RSy —
ol
Hy Do ( cos(06m cosds?) + 0.309 ~ 0.7703
n sin 45° 0=a50

—¢-

o <m‘-§.‘-’¢.»w~"u'muv~.——__ -

3 =0 U H { ) J

-

\

N
i)

)
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. 2 2
eI o kr = T”r = —5’5 .10 = 47 = 12.5663 rad

11360 . g—iam . N
= Fg = 41200 .07 "~ ___ (0. = j11.52 . -
> Bo= oy (07709 = 4620e
|Eg| = 4620 v/m, |Hy| = 4620 _ 1905 amperes/meter
. ’ 1207
4-40. Using equation (4-79)
| R, 120 ohms _
Rin = = - 20 ™ 132.668 ohms
.okl sin®(0.6m) .
sin® | =
. o ' 2 )
Kl 3m 3r .
—4 et = —_— =
4-41 5 4,kl 2,2kl 3

(a) Using (8-60a), (8-60b)
‘ R, = 185.808, X, = 190.7967
(b) Using (8-61a), (8-61b)

185.808 190.7967 — 385.5036

= e = 371,617, Xin = —
7 sin®(3/4n) sin®(3/4 - )
(c) _ 371617300 _
~ 371.617 + 300 0-10663,
1+ 0.10663 :
VSWR = T — S = 1.2387
4-42. 1=0.625),
a. Using (8-60a), (8-60b)
_ R, = 1319415, X, = 146.131638
b. Using (8-61a), (8-61b)
- Rin = 154.579, Xi, = 171.203 -
. 154.579 — 300 © 1+410.3199
I=—2"" — . WR = ————— = =1.9407
o D= e sora0n — 00190 VSWR= 1T T 51001

4-43. . 1=200m,a=1m,f =150 kHz — A = 2000 meters. Using (11-37).

_ !
? [ln<_>~1] 1\? . [n(100)—1
Zin =~ 2072 (l) —jlzo—-—%-— ~ 2072 - (iﬁ) — 120 [n(100) - 1}

- on (7%) tan(w/10)

—%—
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Zinput = D+ Ziy = 2+ 1.9739 + §1377.07
Zinput = 3.9739 + j1377.07 ’

R, 1.9739

.. iatior i = e = + o = 49.67%
Radiation efficiency = 100 Bt R 100 39739 9.67%
 RPF = R, 1.9739

- 14735 x 103
T Zinpue)] . 1.377 x 1093 3%

. X = —Im(Zinput) = ~1377.07

n = = (0.282

R-+R; \/3.9739
Z, YV 50

. The answer to this part was found by manually entering values of X until

IT} = 0.333 was obtained.

The values obtained are

X, = 0.99803
X, = 1.00198

The corresponding percent bandwidth is

- BW = (X3 ~ X;) x 100% = 0.395%

1.015
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, y %, — ja .
4-44. B, = (284 — ja,)Egeti** = (—‘?—%) VB Epetik=

e ()T

~ 8z +]ay N A R
0 m (252 - (2572
(c) -1. Elliptical, AR =2

2. CCW
(d) 1. Circular, AR =1

2. CC

(e) PLF.= |pw Bl _'( Jay>,<&:j§jdy)

= -—% = —0.4576 dB

2|2+

2_’[2—j21
V10

[or]
z — Ja Gz + & —j2 - -53)°
= (). () | - o

i = —0.4576 dB

4-45. W; = 2 pw/m? = 2 x 10_‘6 w/m ) z
(a) E = (38, + jay) Eoet7™= '
EL = (—-—362\;;_;&”) 10Egetik=
s 38z +jay\
pW"( vio ) |
Elliptical CCW o : | y

AR =3/1=3 x ' ) : . ‘

(b) E nIOe—Jky cos (5 cos 9)

= 2nr sin @ "y

cos (g cos 9) _ X
sin

vy

= apFEq
_ O=m/2
B= o B
Ba
po = dp Linear
pa = |Gz cosBcos @ + G, cosfsingd — &, sin 9]9;90;

Po=—8;
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. 2
. 3a, + ja . 9
tm - 2: _—z Y o f— = e =39 = —U. B
(c) PLF = |3, Pa| ,( m ) (~a.) 0 0.9 0.4576 d
PLF = —0.4576 dB = 0.9
(d ., _ 3x10®
= 300x106 ™
2
Aom = Dp= Lp,= 1688 _ 0o
4 4r 47

PL = A, W;(PLF) = 0. 1307(2 x 10—5)(0 9) = (0.2214)(0.9) x 10~°
Py =0.2353 x 10™° watts

kIple=ikr
4-46. Ey = jn —OT;——st cos(kh cos 9); 0 0L n/2,0< <27
Woe = %Re[ﬁ x H*] = IE 2=a 727 Z;rrorl sin® 6 - cos™ kh cos B)
27 7r/2
Prag = / / ev&TTQSinOdBdgb
n |kDl? (% .
= 5 D / / sin® 6 cos (khcos@) dg dc
kll|> [/
S Ll / sin® 8 cos® (kA cos 6) do
T 2 0
2 xj2 :
_ n|khl / sin® 8 "1 + cos(2kh cos 9)] &
T 2 0 L 2
k /2
=L | kLol {/ sin® 9 df + / sin® 6 - cos: 2kh cas §) dH}
27 I 0
: n kIl |?
Prad=g T {Il +12}
. X - 1r/2 . 1 ’ 7T/2 2
where Iy = / sin® 0 df = —3 cos f(sin®6 +2)|  =:
0 )
) 0

/2 /2 ’
I = / sin® 9 cos(kh cos 8) df = / sin® 8 - ces{kh cos 8) sin 8 df
0 o _

Let u =sin?¢ v = —ﬁ sin(2kh cos 9)
du =2sinfcosfdf dv= —-%}?30} - d(2kk cos 6)
Thus |
Ié =- sin” ¢ -sin(2kh cos 8) i + 2 /W/2 cos § - sin2kh cos ) sin 6 df
2k o ' 2ER J, |




.01

1
Let u =10089 dv = ~ 5 sin{2xh cos 8) d(2kh cos 8)
1
dy, = — snﬁ df v= Yy cos(2kF. L»OS )

/2

2 | cosf
=0+ kR { T A cos(2kh cos 6)

1 w/2 )
. +§E/o -_ua(ZthOSG)SlnedB}

2 [ 1 1 T cos(2kh)  sin(2kh)
Skh { 755, COS(2kR) = s sin(2h cost) : } { 2kh)2 " (2kh)
Therefore
o kol |2 _ Iol 1 cos(2kh) sin(2kh)
Pra=gri=-| AL+ b =m =5l -5 = oy + TGrnye
: ) ' AR
4-47. Eg = C; sin @ cos(khcos 8), where Cy = y‘n——a;r———
a.  Fplg=goo = C15in 8 - cos(khcos0)]szzpe = 0 = cos(khcos 8)|g=300 =0
’ s . T 1 o .'
1 °=._ . . = C \:—-',’::——'-——- =2 A RN
kh c<‘)s(30 ) ) h{0.867) . cos™ (0} = Ttk 1(0.867) A=0 88' |
b. Py = 2 okn=2-{ ) (0.288)) = 3.632
: [1 . cos(2kh) + sin(2kh) ]’ v ) '
37 (2kR)2 | (2kh)®
De— 2 ~ 2
TPT T cos(3632) | sin(3.632)]  [3+ 718689~ 0.00983]
3  (3.632)2 = (3.632)% '
=512=71dB
2 . -
c. N l 1 - cos(3.632) sin(3.632
R = 2mn (X) [3 (36327 T (36327
2 . '
= 2n(377) (%) - [0.39] = 0.37-chms
) kI‘ s .—Jkr
4-48. Ey-= C; sin# - cos(kh cos ), where C = ]77—————
Eglh=2n = Cy -sinb, - cos(khcos9 Yhmox = 0= sin 7 =0, cos(khcos@ M= 2>‘.= 0

sinf, =0= 6, =0°

’ . C_ 2n+ 1Y\
cos(kh cos 6, )|h=2x = cos(47cos f,)=0= 4m cos 8.. = cos 1(0) =4 ( 5 > ,.
n=0,1,2,... ' '
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5. &

’ 8 = cos [:l:(2n+1)/8],n 0,1,2,3,4,.....

n=0: 6 =cos™!(+}) =82.82°
n=1; 6 =cos!? (£3) =67.98° | for 0° <O<90°
m=2 0y =cos! (+§) =51.32° [ (for 90° < 6 < 180°, the field is zero)
n=3; 063=cos!(+])=28.96°

n=4; @, =cos} (:t 3) = Does not exist. . The same holds for n > 5.

Therefore where the field vanishes for 0° < 0 < 90° are

 =0°,28.96°,51.32°, 67. 98°, and 82. 82°
4-

‘ ~jkr
49. Ep = Ci -sin6 - cos(khcos 0),where C; = Jnklo;m -1
E0,0=600 = 01 - s1n(60°) . COS(khn 003(600)) =0= COS(khn COS(GOO)) =0

khn cos(60°) = kh, (1) = ghn =cos™}(0) = % (2"; 1)

Choosing the positive values

P = (2"; 1) An=0,1,2,3,.

hn = 0.5X,1.5), 2. 52,3.5), 4. 5/\

4-50. Ep(4-99) ~ C - sin g - [2cos(kh cos 8)] = AF = 2[cos(kh cos )l

ax = %2
cos(kh cos ) = +1

i
’
o)

2. khecos Hm =cos N x1) =6, = é cos™!(x1) = T8 _ __Fmr

27 [/3X
X \2 )

=:{:—?,m=0,1,2,...

O = cos*l(:tm/S);m =0,1,2,3,...
m = 0; fo = cos™1(+0) = 9¢°

14 _ Jeos™1(1/3) = 70.5088°

T= L 0= cosTH(*1/3) = {cos-l( 1/3) = 10847/2° (= Below Ground Plane)
—o 1, _ JeosT1(2/3) = 48.1897°

=2 B2 = cosTH(£2/3) = {cos—l( ~2/3) = 1388103°(= Below Ground Plane)

—1 o ' ,

g _ JeosTi(1) =0

=365 = cosTH) = {cos( 1) = I80°(= Below Ground Plane)

m=4: §; = cos 1(:£:4/3) = does not exist,
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b. Egm = C-sinf[2 - cos(kh cos0)]max = £2C, where g = 90°

E,
c. — sm 8 - cos(kh cos9)

EOm
FEo Ey - ' ‘
0 = O‘; —_— = —_— - = -
0 B, 0= Fo = 2010g,3(0) = ~o0 dB
. z .
"6 =48.1897°: =2 =sing- cos(kh cos 0)! 3 = 0.7454 = Lo
: Eem =2 ) Eorm
= 201log;,(0.7454) '
£ _ 55548
EOm B )
6 = 70.5288°: Ey/FEg,, = sin6 - cos(kh cos 9)] _a = 0 9428 = ]f"
. om
= 20l0g0(0.9428)
Ey
—_— = -0 5115 dB
EOm ’
6 =90°: Eg/Epm = sin§ - cos(khcosﬁ)| _a=1l= Eo. = 2010g10(1) =0dB

= - Epm

4-51.

4

hole“J’"
4nr

|AFmax = |cos(khcos )|max =1 when kh C0SOmax = 7

4-52. Eg ~ jn smé [2 cos(kh cos 8)]

khcos Omax =7, khcos(60°) =
Y -h- ( ) T, ﬁ: A
No matter what the height is when 8 = 90°, it is a maximum.

"So you always have a maximum at § = 90°. If you want a maximum at § = 60°, then
khcosf = am, (n=1,2,3,...) leads to a maximum at § = 60°.

n=1 kh cos-0]max =, h = ) leads to maxima at 8 = 90°,'60°
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If you check closely, it also leads to a maximum at 6 = 0°.

So you cannot only have one maximum at 8 = 60°

4-53. Eg ~ C) - sin@ - cos(kh cos G)L9 sor =

27rhcos’9 =T

o
Tty 9=80° 2

cos(kh cos §) lo—soo =0, khcosf |9—80°

h_, _ A !

4cosBlo=soo ~ 4(0.1736) ~ 0.6946
3x 108 30 %107 ’

h=14397)\ )\ = B0X10° ~ Exiom = 6 meters

h=1.4397-) =1.4397. (6) =8.6382 m

h = 8.6382 meters

h =

= 1.4397 - A

454 A Zim(l=2/2)|

2, TRV ON W e, W

=17 —_ ~ Llip. i X,
above ground plane — izzm(l - /\)lfree space — 2 (R’m +.7sz),1=)‘

From Problem 4-23 = R;,, = R, = 199.099

. From Figure 4.20 = X, (l = 2

o

; : _ = 'm

5) Iabove ground plane >=.62.5 “
Therefore . S

199.099 . .

Zem(0=A/2)]sbove ground plane = ——g— +J62.5 = 99.5495 + j625
-
Feed_' e

it
Referred to feed at !
center of A/2. ﬁ
Zim 99.5495 + j62.5 :

b. Zjn = k’l = T3 = O :
sin2 (_2_) sin®(m)

c. I‘—Z"’—Z oo-—_50# 1—50/00

- Znt+Z. o+50 1+50/cc
o 1+I0 141
VSWR = —% =

I-I] " 1~1

-

l
I
8
O




Xim can also be obtained using (8—60b) For l = A= Kkl = 2n, 2kl = 4~. Thus

"n(l - A/2)Iabove ground ple;ne‘-__ 2: ""(l /\)[free space
= —{25‘-(kl).+ cos(kl)[25; (k1) — S~(2kl)]}

= 120“{25 (27) + cos(2m)[25:(2) — Si(am)]}

= 15{2(1.418) +[2(1.418) — 1.492]} = 62.7

3x 108
1.55. AF = cos(khcosf), f =1 GHz = )\ =17 100 = = 0.3 meters
(a) * [(AF)|g, =300 = | cos(khcos 30°)| = | cos(0.866kh)| = 0
' = 0.866kh = cos™1(0) = "”,n_123
nw/2  nw/2 n _ n(3)

hy.=

0866 k ~ 0.8662r/%  0.866(4m)  3(0.866m) |, ~ 00 Meters

hy = 0.0866 meters
cos (Tﬂ/\ cos 6n>

.27 cos 8, = cos™(0) = r_zg =>n=1,35,...

() 1. | cos(kh cos 6)|h=p.3 m=1x = = |cos(2n cosb,)| =0

n=1 @ =cos!(
n = 3: 63 =cos”!(
n=>5 6s=cos"} j

| cos(kh cos 0 )| h=0.3 m=n =

) = does not exist

2
2. cos (Tﬂ-)\ cos 9m)| = |cos(2mcosb,,)| = 1

21 cos O, = cos™ (1) =mm, m=0,1,2,3,...

= cos™1 (g) = cos™! (%)
m = 0: = cos™}(0) = 90°
m=1: 6 =cos™! () =60°
. m =2 f=cos™(1) =0°

m = 3: 63 =cos™? (2) = does not exist




R
. ’ . . N ) ., - » . ' : ’ l/s.,\‘.
 3x 108 - _ *‘3 '
4-56. f =200 MHZ = A = ——— = 1.5 meters

2 x 108 )

. L

. €OS (-— cos 9) . 7,-,)

Ey(normalized) = —2__ / cos{kh cos ).

sin 8
™ 9.
cos (— cosﬂ) _ : _ :

Since — 2 7 has a null only toward ¢ = 0°, the-only way to place 2 null toward 5

: sin L
6 = 60° will be through cos(kh cos 4). _ /t:) ,

| cos(kh cos 8)|p=p,=s0e = | cos(kh cos b,)] = | cos(kh cos 60°)| =0 o

27 7h - »

1

cos|{ —hs)i=lcos|{— ) {=0 .

A2 A ~
-)\—h=cos“1(0)=n7ﬂ, n=1,35..... -~

nw [ A nA -

E )5 s

O

a. hlp=1 =hy = i = 3 (%) = 3 =[0.75 meters v

2 2 4 ~

b hlncs = hs = 2 =[3.25 meters|

. In=3 =ng = 7 =12 meters i f‘)

. Blams = hs = 2 (375 meters] -
4—57.- AGo(dB)» = 10log,o Go(dimensionless) = 16 = i0log,, G ("\)
=> Go(dimensionless) = 10!-¢ = 39.81 =

- Prag = €0Pp = (1)(8) = 8 watts : »

o Frag _ 8 -8 2 s o -8 ~

T 4mr? T 4n(100 x 1002 4rx 108 7% 107 = 0.6366 » 10

= 6.366 x 10™° watts/cm’ ' o ™

Wax = WoGo(dimensionless) = 39.81(6.366 x 107%) .
=2.534 x 1077 = 0.2534 x 10~° Watts/cm? .

A

4-58 l—)\/4f—19GHzW-—10‘6IV/mz—%A—ﬂ‘—OIEﬁSQm 5

T e T 19x109 T
a. The power pattern of a A/4 monopole above a PEC is equivalent to that of a A/2 O
dipolé in free space. Since the same power radiated by the monopole above the '
PEC is concentrated only in the upper hemisphere, instead over the entire free A)

y

i
. —

""""" — | o
; e}

| 8

5

(g
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_ space, its radiation intensity will be twice as strong/intense as that of the \ /2
dipole radiating in free space. Since the directivity is given by

_ AwUpgy

D
0 P, rad

The Upax of the monopole will be twice that of the dipole, or

~Do(l = X/4) = 2(1.643) =[3.286 = ‘5.17 dB|

Using the computer program directivity it gives

Do(l = A/4) =|3.3365 = 5.2329 dB |

o é- 2
b A = ;\—ﬂDo = Q%g)—(&z%) =6.52 x 1073 m?

Pr=A.mW; =6.52x1073(107%) = 6.52 x 107° ; ST
E’L = 6.52 x 1079 \A}atts}

4-59. .f = 900 MHz, P,,4 = 1,000 watts

‘a. Isbtropic

- Prag
Wro = 4nr2
p2y Fra 10007 100 . oo

T 4nWoo - 47(10) T
h > 2.821 meters|

b. A/4 monopole

Dg{monopole) = 2(1.643) = 3.286

. P,
Wiaa < Do Wro = Do 23
- nr
P, 11,000 \
2> Dp-—22 . =32 d = 26.1492
™2 Doy = 3288 oy

h > .5.114 meters I

4-60. Using the coordinate system of Figure 4.24 the total field is given by (4-116) or

. . —jkr , v ‘
“ Ey = jn—goiL—- 1 —sin® 6 - sin” p[2j sin(.. 2 cos8)], 0K O 7, 0< & < 2
. 7rr .
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However if we rotate the axes so that the z axis is parallel to the axis of the element
and y is vertical to the ground, the total b—ﬁeld can be written as

-
Eg —]nk—o— sm9 [2_7 sm(khsm6’ sing)], and

,ad—/ / W, - 4,72 sin? 0d9d¢— / / | Eo|?r? sin 6 df dgp
hol hol

rad"‘

/ / sin®6 - smz(khsmesmé)dedqs_—
I=/.s,in 9{/ sin®(kh sin 6 sin ¢) dd)}dﬁ:/ sin:’f@[]’l]dﬁ
0 0 ’

0

where I1=/ sinz(khsinﬁsingb).dqb:-%{/ d¢>~/ cos(2khsin0-sin¢d¢}
0 ° /o 0
T 2 4 6 :
v oyt S A e olh e p s
{71’ /0 (1 o + TR + ) do} » where y = 2khsin @ sin ¢
1 ,n.__l/’r 2d¢‘i— 1 /‘" 4(1’@ 1 /‘KG
2 2 Jo v (2x2) f y To(2x 3)' viapt -

o0 T 2n o«
=32y P8 gy G / sin™ g dp
: .5 on=1

=

l
ST

T on=1 0
oo

n/2
Il=%r§( 1)"‘_‘1(22& ), [2 /0 sin2"¢d¢J

oo n T /2 .
— Z( 1)n+1 (2&) / Sin2n ¢ d¢

=1 R 0
From Mathematical Handbook of Formulas and Tables
Outline Series, pg. 96 Equation 15-30.

/2 L3-5----(2n--3)(2h— i) | -
= 2n w .
dz = ~n=
/0 s 2-4-6----(2n'—-2)(2n) 7 =1234

(«— o = khsin @

y = 2asin ¢) Schaum’s

, ~ o
2khsin )" 1-3-5---(2n~3)(2n — 1)
Thus I = 1 (BRhsin 62 7 Az, here Ay, = ‘
=2 (2n)! e e S T 6 @ = 2) o)

and .

I= /sm 0[] do = Z( l)"+1(2(§h;' (2).42nAﬂsiq2€53M

_ nil (2kh) n w/2 . 2n+3
ﬂZ( 1)‘ B ), - Aoy, A 'sm 6 df




Using Series equation of the previous reference, or

/W/Q(-Sin )23 g = 2:4:6----- (@n — 2)(2n)(2n + 2)
0

1-3-5----(2n~-1)(2n
We can write that

I=n i(_l)n+l (2kh)2n

=131,2.3...
Tty T b3

@n)! (A2n)(A2n+3),

2-4:-6----(2n —2)(2n)(2n
A2n+3 =

+2)

1:3-5----(2n = 1)(2n+1)(2n + 3)

(2n — 2)(2n)(2n + 2)

However
Ao - A 1 3:-5--(2n—3)(2n—1)2-4-6----
s T T 6---(2n—2)(2n) 1-3-5----
= (2n 2)/[(2n + 1)(2n + 3)]
Therefore

I—WZ( 1n+1(2kh)2n (2n+2)

(2n)! (2n+ 1)(2n + 3)
zﬂ[(Qkh)Q 4 (2kR)* 6 (2kR)S

@n—1)(2n+ 1)(2n 1 3)

8

2l 3.5 4 5.7 6 7-9-

1

+‘ (—1ym (2kh)?” (2n +2)

(2n)! 2n+1)(2n+ 3)]

which when expanded can be written as

'I=ﬂ{§—[§+(2kh‘)2(—-%+l ;) (2kh).(1,—,

. 1 )
+;)+"
.

D]

SB\2n 1 . 1
* (2kh) ((2n_'+1)!“(2n+2)1 2n+3

Recombining appropriate terms, we have that

21 =N (zkh)ml
'1= {§ ~ [(2kh)+n§(—1) e

(2n+1)!

0
]_

L[ e S (k)
T kR [1'" 2 +n>;("1) (@) }

r (2ER)® | &, s (2kR)PHS
* GEn; [(Qkh)_ ERD D SO T

—

n=1

(2n+ 3)!

)
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which reduces when expanded to
o I=a [2 sin(2kh)  cos(2kh) sin(2kh)]

3 (2kh)  (2kh)? (2kR)3
THere’fore the radiated power can be written as

Il|*[2  sin(2kh)  cos(2kh)  sin(2kh)
By [5“ @kR)  (2kRE T (2kh)3]

m

= nES.

hol
Praa = 5 o

. l —jkr
4-61. Ey = Cz- /1 —sin’sin’ ¢ - [sin(kh cos b)), Cp = —ny"—e——

2nr

= ?’2 - c0s(45°) sin (%) =0

& Ey(p= 906)l = Cs - cos 6 - sin(kh cos 6)

6=45°

=45°

%:sin—:l(())'_—;im n=0,1,23,...

Choosing the positive values and excludmg the n = 0 value, we have the smallest
height of (n = 1)

sin(2v/27) . cos(2+/27) + sin(2v/27)
221 (2v27)? (2v27)3

z_

3
. 1 2 .
R, =120x* <_6) [; 0.057765 + 0.0108694 + 0.0007316J =0.294
4(~0.9639)2  4(0.9291) .

[- ~0.57765 +0.0108694 +0.0007316] — ~0.6205
Dy =5.9893 = 7.774 dB -

D, = = 5.9893

—jkr
‘ 4-62. Ey(p=90°)=C,- cosé’ -sin(kh cos 8), Cy = — k—IE;G“
wr

Ey(¢p = 90°)lh=0.707,\ = C3 - cos by, - sin(0.707Mk cos 6,) = 0
o cosby = 0= 0, = cos™(0) = 90°
sin(0.707\k cos 6,) = sin(1.4147 cos 8,) = 0= 1.4147 cos 6, = sin™'(0)
1.414mwcosfp = sin™1(0) = +nm,n =0,1,2,3,...

8, = cos™? (i ),n=0,1,2,3....

1.414




4-63.
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n=0: O,=cos"}0)= 90° ,
1 for 0° < 6<90°
o . — -1 e} = o ) x VX
n=+1l: §,=cos <i1.414) 15
2

=42 fp,=cost|{t—— )= ist.
n=z= 0 cos ( 1.414) Does not exxst;

The same holds for n > 3.

Since the horizontal dipole is placed a distance of 2) above the PEC, then its image
must also be a distance of 2A below the PEC: This makes the separation between the

" actual source and its image to be 4. Since the minimum far-field distance is equal to

v then

r=2D?%/)
where D is the large distance, which in this case is the hypotenuse, or

D = \/(d2)? + (A/50)Z = 4.00005) = 4

7= 2(4)\)2/) = 32)

" Since X at 300 MHz the wavelength is 1 meter. then

4-64.

4-65.

7 = 32\|a=1 = 32 meters

. A
kI, le7km . ' ) h
d — m ol .
Ho _. J ')7 . 471")" s 91 . _ ) ) V7 VIV 7A
. . ,kImle_jkrz ) ) s v . ‘ O=o0
B == gy e o
ry=r—hcos8| ., _ T =711 = 12, for amplitude s
r2=r+hcose} phag.e, B =0,=80. . = Far Field
. —jkr ) L
Hy = ]—c—%"—l—z;rr— - sin {25 sm{khcos 8] |
—Jjkr 4
Eod=j77' ]_CL -sin 6; h
471'?”1 7 '/ ] Y 7
: kIple=7%m (- '
Ey = —jn. ———— -sinfy m
o 477y . ‘
Far field: 7y =7—hcosf hase
T9 =1+ hcosf p
(r =11 = ra, A =0; = 0) amplitude
—ik .
E6 — JUM Sine[ejkhcose _ e—jkhcos.@}
4drnr
kIgle= k™

Ep = jn—zhr—r - sin @ - [27 sin(kh cos 6)]

-+
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4-66. Ho*" <= H¢ + H7 ‘ 4 ,
. . . . h
- kI ,le=krs
Hy? = T;"_Zm sing - L —

) ml —jkra
Hy = klnle

- -sin 92 f
n-4nrs v
For Far field. 71y ~r— hcos@

To o~ 1 4 hcos 9} phase, (m=ry= r) — Amplitude

=0 =6,
kI, le~ik"
total _ Mim ol X .
Hpetal — 4 Py sin 6 - [2 cos(kh cos 8)]
Kkl e7ikr ' |
4-67. a. E, :]ngfo —— sin 0[j2sin(kh cos §)] A -4 source
o sin(kh cos 60°) = 0 — kh,, cos 60° = nm,n=1,2,3,... ho .
- . v ,
B — 0 _ __MA A 77077777
kcos60° 2. cos 60° 4 Om =, PMC
smallest > »n =1 p = ) : }
: image
b. . [Eof? - n(kl)? RIACE (k1)? ) - 2
Wy ~ o S35 1 10| T? sin” 0[4 sin®(kh cos 6)) |
. : . 1\? g
U, ¢) = lim 72 W,y = g (/—\> |Ig)? -sxn29-s1n2(khco§0)
2r  pm/2 ‘
=/. / U(6, ) sin 6 db dp
~Jo Jo .
1\ 2 /W/z N P
=7 (— ALo)* - sin” 8 - sin”(kh cos §) dg
A Jo .
1\? J 1 cos(2kh)  sin(2kh) )
= <) -2 { o 4 Z2\2RR) siniZkh)
i (A) ol {3 Yo T Gmp
P, = (L 2-]112 LS d 2[[[2{03397}
TR Gt EE e (5) e
kh=2n . . ' .
1. o 4rU(8 = 45°, ¢) 2sin2(45°)‘sin2(27rcos45°)
o 2 Praa 0.3397
= 2.74 = 4.37 dB
2. 2--Prad l 2
= - =2 T+ ) -{0.3397
B =2 (3) - oson
% =27 x 107* x 0.3397 = 2.13 x 1074,
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4-68. Sinced < a . ‘
hi -h'2 hh , ,
t ~ 1 o~ == —_ = .
angp = gt 2 =7 = (4 ) = iy

Wyd _ 5(20 x 10%)
Ry +hy 541,000

»=tan-1 (M) = tan—1 5V, 87669°
- d) 99.5)" o

o _ 10~2 18
we 2w X 109(5 x 10~ 9/(36#)) 5

d](-l"hl +h )—h' d= dy =

= 99.5 meters

x 10-'2 = 3.6‘>< 1072 « 1

Therefore the earth is a good dielectric = m ~-, / ﬁl = w,/1€1 -

The divergence factor is equal to (a = 5280 miles = 8.497368 x 106 m)
thy 17V -1/2
D~ 1422l _ [ 250,000
ad tan® ¥ 8.497368 x 108 x 2 x 10%(0.05)3
= (1 + 0.000463)"1/2 - ‘ —
=0.99977

and the reﬁectxon coefficient equal to

170 cos f; — 11 cos b, _ jwpo
where o = 171
7o cos §; + 71.cos 8’ o1+ ]wel

'yosme —'ylsln0t=>ﬁosm0 —-Blsmﬁ‘:#smﬁt -——sm& -—~sm9

cosfy = /1—sm 9t \/7 sin? §; = H sm 26,

Therefore

cos 0; ——-—cosﬁt COS9 -

‘T ) 1 /1 _ <20, ' :
R, = o _ Ve sin”6:/er € cos0; — Ve —sin? 6;

cos §; + h cosd:  cos 9; + 1 1—sin%6; /e, €rCOS 8; + Ve, —sin® 6;
o . " e V4 ,

8;=90—y =90 _ 2.87669° = 87.12331° = sin 0; = 0.9987,cos 0; = 0.0502

. 5(0.0502) — /5~ (0.9987)Z  —1.749649
Thus R.u = = =
. 5(0.0502) + /5 - (0.9987)2 2.251649 .

—-0.777

Ipe= 357 cosi(%cose)
Eo = jn- onr

[e_';k:nl cos 8 -+ DRq,e‘J”‘l cos@]o 9,~87.12331° -
sin 8

~ o/ @ + (R, — hy)? = /(20,000)2 + (1,000 — 99.5)% = 20,020.26 m = 66,734.207A

——
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hi =5m = 16.667), h3 = 1,000 m = 3,::33.3333)\

2w ; E | o :
Ie~3% (66,734.2073) . cos (2 cos(87.12 )) [P0t DR, =ik cos 03}
27(20,020.26) sin(87.12°)

Eg=j~1207|’-

' e—j%’[(ss,734.2o7A) = e=327(0.207) _ ,—j1.3 _ c0s(74.52°) — jsin(74.52°)
= 0.2669 — j0.9637 = 1£-74.52° '

cos [-’25 cos(87.12°)} = 0.996887, sin(87.12°) = 0.99874

eikhicost; __ ejo"(ls.GSTA)(o.osoz) — ejzn(ls.ssf)(o.osoz) = ¢95.257
= cos(301.2°) + 7 sin(301.2°) = 1/301.2° = 0.518] §0.8553
= 1£-301.2° = 0.5181 + j0.8553

DR, e khicosti _ 0-99977(~0.777)[0.5181 + 50.8553] = —(0.4025 + j0.6644)
- Thus '

e—Tkh] cos6;

eIMhi oS0 | B Demikh} costs _ (0.5181 — 50.8553) — (0.4025 + 70.6644)

=0.1156 — §1.5197 = 1.5241/—85.65°
Therefore v

e Io(1£—74.52°)(0.996887)
Ep ~ (1£90°)(12
o= )(120m) 2(0.99874)(20,020.26)
Ep ~4.5592 x 1072 - Io£~70.17

(1.5241£-85.65°)

or o
|Eg| = 4.5592 x 1073|Iy| Volts/m

4-69. From calibration;

P, _ Cy. _ P. 2‘_‘ 10'x 108 3\2 2

on asteroid P c C
[d 1 —3j2kht cos 02
- = 5511 + DR, e~ 72khtc
23 R2l + DR, )
Approximate geometry;

[

+ . g 9 S + .

h+,=1.5m : h,=15m
Y

s, il




——

1.5
¥ = tan™} (1000) ~ 1.5 x 1073 = 0.086°

6t = -;E — 1; cos 0° = siny ~ 1.5 x 1073

sin @t = sin 67 ~ l;cost9‘ ~ % |
i 3 3 . )
22 cos 8t — ccs g* 3(1.,5 x 10738) — 2\/- :
R~né'l ,2\/_ = —0.9905
m cos B +cos 6t 3(15><10 3) 4
s’ o~ s ~1000 mya = 10_6 m .
, ss' 17V (1000)(1000) |72
D~ |1+2 ~ ={.
[ + adtand;] [1 F 2 108(2000)1.5 x 10—3] - =0.7746
c 3x 108
A = = e——————— =
7T 30x105 1™

i+ DR,e™72hteosf12 ~ |1 — (0.7746)(0. 9905)e‘1“’r Y 2.
= |1 — (0.7746)(0.9905)e ~747|?
= 0.0541772

200
(2 x 103)2

4-70. Poag = 10 Watt,r =3.7x 10" m, Dy =50dB = 10%

P = -(0.0541772)(5) = 1.3544 x 107° W = 13.5 uyW

2 2

) 47Upax 4w - r2|EJ? , r2E2 . '
a. D = max = =1 5 i m = max: =12
'0 Py 2710 0°, | Since U ax = 5, ] Om
N 10° x 2 x 1207 x 10

_ -8
" 4m(3.7 x 107)2 4'4 x 10 ‘

E=2x10"%v/m

b. Use Friis Transmission

P AN\ A\ .
B (m) ~Got - Gow = (m) - Dot - Dor

(Since we assume 100% efficiency)

105

. N



106
At 10 GHz, A = 0.03 m
P, 0.03 2
e ki 1.643
10 [47r B7x 107)] (10,000)(1.643)
P =6.84 x 10718 _
. V2 ;
Preceived = ———,Since R, = 73 — R;, for A/2 dipole then
) 8R;, ) .
V= V 8( received)(Rin =2uV
: S d4
4—71 So dAo = SdA, '5,—0 = —dX .
far zone § = %]E_Iz ..
Bl [dAo . .
lEol — V a4 .
heri 1B S5
For spherical wave: @ = m =353 5

For plane wave: IEl/|Ey] = 1.

Z-point solirce
-

Wavefront
{eikonal surface)

In géneral, it can be shown-that for a wave front eikonal surface we have

|E] / p1P2 ' --
B =4/ T——=~———— p; and are radii of curvature of wavefront.
| o] (01 + 5)(p2 +5)* £1 20 P2

e.g. spherical wave: PL=p2=35,

1Bl So® So
lBol Y (S+ 5" ~ 545,
" plane wave: p; = P2 =00
‘ B _
1o




Wavefront Wavefront
ats, atS+ S,

‘When the wave front is reflected from a surface 'we have °

R —.0 I

E T. T

|, {17+ s)(p2" +5) ‘ (1+ i) <1+ S
" P2

E is field at observation point.

- E, is field at reflection point.

_ Flat surface
Source : observation

Radius of curvature'-df wavefront not changed by reilection.

r |El_ s . 1

T = T: = = — =
P1 = p2 Plv p2=3s 1B S +s 1+s/s

Spherical surface
observation’

¥ : grazing angle
Source '

1

)
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In physics, we always used =

f2 = a/2. This is not valid here because that f was
valid for near normal incidence; '

we have near grazing incidence
acos@® | . o Co
h= > (perpendicular to the plane of incidence = elevation plane)

fo= ﬁsa-: (parallel to the plane of incidence = azimuthal plane)

L1, 2 cos §*
T s’ acosf;’ P F a
12l _ 1
E)l = | f. /1 2 : 1  2cosf’\ )
ol 1+s(=+ 145 (=4 298
s acosé,; s a
— ‘ 1 '
s 2s &  2scosb;
\/1+—,+ 14 S 2200
s acosgi Y LY a
1 | 1
(1 + E/-) 2ss’ 255" cos 4;
s £9° TOS%:
0-
14 acosbs a
+ s+ s ' s+s
cost; =cos (5 — ¢) =sin =
B _ <1 1

Bl T ([1+3) o o

I_Of (1 + s’) 14 2ss . 1+ 2ss’sin
a(s+ ') siny a(s + s)

~ 11+ __ 2 - _1/2- —_— ! -

N a(s+8')siny| (1+5/s7

- Dear grazing neglect divergence in azimuthal plane.

.
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CHAPTER 5

e . . kua®Iysing -1 :
5-1. B -17) = A =3,A,(r 9) = 5.4 HG foSIMU — | ok .
rom (5-17) = A apAp(r,0) = dgj i [1 + jkr] e

(a) Using (3-24) and (VII-26)

-} o [fan- ]

78in @

- ] st [ 2]

which reduces to

H=:
7

~ Using the A4 from above ‘
2 : .
{A 1 E[,kua Ipsing (1+ 1 )e‘j’“]

1. 1 8 10
{a m%(&bsm@)-—ao;éﬂmd}

1
» ﬂ_; arrsin989 ]_ 4r :7?7'-
| 10 [ kua’losing (1N
—-ae:a ,:_1_—? 1+‘m e

which can be written as .
ka Ipcos6 (1 + _1_) o—ikr

Hr = 2r2 jkr v
(ka)?Iysin g 1 1 ik
Hy =27 70277 b JkT
= 4r + Jjkr  (kr)? €
Hy =
field components from: above

(b) Using Equation (3-10) with J = 0 dldng with the H-
' 1 H,
E=lvxg-L (6.0 + a0 + 3,2 |2 r0) - ‘969 }}

Jwe Jwe
109




93, a= A/30, b= )\/1 000 =10"3), f =

110

which reduces to

E. =0

By=0.
_ (ka)’Iysing 1] ik
Bomn=g— |1+

The same expressmns can be obtained usmg (3-15) with the A¢ from part a.

5-2. Accordmg to the duality theorem and the dual quantities as outhned in Table 3.2

Electric Dipole Magnetic Dipole

£ Aae ¥l

H < -E

L & L,
€ = I

u < €

K = K

n & 1/n

1/n & n

* Thus applying the above ¢

o the fields of an electric di
we obtain the fields of a

magnetic dipole glven by

. E, =
Ey=0Q : :
kI,lsing 1 .
Ey = _ 42 mt>u ety —jkr
¢ J drr (1+jkr>e
1IL,lcos8 1 ;
Hr=— m i —Jjkr
n 22 ( +jlcr ©

H, _J717kI misin 6

1
Jkr
dnr [ +jkr (kr)zJe
Hy =0

which are identical to (5—20a)—(5—20d)

=10 MHz = ) = 30 meters, o =5.7x10" s/m

(a) R, = 2072 ( ) = 207 (2”“ = 2072 (;g)

= 207%(0.2094)* = 0.3798 ohms

pole, as given by (4-82)~(4-10c),

|

sl

¥y o

§ ;)

{
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(b)R =R _¢ Who _ 2ma 27 fuo
T T B 9 TV T2

_a [mfue _ A/30 \/71'(107)47r x10-7
5V e T /1,000 5.7 x 107 "_0'02774
Ry = Ry = 0.02774 B

(c) Xa=wla= omfLy = 2nf {uo_a [In(8%> - 2]}

X 1,000
:'7/ 7 v =7 —_— ki —
_~r><1.0 {4 x 10 (30>[In<8 30 ) QJ}

3 .
X4 = 872 %) (In(266.667) — 2] = 87%(5.58599 — 2) = 283.139

e Li=w| 8 o] _a 2fffﬂo_a\/frfuo
_“’L’““’[wb 20J_b\/ 20 oV o

. A/30 \/ﬂ(107)477 x 10-7
~ /1,000 5.7 x 107

1,000 : 1
——(27) x 10* x 107" == = 0.02774
3 0 voh

XT. = X4+ X; = 283.139 + 0.02774 = 283.1667

2

i=

(d) Zin = (Rr + Rp) +5(Xa + X:) = (0.3798 4 0.02774) + 7(283.1667)
Zin = 0.40754 + j283.1667 ',

R, 0.3798

() eca = - +R, 03708 +0.02774

= 0.9319 = 93.19%

5-4. The pattern of a small circular loop of uniform current is given by
Egn ~sinf = U ~sin? g
which is omnidirectional. .

(a) ' Do:éL’“"-

rad

RN T op2w ™ . 2n pw B
P,ad=/ /Usineded¢,=/ /sin29sin9d9d¢
0 0 0 0 _
=27 / sin® 6 do :
Jo
4 87
—2”(5) B

A1) _ 3 |
)= ———==—-=[15=1.761 dB
Do(exaf:‘;) 87/3 3 5 76
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(b) Half-power beamwidth of sin? § is
sin® 6y = § = sin 6 = 0.707 = 6, = 45°
On = 26, = 90° = HPBW _
HPBW{deg rées) — 0.0027 [HPBW (degrees)]2
0

1 101
= = = 1.48%6
90 — 0.0027(90°)2 — 90— 21.87

Do (McDonald) =[1.48246 = 1.7098 dB ]|

© | !
Do(Pozar) = ~172.4 + «191\/ 0818 ¥ TPEW ([degrens)

/ 1
=—-172.4 + 191v 0.818 + 90

= —172.4 + 191(0.91055) = —172.4 4 173.916 = 1.5116
Do(Pozar) = [1.516 = 1.807 dB|
55. C=\jd=2ra=a=)\/sr < A/67 = small loop

!

4 4 2 .
(a) Ry =20=2 (g) N? = 20#2,6) N2 = 20 e =300

256
300(256)
= N= ( oo ) =19.72~ 20

2
(b) Rin = R, = 2057; (20)2 = 308. 425 ohms

Rin—Z.  308.425—300

r= =0.
(). Rin+Z. 308425+ 300 — 001385
140 1+0.01385

1-|0] ~ 1-0.01385

(d) VSWR = - 1.0281

56. B, = (4 + 2a.)e~7h = (ay \—;_20') VBe~ikz

{(a) Linear: Two components in phase.
(b) AR =00 :
(c) E=a4FE, = d¢Csin 6, 4y = (=g sin d) + &y cos ¢)| o=rsz = Gy

E| o=000 = ,C = Polarlzatlon Linear in y dlrectlon
$=0

(a.y + 2, ) .
——— . a
\/5 Yy

(d) PLF = i

—1- 69048




" (e) 30 X 109

g < 2 2
& Aem =Dy =22 (B) 2 802 (3Y _ 2
o em = 7-Do = = 2 S 2 . 107.4296 cm

P. = 107.4296 x 10~ watts

P, = Aem W' (PLF) = 107.4206(5 x 10~2) <é> =107.4296 x 1073

P 4 4 .
& 5-7. R.(1 turn) = 2072 <§) = 2072 (%) = 0.31583 ohms
' _ - ‘R(4 turn) = N?R,(1 turn) = 42 . (0.31583) = 5.0532 ohms
® : v ' wio _ 1 {om x 107 - (47w - 10-7)
o ) . 1 t N \ - = i - -
) Ru(L turn) = Ror(1 turn) b V726 T Tomx 103\ 3 (5.7 x 107)
' Ry, = Ry, = 0.0265 :

RL(4 turn) = Romic = _NTGR <%§- + 1)

¥ . 2 x 107 x (47 x 10-7) _
i : = 1/ = 8.3223 x 1
: . » R, \/ 2(5.7 x 107) | 3223 < 1071
‘ - (8.3223 x 10~4)

r o , MR, _ 4 = 0.5208
- Ro 27rb 27(10-3)

: R, .
—~ ~0.5 from Fig. 5.3
38 Ro &

4(8.3223 x 10~%)

: PR . — ) — 015794
Thus Ry = Rohmic = —— = (os+1) 0.157

0.3158 x 100

0.3158 + 0.0265
5.0532(100)

—_ o
eca (4 turn) = 100- R,/(RT +Ry) = 50530 r o157 = 96-98%
' —jkr . :
5-8. Hy = —_%— sinf = where S = wa?
: , A%r . :
). . ' ' : . : WSIoe—jkr .
N. ) . . . E¢:_?7H0=T7T81n9
& | . We = 3Re(E x H") = {Re(@sEy x doH;) = LRe(~donHy x a0 H;)
, . R 7SIy | sin® 4
Wave = &r §Re(1|Hol?) = &3 | Hol* = &7 S| e =

and ‘ecd (1 turn) = 100 R, /(R- + R) = ———"— = 92.96 = 92.26%

113
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27
Frq —ﬂ_aveds / / arW -&,r%sind df do

—277/ W,.r?sin8 do
7TSo

s 3
A2 /osm¢9dﬁ 3

= 77-—(ka)4lfo|2

(7“1)210
BBV

. kua*lysing 1 ik _ x kuallpe=ikr

-9, A= gyj—T- 7 e TGy sin g

5-9. A agJ 47‘ 1 kT e . agj ar s
from equation (5-17) and r — large.

Using (30-58a)

B, ~Fyg~0
i . kpa®Iye~ikr wSlae~ikT
By = —jwhg =} —jw <j—T sinf ) = M3, sin 6
where S = 7a®, n = \/ufe
also using. (3-58b)
H,~Hy=~0 . ,
w ( pka?lge=ikr nSlpe= 3%
Hg_] A¢ ;(yTsmG = -5 ——sind
5-10. a = A/, b= 10~ 4\/2m, ¢ = 5.7 x 107 s/m '
Assuming umform current
4 S . . :
a. 2 c A . A ' .
F=20r7(Z) , C=2ma=2r(2)=?2 5-24
R O ()\) C’ 2ma = 27 (87r> 2 ( )
A\ 1 197.392 ‘
F=20m% ) =2 ——Z =0
B = 20m (4A> 0 (256) 256 017
‘ A
a fwpo _  gx  [2m(108)4m x 10-7
Rp=Rpp= -, /22 =
LT TRV 20 T 104y \/ 2(5.7 x 107)

. 27r i
LO" (27) x 1073 207 om  15.708

= 6.5794
4 VBT T BT Var ae !
A ___ 0t 0.10489 = 10.489%

Ry =

= R YR, 071165794
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b. Do = 3/2 = 1.5 = 1.761 dB  Uniform current
Go = ecaDo = 0.10489(1.5) = 0.15734

|Go = 0.15734 = —8.03 dB

' 4 4
5-11. a. s (C - o [ 2ma 3 x 108
—00-72- () =90.n2. (2} \= 210
R, 0-m ()\) 20-7 | ( X JA= 07 30 m

} 9 4 V
0.73 = 2072 (-7;—“) = q = 0.03924) = 1.177 meters

b. 0.73N% =300 = N = 20.272 ~ 20
R.(20 turns) = 0.73(20)* = 292

: N AW
¢ ’PL = Aem - Wi - €p = 4—D0€0(10 6) = <5> (1 - |F|2) . 10—6-

N .
(302 [3\ | 292 — 300 B 3
= A2y =220 ) 1078 =0.1074 % 1
& \2) \17 2825300/ 0.1074 % 107" watts

512, a=A/30, b=1X/300, 2C =A/100= C =\/200, N =6,
f=5x10" Hz :
a. Since a - A0« A
Dy = 1.5 = 1.761 dB

b. R, = 2072 (;) = 2072 (%) — 207%(1.924 x 10~3) = 0.3798 ohms

A7 ™
C =2mwa=2r (30) = E/\
R, (single turn) = 0.3798 ohms
R, (6 turns) = 13.673 ohms

R=De R, (&,H')c{

b Ro
A/200 3 R,
= - = Vu. 5
/b= 3r506=3" 15=>R0 0.6
Wiy _ 27 f (47X 10"7) 472 f _
_ 1077
fe=v 2 N\ 267 x 100 57
2 6
. 4"(50“0) x 1077 2,/5 % 1074 = 18.609 x 1074
2/30 »
- -18.609 x 10~4(0.65 + 1
<,\/300> 8.609 x 1074(0.65+ 1)

= 6(10)(18.609)(1.65) x 1074 = 1,842.31-x 107*
" Ry (6 turns) = 0.184231
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', 230 [omf(ar x 10-7) dn2f -
(Single) Bz = 55 V2 Grx1m 57 1P
' = 2n(10)‘/§' x 107% = 186.0919 x 1074
(6 turns) Ry, = 186.0919 - (6)(1.65) x 10~4 = 1,842.31 x'107*

R, 13.673
PR L S % 100 = 98.67%.
“T R TR 13673+ 0.184731 < 100 = 98.67%

¢ || = (R + Ry) — 50| _[13.857 — 50 _ —66.14277’ — 0566
(R +RL)¥50| T 13857+ 50 63.857

er = (1—If?) x 100 = (1 — |0.566) x 100 = (1-0.32) x 100 = 68%

d. Go = ecdD() = (09867)D0 = (09867)(15) .
- Go =148005 (~ Total Maximum gain does not include

the reflection loss)

513 f=30MHz > A=10m, ka = %(0.15) = 0.037 = 0.09425 (rad)
72 .120
6

R, = N2122(ka)4' =64 x x (0.037)* = 0.9968 Q
_ 1 1 ‘
VT Vi x30x 108 x dr X 10T KBTS 07

=1217x10"m« b :
a - 0,15

o0 5.7 %107 x 0.001 x 1917 x 16=5 =

R
8-turn: Ry = 8 x R (1-turn) x —’—’+1),c/b=1.8=>—£=0.5
s By s(acturm) x (2 R

1-turn: R =

S Rp =8x(0.2162) x 1.5 = 2.504 Q
__ R 09968
" R, +R;, 009968+ 2.504

5-14. Since the small circular loop area is pa.ré.].lel to the y — z plane, its electrical equivalent
is an inﬁnit‘estimal magnetic dipole directed along the z-axis. _

=0.278'=27.8% ° -

€cd

a. Thus, ‘using the procedure. of Example 4.5, we can write the electric and mag-
netic fields for the infinitesimal electric dipole of length ! directed along the

z-axis as
E.~0 E.~0 ) - H.~0
. wplle=7kr E,
Ey ~ —juw Ey ~ — 6 ~ = . !
é jwAg 9 ] 2. cosbcos 1) Hy m
: Ile=ikr , E
Ey~—jwAy | Ey >~ — 2 47;. sin ¢ . Hy ~ —7"5




117

: Usmg duality and Table 3. 2, the fields of an z-directed infinitesimal mag-
netlc dipole of constant current I,, can be wrltten as

H.~0 ’ ' Er ~0 _
- wely,le=dkr ‘ welle= %"
Hy o~ —f9Eme ~ o pHp = i iime
P | 7 - cos 6 cos ¢ E; nHy = +jn = cos@cqsqﬁ
welple=ikr : ' . welyledRr
H¢_— ——-—4——7rr—sm¢> Eg_—ran;—-]nTsm¢

Si_nce the infinitesimal magnetic dipole directed along the z-aixs is equivalent to
a small circular loop, with its area parallel to the y — 2 plane, we can write the
fields of the circular loop by making in the above equations the substitution

I, = jSwul, = ](—raz)w,u,f
: Thus the far-zone electric fields can be written as
E,~0

A

: - wel,(jSwp)e= Ik wel(jralwp)e ik
Eg = —jn _"( 4#) 7 sing = —n 22! e
. 2 21’ —jkr . I —jkr
mp 20 sing = 77——————( a) Loe
4r 4r
welo(GSWe T s = 4 jy Sl lim Wk e

Ay dnr
. _(ka) eIk

~ =7 y .CQS fcos¢ = —n' ym
while the far-zone magnetic fields can be expressed as
E, E
Hy =0,  Hp=-=% H¢:70

47TT sin g

sin ¢

Ey ~ 447 cos@cos¢

2 2 —~jkr
wpeal,e™?
Hed Lo cos f cos ¢

b. Since the far-field pattern of the antenna is the same as that of a loop with an -
" area pa.rallel tothe z—y plane, or an infinitesimal magnetic dipole oriented along _

the :Z:-a.XlS ‘their directivities are the same. Thus D, = 3/2 =1.5.
5-15. Usmg the results of Prolilem 5-14

-, @ wpklpe™? ; a* wuklge™ kT — 2, . 2

a. Ex o ——47‘_—‘/1 ~ |y - &r|? = — 1 —sin® #sin” ¢

Hy= Bx

n
b. Directivity = Do = 2
5-16. Using the computer program of Chapter 5.

a. a=A/50=0.02)

Dg = 1.4988 = 1.7575 dB, R, =0.04" ~hms
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b. a=X/10=0.1) , |
Dy =1.4699 = 1.6731 dB, R, = 28.41 ohms
S c a=)[4=0.25)
Do =1.2969 = 1.1201 dB, R, = 723.938 ohms
d. a=X\/2=05) .
Do =1.7968 = 2.5449 dB, R, = 2,202.528 ohms

L

5-17. According to (5-54b)
H—ikr
Ey ~ %nlgre*_Jl(kasin 8) ~ Ji(kasin )
Therefore the nulls of the pattern occur when

Ji(kasin6,) = 0 = kasin 6, = 0,3.84,7.01,10.10, ...
Excluding § = 0 '

3.84 g 3.84 ‘
inT!{ 220} —gipmt 20 1104 = 29.27°
sin ( a) sin [%(1.25)} sin™ " (0.4889) = 29.27
6, = ;

[ 7.01 : 7.01 :
'_1—-='—1———='—1.2=v.1°
sin (ka) : sm.. [2ﬂ_(1-25)} sin”"(0.8925) = 63.19
5-18. Since Ey ~ J;(kasin ) '

(a) Eq&fo:o = J](kasin 0)|g=0 = Jl (O) =0 o
Eglo=rsz = Ji(kasin §)lg=ope = Jy(ka) =.0 = ka = 3.84

Thus a = 3':—4 =384\ 0.61115) _ -

. 2
(b) Since a =
R, = 60n*(C/X) = 60n? (—2—’;—“> = 607%(2r(0.61115))
=2,273.94 o

(c) The directivity is given by (5-63b), or

Dy = 0.682 (%) = 0.682 (?) = 0.682(2)(0.61115) = 2.619

5-19. Ey ~ Ji(kasin6)

‘ k k
a. E¢'9=300 = J] (kasm 9)'9=30o = Jl (?a) =0= ?a = 3.84

0.61115A > 0.5, use lérge loop approximation. According to (5-63a)

i

s
[
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From the Table for J (a:) in. Appendlx V. Thus

a‘ - 2(3. 84) 2(3 84)
k 2

b Eglmax = E¢|kas-i,,o_; gs = J1(1.84) = 0.58152 = ~4.709 dB

=1.222) «

Eslosoe = Ji(ka) = -y [—(1 222,\)] = J£(77678) = 0175 = ~15.139 dB
Ihus . 5 o |
‘AE = E,,,la_ooo‘ Eplmax = _15,139 — (—4.709) = ~1043 dB
5-20. By ~ Jy(kasin) ’ - '
" a. According to the Table for J1 (z) in Appendix V
Jl(x) 0. whenx—O 3.84, 701 10. 19

Smce we want a null in the plane of the loop (6 =0°) and two additional ones

for 0° < §< 90° then ’
* kasin flmax = kasin 0]0 90° '— ka=T7.01

Thus

7.01 7.01:
b. The nuils will oceur at _
8 = 0° and 180°

9 = 90°
and B

kasin 8)o=1.11572 = 3.84
3.84
Ir(L.1157)
and 8 = 180° — 33.21° = 146.79°

=@ = sin™} [ ] = 33.21°

- 5-21. E = a¢ClJ1(kasm 6) where C} is a constant = pw = a4 and

PLF = |pu - Pal lag - pal

By inspection, the PLF is maximized if the probe antenna is also linearly polarized in.
the ¢ direction. This can be accomplished by usmg as a probe antenna another loop -

antenna so that
pa = G¢ and PLF = lag - agl® = 1.

It can also be accomplished by using a linear dipole as a probe antenna with its length
_ parallel to the plane of the loop and tangent to its curvature. Some specific examples

i
i
E
i
i
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would be [using the transformation of VII-7b]
fa = Gzlgmoe = PLF = |y - delgmooo= |Gy - (&5 c05 ¢ — Gy sin A)3=000
=l (e =1 .
Pa = bylp=0e = PLF = |ag - Gylpmoe = |44 - (,5ing + &4 cos ¢)[2_g
. =lag - ag* =1
and many others.

5-22. A very small loop of constant current is equivalent to a magnetic dipole. Since the
loop is placed for both parts (a and b) perpendicular to the zy-plane (the plane of
the loop is perpendicular to the zy-plane), the axis of the linear magnetic dipole will
also be parallel to the zy-plane. Therefore according to Figure 4.12a, the image of the
horizontal magnetic dipole will be as shown in this figure. In turn the array factor for
both parts (a and b) of this problem will be the same as that of the vertical electric
dipole of Figure 4.13 or'

AF = 2-cos(kh cos®)

Since the actual source and the image are oriented in the same direction. Therefore

- according to (5-27a)—(5-27c)
~6‘> Acttjal Source

Xy - plane’
///TV/ /44
. h :

O =oco
‘@" Image

a. Plane of the loop is parallel to the zz-plane

h

Ey = n_(ka_)i%e_ sinY(AF), sin9 = y/T—cos? 9 = /1 — lay - a.|?
: =1 sn?osine
27 ,—jkr '
— &a)%:;_; sin ¥[2 cos(kh cos )]
k 21‘ —Jjkr
E, = n%‘:’% cos(kh zos0)1/1 - sin? fsin” ¢
5 .
Hy=--X
¥ n ,

b. Plane of the loop is parallel to the yz-plane. The fields for this problem are the
same as those_in part a. above except that

sing = v/1—cos?p = /1= [a, &, - /1 —sin?fcos? ¢
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(ka)? Iy eIt :
E = —_———— ‘
¢ 77v T sm? ‘ . G )
|AF| = |27 sin(kh cos 6)] S

523 a.
ST e—kr
o ° . sinf, S = ma

AZr N
Slye=7+ ‘ . ‘
(E¢)t = E4(AE) = T]%F— ~sin § - [27 sin(kh cos 6)),

« above ground plane total field. .

Y A

Ey=1n 2

=
O = oo *
! D |
« 1
; i

b. A=A kh=2r

sin 6 [27 Sin(2i7r cos8)] =0, sin(éw cosf) =0, 2w c_osG.-——i n. B
. } B n=0,1,2 i
6, =0°, c050n=§,n=0,1,2.=>0n=90°, 4

fo = cos™!(0) = 90°
61 = cos™* (3) = 60°
f2 = cos™1(1) = 0°.

(E)t = C'sinfsin(khcos8)|o—goe =0=C - (ﬁ) . sin <27_r -h l)

.2 A 2
V3 . [(=h )
C'T'S‘“(T>

h

sm ( N

5-?4. a. Array Factor = 2cos(khcos8)

Rl e
h

=

>l & e
]

0= %}3 =sin"1(0) = nm,n =0,1,2,3, ...

= £n = physical nonzero height = h = nAdn=123..:

T
O =00
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b. AF = 2cos(khcos,) = 0
= khcosf, = cos"l(O) =nn/2,n=+1,43,+5 ...
[/ nm\ ' :
—cos=! {P7/2) i o \ el "_’\) — one=1 (T
On = cos {Th} = cos k%\ﬁh) = ces (:h ‘h=_)‘/2—cos (2) ;

61 =cos™! (£1) = 60° 65 = cos~? (+3) = does not exist
2 P

5-25. Since the small circular loop area is parallel to the z — » plane, its electrical equivalent
is an infinitesimal magnetic dipole directed along th

{/"'\\
2 y-axis placed a height h ) o
above the PEC. Also its image is at a depth h below th ’ » -
h/es
/‘\\
/"’\

e PEC interface. The image
Is in the same direction as the actual source (the same mzgnitude and Pphase).

a. Therefore its normalized array factor is

(AF)y = cos(kh cos )

whose iaaximum value is unity.

b. To find the two smallest heights, other than h — 0. where the maximum will

be directed along 6 = 0°, we set the normalized array factor to unity, or - ' ‘ o '
[AF(8 = 0°]max = [cos(kh cos O)lo=02]max = coS(kR)|may = 1 ’ E\
kh=cos™ (1) = mn . ' S

5-26. From Problem 5-16(a)

Exl?=90° = Cy cos(khcos6)1/1 ~ sin? @ sin2 | 9=;5;
=450

]

= C1cos(kh cos 6) c08(#)|g=4s50

o Eh kh ; .
= 0.707 - C; - cos <E) =0= —\/3 = cos™H0) = gn,n =1,3,5,...
For the smallest height
. kh 27 '
Shomo V2w Y2, 03535 A
v o2 2 k 4

4=




527. a . o [om 1 /2:r(3x108)(47rx10~7) r [12
Ry == —,[2F0 —1/ —=x 10
WV 20 T 20- (1079) V 5. 7x100 20V 5.7 ,
, o 227915 ohms L :
b ‘ kS 2!\ [ 2n*\?
. =120-7- =12
- B °.” (3) (5 ) - (”)((20)2)
o 4.78 ;
§ 1N
c. inductive reactance X4 =wly = - *’ L ‘
8a : /A 711N
La= In{ = arx107%- (D) {2 1) o
oo () ] zort () o (35-55) -]
_ = 2.648 x 10~ 7(<—a—'\° b—_-'lO“Ao) <—,\..1m f_3x108
| oo Xa=2:7m-f-La=2-m (3x10%). (2648x10—7) —'499158
E .. Xa> (RporR,) § : :
5-28. From éq_uation (5-24) o E ’ ; ;' ,
, . : ' , : -\ 2
, () (a2 = 25 (BN gy 2 (25
O o R"”(a)(k‘a) =13 (,\ H20m- =\ e
2 (SN 8 s
{ “a. Area s yis
: . a*bhs a*b
ﬂ » ' ‘b
% a —>+
b. Area ) .
ab .
=755 R, = 3‘1170.909 -A
-'_/—‘
a

A AeC

123 -

i
___J__
|
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5-29. f =100 MHz = A = ¢/f = 3 x 108/10% = 3 meters

C_M0_ A _ 3 _ (0230 m=000796)

C=21ra_=;>a=—é—;_ o =40-——7r=407r

20
o 8 -7
o [wpme  A/40m \/271' X 10%(4m X 10°7) _ oo

~ 4 : 2 )
(a) R, =20n? <§) = 2072 (i) = 2(1)2 x107* = 1.233% x 1072 chms

Re=gy%7 = /4007 2(5.7'x 107)
Rin = R, + Ry = 0.0012337 + 0.00838 = 0.0096137

‘ , A
" (b) [ 8a _ -7 S sor
Lo = poa |In (T — 2| = 47 x 1077(0.0239) |In 7406 | 2

=03x%x10"7 [In (_&;_0) - 2} = 0.3 x 1077(3.2373 — 2]

= 37.12 x 107° henries

Xao=wLs = 25 fLq = 2(108)(37.12 x 10~%) = 23.323 ohmns

. A
— 2 8Y(47 -7
Li= -2 [0 _ . 40w [2A0)0% X 107) s 010
wby 20 2(108) A 2(5.7 x 107)
| 400

X =2mfL; = 2m(10%)(0.1333 x 10~1°) = 0.83771 x 102 = 0.0084 chms

X, = Xo + X; = 23.323 + 0.0084 = 23.3314 ohms (inductive)

(¢) Capaéitance

- 1 : .
- ! - =11 _ ~12
C= 93331427 x 109) =6.82x 107" =68.2 x 10 farads

5-30. From the solution of Problem 5-28, the radiation resistance of a lcop is

(Area)? .. (S)?

Thus for rectangular and elliptical loops:

a. Area )
a?b
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| 14
: — o |
o ~ a >y
- b. Area . ' b
T oray f
Y s_n(§)(/\2>, R ~31,17T15
: LT a
s | 5-31. In Far-Field (kr » 1) region '
y: o kI . B . : :
. E E¢a¢ = —]174 e"Jk" (-—> le: effective length)
] SR 2roe-ﬂ=f 4 wSlpe ik
1 By = =g sin6 = "T.?l“v"
. P kfo(]k 5 smG) ,(‘_ LAY
4 i ; - 4zr o A2 4
':' - - o "l =jk-S- sm0 a4 v '
532 ¢ = 2n a—14)\ -%:0.2228;\‘

Q=2In (:m%) =2In (2“00621252585> -

a. From Figure 5.13 » '
) Zin = Rin + 7 X = 320~ j40
Zin'— Z¢ 320 - j40 — 300| - ,

- =.0.0718
Zin+ 2, |320—j40+300 .
1+ 1+0.0718
1—|T}  1-0.0718

= (3.0769 + 50.3846) x 1073 = Ge +3B.

3;} - . . ‘ : ' . b. II‘\[

VSWR = =1.155 -
1
V= =
¢ Zm  320— 340
To resonate the cncuxt the unknown element must have an inductive a.dmxt-
- " tance of ‘ .
| Y, = —j0.3846 X 107 = —j— = L = L
% ‘ “f“km" - = TICE TN T 03846 x 10-3(2n7)
1 ‘
70.3846 x 10-3(27 x 108),
.10—5
0.7697

L= =4.138x 1075 h
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G=44x103(B,=08x10-3

)

Thireforg the unknown element across tr2
inductor of L = 1.989 x 10—6 henrles

terminals of the loop must be an

5-33.  a. From Figure 5.13 (a, b)

Zin = 90 — 7110
b. Inductor;
Xp =+110 = wL = 2nfL

_ 110 110 10 .

= nf T ar (109 ~ oy <10
c. Zin = 90

Zin — 2, 90— 78 .
M= |25z = 5778 = 168 = 0071

1+ 1400714 1.0714
VSWR 11—l 1-0.0714 ~ 09285 1.1538

534 a. From Figure 5.13(b) Zin = Rpn + j X., = Rin = Xin = 0 when

12 = 27(a/b) = €8 = 403.429 — % = 64.21
e 11 = 2n(a/b) = €55 = 244.692 = % — 33 94
=2 (27) = | o D
: b 10 = 27(a/b) = €5 = 148.413 = 5 =23.62 .
9 = 2m(a/b) = e85 = 90.017 = % =14.33

b. These occur when the smallest circumference of the loop Is jfrom Figure 5.13(b);

=12 C=2ra> 108\ =0 = 0.1710A = b = 0.1719A/64.21 = 2.68 x 10-5)
Q—11=>C~27ra~110/\=>a—0175)\=>b—0175/\/3894 4.496 x 10-3)
Q—]O=>C—27Ta~114/\=>a—O.1814A=>b=0.181-4)\/23.62=7.68x10‘3/\
Q_

=9=C=271a~128\ = a = 0.2037\ = b=0.20371/14.33 = 14.216 x 10~3

D D e ey

}




5-35. I(¢) = Ipcosd

_ I 27 A e—jkr . Ty e—jl}'rj 2 T . ‘ ., o
P Am =52 [ agcony T g~ B0, [ aocosdt ettt ap
’ _ 0 ' 0. L .

N ) \ 4 R 4r 1
. ‘ . . . X . IJIO e‘—jkr 2 . i ) ,
< : =T—a {—&I / cos ¢’ sin ¢'efkasind cos(o—¢") gy
: B . . 4 T 0 ’ ) . .

2m B
+ &y/ (':052 ¢I X e_jkasin?cos(d)—-#) d(P'}
. 0 ,

— wloa C—jkr_ R an T, :jkja.‘éinﬂ'cos(d)—o') /
. 8t 1 { az./o sin(2¢ )e e

ol ' 2m ST ,
; + ay/ (COS(2¢I) + l)ejkasanC?s(db—cp ) d@'}
. 0 . )

For e a4

i v ﬂ:[oa e kT
4 4 T v
: .+ dyJo(kasin8)}
s ] I . —jkr _- . . . .
! —Boae, {~a4Ja(kasin @) cos ¢ + dy3[J2(kasin 8) + Jo(kasin 6)]}

é i o 9 r
' ploa e 7kr . o . Ji(kasin )
? | = {f%Jz(ka sin 0)cos¢+ay—m

"2 T
—gkr Ji (kasin 6) cos
kasin @ o

{azJ2(kasin 6) sin 2¢ — dyJ2(kasin 8) cos 2¢

U

—ulgae

2
ploa e 7%7

2 T

Ccded

{Jz(ka sin @) —

Ji(kasinf) cos ¢

_ ploae™3*" Jy(kasin §)

-2 r kasin 8

: jnka  e~35T

E¢ ~ - "é—IOT.Il
jnka _ e=3* J(kasin @)

B = 2 fo r kasin@

Ay

cos @sin ¢

ko sin 8) cos ¢

cosf@sin ¢
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CHAPTER 6

R ekt T gmikm2

6-1. (a) E, = B\ + E2 + E3 =2k, — +Eo——+Ep

re :

1 - i _
where the center element is placed at the origin. For far-field observations

ry~7—dcost
ro>~r+dcosf
Ty Ty for amplitude variations

} for phase variations

and R
—jkr

- e
- Ey = Ej -

—ikr

{2 + éjkdcoé? + e—jkdcos9}‘v
1, . : '
{2 [1 + 5_(eJkah:os@ 1 e—gkdcoso)] }

{2[1 + cos(kdcos 8)}}

V‘C‘—’Eo

© =gk
eJ
= Fy

-
Computer Program Directivity

U = cos? ( % o8 9)

Atd = A/4
‘Prag = 8.7119
Do = 144244
=1.5910 dB
2T A T
=373

. _ 2 (7 o).
i AF(8) = 4cos (4 cos 6) |
Thus the array factor is equal to

AF(8) = 2[1 + cos(kd cos §)] = 4 cos® (l—;—i ‘ees@)

which in normalized form can also be written as

kd
AF(6), = 1 + cos(kd cos 6) = 2cos? (? cos 9)

128

1§
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(b) The nulls of the pattern can be found using either of the above forms for the
array factor. For example

one form A ' . the other form
. kd
AF(6) =1+ cos(kdcos6,) =0 2 cos? (7 cos en) =0
: kd
cos(kdcosf,) = —1 5 cos 6rn = cosT}(0) = nz_w,
klcosbn =cos™!(—1) = nm,n = £1,43, .. n=+1,43, ...
bn = cos™H(nA/2d),n = £1, 43,45, ... n = cos™H(nA(2d)),n = +1,+3, ...

which are of identical form. Therefore both forms yield the same results. Thus
for d = A/4

A .
6, = cos™! (g—d) =cos™(2n),n = +1, :tB, ... = No nulls exist.
d=\/4 )

(c) Similarly the maxima of the pattern can be found using either of the two forms 7
for the array factor. For exa.mple

S ol e Bt 4 W T T W

one form other form

}__ AF(6) = 1+ cos(kdcosb,,) = 2 . AF(8) = 2cos? <k2—d cos Hm) =2 |

: cos(kdcos ) = 1 | cos (I%d cos Hm) =1 :
kdcos Om = cos™1(1) = 2mu, 5 €08 b, = cos™!(£1) = ma, /»\
m=0,%1, .., m=0,%1,... g
O = cos™1 (ﬁd’l) ym=0,%+1,42,..., 6, = cos™! (?) ym=0,£1,42, ... m
. wh]ch/are of identical form. Therefore both yield the seme results. Thos for

d=2\/4

= cos—1{dm _ ‘ m=0: 6= cos1(0) = 90°
Hm = Cos (4771)7 m = Oyil,iz,-—b { = 41 01 — COS—1(4) = Does not, exist.

The same is true for other values of m (i-e, m = £2, +3, )
Therefore the only maximum occurs at 6 =90°.

(d) Computer Program Directivity:
When d = )\ /4

kd s
- 2 —Adces2 (T
AF(8) = 4 cos (2 cosB) 4cos (4 cosﬁ)‘
= cos? (T '
U, = cos (4 cosé’)
D, =1.4384 =1.5787 dB
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kle=3%r
K 47T

" 6-Z. one dipol_é Eg=3 -siné
Arr‘a& Factor:

E 7 ;.‘A'zzcos"/; WA
(AF)2=EO e?2 .78 2 4 etig N cos¥

S A
| = Boel 4 i [eTalonv ) o aConvoD]
C - x ¢
: Ege4 -2 cos(4(co_s¢v_ 1)) :

% By’ 2008 (F(sindsing 1))

(&y - &, ='sind - sin ¢ = cos ) = sinf -

At y, z plane, ¢ = 90° "
a. (1) |E9(0)|4,=0o x 'sinG - cOos (g—) | y  (z-Z pléhe)
- ' 0<fh<nw -—m<f<m
. . I K 7r . . l .
- {2) |Eg(8)|p=s0° lsm@ - cos (Z(s;nQ - 1))' , (y-z plane)

(3) |Es(®)loms0e o Icos (g(sin(ﬁ - 1)) l . @y plane)
(4) |Eg(8)lg=00 x 0 . . .

. (5) |E¢(6)|g=90° x 0

© (6) |E4(6)lo=900 x O

2) Y
e
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. SRS B

3 Edo)l | @ 12

D, SN

G S (6) %

1E,(6)) IE (@)l
¢=90° 6=90°

! : . =0 - =0

r) Tm e W)

<Y
<

6-3. Method I

a. Derive the array factor;
AF = —eThdoosd _ j 4 emikdeosd — _ojsin(kd cos 0) —j
AF = 2sin(kdcos8) + 1
AF = 2sin(m cos 6) + 1

b. 2sin(wcosf) =—1

kdcos 6 — sin_r(—l) _ T =5m-—-13m Tr 11w 197
sf = 1y =

66 ' 6 "6 6§
ancoé"l(%)

- g ~ 6, =9959°
5w

— —6— - ] 92 = 146.44°




Y
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Method II o
Uniform array with 8 = —n/2.

‘-“. . N¢ . 3 . B 4 )
sm—2— _ smé [ncos&—il_ »

.Y .1 Y

Nsin — ‘-3“sm-2-[7rf:os_9—5] -

o
o
I
o
o
[}

t
-
|~
/—'\
B~
K
ll\)
3
~—
eeicd
=
I
“)—‘
[y

n=2 cos [-§] = 146.44°
6-4. & ' AF = 1 4 ef(kdcos6+m/2) 'e-j(kdvcost9+1l"/2)

- =1+42cos(kdcos® +/2) -
"o AF =1 —2sin(kd cos 9) » ‘ ‘ 3

'CT‘

To find the nulls, _
AF =1 — 2sin(kd cos 6) =0
~+ 2sin(kdcos8) =1, wcosd =sin~' (1) =
1513
6'6" 6"
Ooun = 80.4°,33.6° -

‘cos =

e=ikr2  pmikri o=kt o—jkra.

6-5. (a) E= + -
T2 71 T3 T4 .
—jkr
e’ . 3d : 4 _id —ip3d
- [E-Hk ) cos 6 +e]k2c950 —e _7k2c050 —e Jf» 5 cos 8
r - :

: . d 3d d 3
- 7'1=r—§cost9,7'2=r———2—cose,r3=r—|_-'§c059,r4=r+7cos(9
‘ bd . (kd
CAF =125 [sin(%g oS 9) + sin (7 cos(?)]
,  kd S . (kd
..~ {b) letz=kdc059,y=—2—cosl9=>AF=4] sin(kd cos 8) cos -2—c059

AF(d = A\/2) = 4j [sin(7r‘ cos 6) cos (7_2r cos 9)]
6, =0°,90°,180°

——
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e—jkr

6-6. Etotal =

- [2 + ejkdcos'np + e-jl;dooswl
e-—jkr '
= - [2 4+ 2 cos(kd cos P)]
cosy =4, -G, =sinfsing

So, o
AF = 2 + 2 cos(kd sin f sin o)
or o .
AF = 2[1 + cos(kdsin §siz )]
6-7. d = A/10, broadside, uniform = N =?

(a). HPBW = 60° = /3 rad

o Ty (1391
eh_2[2 Cos (ﬂ’Nd
T oolT 11391\
3 =2 [2 €08 ( 7Nd
Tl ot (LN L1800\ ¢ x g 60
6 2 nNd ) 7 ° "Nd )T 276737
1

A w1
NJ = cos(60 )—5

- 1.391(2 1 1 -
N= “icg P _ L3912)(10) _ 8.855 ~ 9

.
N ~ 9 .
(b). FMBW = 60° = /3 rad

{

—"

SIS

Y

> =D =D DD

= -

)

TPy e Yy

DR )

rm

|
0

s
NS




~

YRS

‘o

& C ot €

&

£

mC

A

)

, 2\ 48.19° o
= =1 ) =
6, = cgs (:EB) {131.81°

s 4 .
H -%_l.cos”1 (i—) = does not exist™

(b) m = cos™! (£B2) = cos~Y(£2m),m = 0,1,2,.... "

m=0: 8= cos~1(0) = 90°

I

m

) .. (C) Oy :’12 [90° — ‘cos_1 (i‘)lﬂ)] = 2 [90° f-coé‘l (—lﬁ@)]

= 2[90° — cos™

1:

\#Nd
1(0.295)] -

= 2(90° - 72.83°) = 2(17.17°) = 34.34°

or

on= o
e (

Nkd

2782\ 7 2.782 :
cos fp — 8 ) —cos™! (cos 6o + —S—)J oo —o0°
. . . L o= .

=3,d=

2 x 2.782) -1 (2 X 2.782
—————— ] —cos —_—

6 67

= [cos™1(~0.295) = cos™1(0.295)]
- =107.168 — 72.832 = 34.34°

(@) Do =2¥ (;) =2

(e)

1 :
AF), = — : s =
(AF) N sin [1{kdcos 6 + 5)) ‘ Aoe
1 : ' (AF)p=0e -
AF)n(0=0°) = = (AF) (0 = 90°) = ~— 2907 -
(AF)a( ) = 5(AF)a( ) (AF)ocoor

(3) (%) =3=47712 dB

sin [gz(kdcos g+ 5)}

6 = cos™}(£2) = does not exist

3

Nkd

)

22

sin (3—; cos «9)

3sin (g cos 0)

1 .
§ = 20 loglo <

1 .
=1 =-954dB
3) 9.5

fo bt &

Hadobed it e s e
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or approximately:

sin{3Z cos §) __ sin(3% cos 9)

3311:1(’r cos 6) 3" cos @

(AF).(8 = 0°)
(AF).(6=90°) ~

(AF), =

,
AF,(6=0°) = g(AF)n(e =0°) = 37 = 02122 = 1346 dB

6-9. Placing one element at the origin and the other at d distance above it, the array factor
is equal to ‘ : '

AF(B) =1 < gilkdcos 6+5) |
iz 3) 1, - .
— 2ej;(kdc035;g) g7 (kdcos6+3) 3 eti5{kdcos 0+)
2

.1 . .
AF(9) = 2e72(de00%8) o5 1135 0059 + 8}
which in normalized form can be written as

(AF),, = cos [4(kd cos§ + 8)]

27 (A T ‘ '

a. ﬂz‘kd= —-T (Z) = —5.
m

b.Ford=X/4,  (AF), = cos [Z(cose - 1)]

e (AF)nlmax =1=cos [g(cos O — 1)}:> Om =

(AF)_ = 0.707 = cos [z(cos O — 1)] = Z(cosf bn 1) = - cos™}(0.707)

+ ;r For-i /4 = cosbp—1=1= cosbp =2 =6, = cos~1(2)
= Does not exist

—g For—n/4 = cosf), —1=—

= cosdp, =0=0, = cos‘l(O). =90° = g radians

Therefore 6, = o = 2 (- 0)=n

4 i

911'021‘ (7r)2
w

Computer Progljam (U = cos? [Z (cosf — I)D

and Do g

4
=-= 1.273 = 1.049 dB

Do = 1.9945 = 2.9984 dB.
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6-10. & f=+hd=+2
; ~ 2 L

b (AF), =cos [Z(cos 6+ 1)}

N

(AF)

n}max

=1=cos [%(cos O + 1)]4 = O = 180° = 7 radians -

(AF)_ = 0.707 = c'os_(g-(cosﬂh + 1)) = 6), = 90° = g radians

»

91,_92,_2(7r——)=7r
and R
Dy~ == =1273=10494dB - .
. - o -
Computer Program result. CoE T .
g2 [ . 3 -:
U = cos [4(cos?+ 1)]
Dp=19945=29984dB o
: . ' o2 (A ] .o, .
' b oo AT (P Y e (12 )
fn = cos [1 Nd = COS (1. 4/\/2> CDS ( 2)?

: | - |
n=1,23,..., n#4.8,... v é - i’ . o "EP‘
n=1: 6, = cos”}(1/2) = 60° ' : : T o
n=2:6p = cos_l..‘(()") = 90° ' o
n=13: 03 = cos"}(—1/2) =120° ‘
c. b =cos™H(1—mA\/d) = cos™1(1 = mA/A/2)
=cos”}(1-2m), m=0,1,2,...
m=0: 8y = cos (1) =0°
m=1: 61 = cos™(—1) = 180° ,
d- gy = 2cos™} (1'—‘ ﬁ) =2cos™! (1 - Zl)\i/é) =2cos™* (1 - 3)
= 2c05™! (1) = 2(60°)
6y =-120°

o

Dy = 2N (;) = 2(4) (-)%2—) 4 = 6.0211 dB because end-fire in both
directions :

Dy (Computer programs) = 8.2085 = 9.1427 dB (using approximate AF)

Dy (computer program) = 4 = 6.021 dB (using exact AF)
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M
6-12. a p _ 4y (2)
: A . N
- 20 = 10log;o Do (dimensionless) = D, (dimensionless) = 102 = 100 -
' )
100=4N(%)=N.=>N=100 '
' A §9
b. L = 99 (Z) = ZA = 24.175) | O
< O348 = O, = 2cos~! 1 1:39A ln=100 = 200571 | 1 = 13914 ™
| " Ndr ~ </\ ) '»
m{—]100
4 4 O
_ -1 1.391(4)\ -1 _ -1 .
= 2cos ‘(1 T oor /= 2cos™ (1 —0.01771) = 2cos (0.98228) ~
Op = 2(10.799°%) = 21.598° =~ 21.6° - ' '
O
~ d. Sidelobe (dB) >~ -13.5 dB
2m (A T o O
| . O
6-13. N = S, Ordinary End-Fire Array ~
() 0O<d<i/2
(b) 0<d< A/2 , O
(c) d=r/2 - D)
@ d=n) n=1,23,..." 1
: O
6-14. N =6. 6o = 0° and 180° simultaneously /L
(a) d=x/2 L e
2r (A : ” N
(b) B=tkd=+2= 5 ) =%m =+180° ,L
o d ) ' ,\ . S
© Da=(3)aN (<) =1@)6) (2 ) =6=7734dB
(d) sin {-(kdcose + ﬁ)]
(AF)n = :
N sin [1(kdcos 6§ +,B)] d—A/Z
B=—kd=—n
. [Nkd _
_ st [ 2 (cos6 - I)J sin[37(cos§ - 1)]

N sin {%z(cose— 1)] -+ 3sin [g(COSO - 1)]

S ) Y P e e )
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6-15.

6-16.

‘ oo ‘sm( 37r) _0;
v (AF)a(6 = o°) ; 38;21(8) 1
(AF)(8p = 90°) : L0
AF)(B=07) . 1 0= ~°dB

a. Choose different phase excitation. That is

: 2.94\" _—e
h=z (’““T)_.— £ (kd+ ) )
N 2\ 2,04 r "
3 B —:’:(Tz+m) —i(§+0;o294)
= :!;(1 570796 + 0,0294) = +(1.6) = +91.684°
b. Dlrectxvlty increase by 1.789 factor =2526dB
»¢. The HPBW ‘will decrease because sidelobe level will increase.

0.1398) ©0.1398).) -
Bp=2cos™¥{1-- = =111 -
b= ceos .;(1 T) 2 cos (1 100,\/4)

L i{. 01398:(4)
= 2cos 3 (1 W ‘
= 2cos™(1 - 0.005592) = 2 cos™1(0.9944) = 2(6.066°) = 12. 2.13°
decreased by 9.47°

d. sidelobe level will increase. It will be higher than —13.5 dB

N-1\ )
N

b. 8=kd —:~294 27r(0225)+0294—17077rad

C. 0 = C0S"~ < 1—2n)m)

= cos™ (1 +(1- 2n)——>

a. d= (——-) — = 0.225)

6y =cos~(0. (0.777) = 38. 9°,0, = cos‘l(O 333) = 70.53°,
fs = cos.-l(~o,111) = 96.38°, 04 = cos‘l(—0.555) =123.7°.

d. First null Beamwidth
A

= -1 —_—— = -1 _————— = 77880
G, ; 2cos (1 2dN) 2cos (1 2(0-225): 10) |

e. Dy =1.789 [41\/ : (;)J = 1.789[4 -10 - (0.225)] = 16.101 = 12.068 dB
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L ; v | k;’m!
6-17. N=6 ’ =%
(a) d<)/2 -
{h) Choose d = 31/8 , ‘ éf\
| d 3 T
Do = AN (X) = 4(6) (g) =9=9.54 dB(d = 3)/8) ~
Dy (d =5X/24) = 4(6) <%> =5=6.99dB(d=5)/24) e
Hansen-Woodyard End-Fire (d = 5A/24): )

© 5 _ a4\ _ LAY EAYS :
" Do=1.805 4N (1 )| = 1.805 [4(6) 3 )| =1.805 |24 S o
L s ) ‘ . | . A
-—.1».805[24(24/} , | e
= 1.805(5) = 9.025 = 9.5545 dB ~

N—1\X [6-1\/A\ 52A ~

@0 (71 () ()3
618. N =10, d= \/4 ' O

(4) Broadside (Table 6.1 and 6.2) = 8 =10 °

1.394 x 4 : , .
. HPBW =2 {90° (—ﬁ)] = 2(90° — 79.80°) = 20.4° . RS
FNBW = 2 [90° —cos™! (%)J = 2(90° - 66.42°) = 47.16° )
‘ ~ . o ' -1 6 ] ] '/\)
FSLB W =2190° — cos 0/ = 2(90 ~.53.13%) = 73.74° Aee
. ~
From (6—17a) = Relatlve sidelobe ma.x1mum =—-13.46 dB ik
F&‘om’l‘able67=>Do_2N(;i)—2 10- —=5—699dB O
Using the computer program of Chapter 2 "}'\

Do =5.21 = 7.17 dB
(b) Ordinary End-Fire (Tables 6.3 and 6.4) = f = 2kd = 47/2 = .90°

" HPBW = 2cos™! [1 - MJ = 2(34.62°) = 69.25°

=0

| ) 107 (—\

FNBW = 2cos™! [1 - EJ = 2cos™1(0.6) = 2(53.13%) = 106.26° L

- ) - "
FSLBW = 2cos™! |1 — 25 | = 2(6-.42) = 132.84° o
v

D

ik,'/’

<«
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From (6-17a) => Relative'side lobe maximum = —13 46 dB

& ; o - From’Tagble 6.7=>Dp=4-N (;) = 4(10)-— =10=10dB
; . ) ' : . Using the computer prbgram ‘of Chapter 2 = Do 10.05 = 10. 02 dB
gy . : ~ (c) Hansen-Woodyard End-Fire (Tables 6.5 and 6. 6)
f==% (kd + 0) £(90° +18°) = +108°

1.398(4)
10
4

) - E S . FNBW = 2cos™" |1 - —m] = 2(36. 87)—73 74°.

- o o HPBW'= 2903_1 1- ] =2(19. 25) 38.5°

. . : 4 ‘ :
FSLBW = 2cos™ |1 — E] = 2(53.13) = 106.26°

PR IRFRROPS

From Figure 6.9 = Relative side lobe maximum = —9 dB -
i; | From Table 6.8 = D0‘=' 1.789 {41‘1 ( 5;)} = 1.789(4)(10) <1>
ST =17.89 =125 dB
i U’*m«:r the computer program of Chapter 2= Dy =18.02= 12 56 dB

Aatabed st a L eiae e e a L

AR R R

sin [%(deOSG + ﬁ)] A‘_ sin [5(% cos 8 + ﬁ)]

6-19. (AF)
| AF), = —11 L i
3 | B .Nsin [i(kdcosf? +ﬁ)] 10- Sl.n"[E (_2_ cosf + ,3)]

: 2m (A ‘ o
Gy = 45° = 3 = —kdcostly = ——;\ZT- (Z) cos45° = —1.1107 radians

a. Using (6-22)

' o :
= = -1 45° — -1 - 4 :
8, = HPBW = cos [ 0s 45° — 0.443 Tt d)] cos [COS45 0.4 3(Lt, :

: 1 ' 1

3 —1 -1 :
Fgaairy _ . . - " . 0443

e = CO0S [0 ?07—0443—-—-——————2'2 v 0.25} — COS [0 707+ 0 ——-———7-25 025 .

O, = cos~1(0.5299) — cos™(0.8843) = 58° — 27.83° = 30.2°

b. Dy = UrUn:x’Uma.x =1

[5 T (cosh — 0:707)]

» - = | §in
& ' . .Uo=%/ :
_ /o 5-

7 sin 6 df
E(COS 6 —0.707)
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5
Let z=5- -72£(cos0‘— 0.707), dz ___7__27_1' sin 6 df

~13.4067 . 12 :
Up = __1_/ F————m z] dz, (Nkd - large)
2 z

.2012 [

1 *® /sinz T 1

~ dz= — ==

Uo 57 Joo ( z ) o -5

Umax 1
= Y —— = = D —0Qno
Dy A (1/5) 5 .0I00—90
since for‘ fo = 90° Do >~2N (X)

' d
and for 6y = 0° Dy~ 4N (X)

we might expect for 6y = 45° the value of Dy to be so‘mewhere between Dg|g, 0o
and Dglgy=gge g

d
A possibility is Dg|py—gse =~ 3N (X) =3-(10)- (1), Dy~ 75

Using computer program:
Dy =5.321

sin [g(kdcos 6+ ﬂ)]

6-20. (AF), = N sin [1(kdcos @ + 8)]

sin (Jlkd cos 6)
- F =0=>(AF), = —>____ 7/
a. For .0 (AF),, N sin (§kd cos §). g :

In order for the array not.to have any minor lobes, we can as_sumé that its first
null occurs at 6 = 0° or 180°. Thus - ' '

N . .
sin ( —kd) )
2 N 2r . A
A = = —kd = ==
(AF), Nsin(hd) ~ 0= ghd=m=d=im =0
This assures that there are no minor lobes formed.
b. For 8 = kd the maximum occurs at § = 180° and the array factor can be written
. N -
. . 8in |5 kd(cos8 + 1
a‘S(A*F)'n= -[21 ( )]
N sin [1kd(cos 6 + 1)]
In order for the array not to have any minor lobes, we can assume that the first
null is formed at § = Q°.

N s A
— a+1 =Nkd== ==
’I‘hu.s 3 kd(cos6 + 1) o = d =d NE = 3w
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2T A - 7T
01, kd= 02T
6.21. kd 173

a B = 0 radians

b. f=—-7/2

c. B= +7r/2' _
d.B=-136= _? 7=-04331

g.ﬂ="—‘(g+0:i47 or ( +0157)—_:—-;—é-7r——~1'72

)
£ ,6=+'(g+0.147) or +( +0157) ;(1),7;‘1.72 '

6-22. N =19, d = )\/4

a. N ' 2"r AN 7r\/_ /3 -
= —kdcosOo|gmape = — = () cos(30°) = —Z¥2 = IV g
o B cos Ol?—xa;{; 3 <4>co (30:) 2 - 1 1.3603
8= —1‘[ — _1.3603 (rad) = —77.94%°
b 6, = cos™! [cos 0o — 0.443——————] : - coé [cos 8o + 0. 443——L '
< | L+d]g_s0 - L+d g —30e
4 44
= cos” [O 866—05—3} — co [08664—0—5—3]
=cos™! (0. 7774) — cos~1(0.9546) = 38 9769° —17.3309° = 21.6459° -
8, = 21.6459° ‘ :
c. [135 dB

Computer Result.

HPBW = 23 degree
Dy{Directivity) = 10.103 dB "~

6-23. ‘Do = 2N (d/A)
a d—/\ Dy =2.10 145—699dB
. = 1 o = 2. 1 =9=0.
Computer Program: Dy = 7.132 dB

: A
. b.d=—2-,D0=2.10-%=10_=-10dB
Corhpufer Program: Dg = 10.00 dB
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c.d= —4—,Do =2.10- (0.75) = 15=11.76 dB
Computer Program: Dy = 11.624 dB
d. d=X,Dy=210-(1) =20 =13.0dB
Computer Program: Dy = 10.011 dB
6-24. The recommended eleiment spacing is
d= ——1——, where ¢ is the scan angle in degrees
1+ cosf '
" a. By = 30°
= = (.5 length
d 1T cos 30° 0.5359 wavelengt
b. 8 = 45°
= ! = ! = 0.58578 lerigth
" l+cosd5® 1407071 wavelenst
c. 6y = 60° »
A== 1 6667 wavelength
T I+cos60°  1+05 00 g |
Although a narrow element pattern can sometimes accommodate larger spacing, using
this rule will ensure that the array factor has only one maximum in the visible region.

6-25. Since the excitation coeficient of each element is identical, 8 = 0. Thus

where
"/}Q =0 ' T
Yz = kdcosy, = kdéy - &, = kdsind - cos ¢

Yy = kdcosy, = kda, - &, = kdsin 6 cos ¢
Y. = kdcosy, = kdéa, - a, = kdcosf

; For element at origin

; For element along z-axis
; For element along y-axis
; For element along z-axis

626, (AF), = cos6;0° < 6 < 90°,0° < ¢ < 360° . "
(2) Replace cosé by sinfsin ¢

(AF)n = sinfsin 6; 0° < 6 < 180°,0° < ¢ < 180°

(b) 1. zy-plane(§ = 90°) = (AF), = sing
sin ¢y, = 0.707 = ¢h = 45° = &, = 2(90° — 45° ) = 90°.

2. yzplane (¢ = 90°) = (AF), ~ sinf

sin 6, = 0.707 = 6, = 45° => Q) = 2{90° — 45°) = 90°

|

3"() »
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<17rUrnax

Do = s Umax. = sin2 6 sin? d)],,,;x =1.

rad

T P,ad—/ / U(B ¢)s1n0d0d¢ /, sin ¢d¢/ sin® 69 L
T = g(g) £l — (see below)
/;‘ siﬁ2¢d¢:'%/o .[1.— cos(2¢)]d¢='% [ ' 25111 @].

” '3 ' 1- 3 ‘ﬂ 4
sn0df=|{—cosf+ =cos°0} =-
1) ' . 3 :O 3

_ 4r(1)
70 4x /6

=T
2’

=6 =7.782dB

6-27. (AF), ~cos?8; 0°<0< 90°, 0° < ¢ < 360°

(a) Replace cos 6 by sin 951n ¢

(b)

(AF),, =~ sin® 6sin? ;0° < o < 180°,0° < $<180° |
1. zy-plane (0= 90?) = (AF), =sin’¢ -
| siﬁz ¢n = 0.707 = ¢y - sin™1(0. 841) = 57.228°
= @) = 2(90° - 57.228%) = 65.544°
2. yz—plane (¢ = 90°) = (AF), =sin?9 .
sin? 8, = 0.707 => ), = sin™ 1(0.841) = 57.228°
' = eh — 2(90° — 57.228°) = 65.544°

47U ax

’DO = Umax - sm 9511’1 ¢>|max _1

rad

,ad—/ / U(8,¢)sin @ df dp = / sin gbd(j)/ sin® 6 df
16

/O sin? ¢d¢= Z/o [-2— - 2‘€os(2¢) + %cos(4¢)] = '—84,/0 in® g dg = i
an(1)” _4(15)(3) _ 5(32) . ‘

_.37r - 3(16) =15 =10=10dB

o
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6-28. B=0° d=\/4

2T A T
a: Y=kdcos@+ 3 = —;\—Zcose—i-o— Ecosa

l\[/=180"
b. 9=O°=>¢1£gé089°=gcoso°=%=>21=j

0 =45° = 1), = gcos45° = g% =2y = Q.444 + j0.896
AF = (2~ 5)(z — 0.444 — j0.896) = (~0.896 + j0.444)

, + 2(~0.444 — j1.896) + 22
3 elements needed '

a2 = —0.444 — §1.896
ag = 1

6-29: B =n/4, d=)/4

o '
p) —'2—AC089+Z
T 3

b AF = (2~ 21)(2 — 22) (2 — 23) _

=a) +azz + azz? 4 a423 — 4 elements required
1

C. Yoo =kdcosf+ 3 =90- cos(10%) + 45° = 133.633°
= ~0.690 + j0.724 = 7

PYroo = 90° cos(70°) + 45° = 75.782° = 0.2456 + j0.9694 — 22
Y1100 = 90° cos(110°) + 45° = 14.218° = 0.9694 + 0.2456 — 23

'R
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So _ . . .

~ AF = (z+0.690 ~ j0.724)(z = 0.2456 ~ 50.9694)(z — 0.9694 — j0.2456)

A = [2® +(0.4444 — j1.6934)z + (—0.8713 — 50.491)}(z — 0.9694 — §0.2456)
AF = 2% 4 22(~0.5250 — j1.9390) + 2(~1.718 + j1.041) + (0.724 + j0.690)

So

a; = +0.724 + j0.690 = 1.000138./43.62° -
ay = —1.718 + j1.041 = 2.00878.£148.786° °
a3 = —0.5250 — 51.9390 = 2.0088£—105.1500°

0.4.=1

6-30. ‘a. % = kdcos@+ 3 = 72°cos 8
b. 0=0°1¢ =1 =04r = z = 0.31 + j0.95
6 = 50° ¢ = 9y = 0.2577 = z5 = 0.69 + 50.723
6 = 100°: ¥ = h3 = —0.218 = z3 = 0.976 — j0.216
AF = (z - 0.31 — 50.95)(z — 0.69 — 70.723)(z — 0.976 + j0.216)
AF = 2° + 2%(~1.98 — j1.46) + z(0.865 + j2.298) + (0.272 — j0.96)

4 elements required

[«

. @y = 0.272 — j0.962 = 1/—74.22°
az = 0.865 + j2.298 = 2.46.69.37°
a3 = —1.98 — j1.46 = 2.46/216.4°
ey =140° =1+30 - '

e
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1

6-31.  a. The excitation coefficients for a 3-element array are 1, 2, 1.

Placing one element at the origin, one above it, and the other below it, the

problem is identical to that of Problem 6-1. Thus the array factors are identical
and equal to ' '

b. (AF), =1 - cos(kd cos 8) = 2 cos? (%ii cos 9)

" ¢. The nulls of the pa_tern can be found using either of the above forms, as it was
demonstrated in Problem 6-1. Using either one. o
d= A= 0, =cos™'(n\/2d) = cos"}(n/2),n = +1,43,45,....
n=x£1: 6; = cos™(£1/2) = cos ™} (%0.5) = 60°, 120°
n=£3: 63 = cos "} (£3/2) = cos "} (£1.5) = Does not exist.
n = £5: 65 = cos™!(£5/2) = cos™*(2.5) = Does not exist.
The same holds for Inf| > n. ‘

d. The maxima of the pattern can also be found either of the forms. Using the
results of Problem 6-1.
d=X= 0, =cos }(m)/d) = cos*l(m),m =0,%£1,4+2,+£3, ...
m=0: 6o = cos}(0) =90° '
m==1: 6; = cos™}(£1) = 0°,180°
m = £2: 6 = cos™!(£2) = Does not exist. The same holds for n >3.

6-32. For a three-element binomial array the array factor is that given in Problem 6-1 and
6-31. Thus in normalized form it can be written as

y kd
(AF),, = cos? ( 5 cos '9)
whose maximum occurs at § = 90°. In order not to have a side lobe, the a.rgliment of

‘the outer cosine function at # = 0° or 180° must be equal or less than w/2. Thus

kd
5> cos @

A

T
E 2

<

LR

9=0° =ds

6=180°

6-33. The excitation coefficients of a 4-element binomial array are 1,3,3,10or .

a. ‘“=3}N=2M;4=>-M=2
ag = 1
: M=2 '
b. (AF), = Z an cos{(2n — 1)u,u = Z¢ cos 6, using (6-61a) and (6-61c).

-

-

oy m e

o

)

{»
N
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Thus
iy :
. \AF)‘1 =a cos(u) + as cos(3u) =3 cos (T cos 9) + cos kﬁ cos 6) ;
whlch ¢an also be wntten using (6-66) for m.= 3, as o I
(A.F)4 = 3cos (ﬂ—)‘— gosﬂ) + 4 cos® (ﬂ)\—d cos 9) — 3cos <7r)\_d cos 9)
= 4 cos® (E[éos 9) -
A o :

' md \ :

(AF), = 4cos ( T osH) j
"¢. The nulls'o_ccﬁr when .- - . . . ‘ ) I R :
: T (AF)4 = 4 cos® (5{\— cos.‘0 )4: 0= 7"'Tdcos.é?,, = cos™}(0) S i !

9 o S i—nﬂ,n _o 1,2,. i

L ] . . ‘or . | oo . i

8, = cos™? [ EQL;—I)—/}} =3 /4cos_1[ (ZL;I)ZJ n—0,1,2

i~
n=0: f; = cos™? (:t§> = 48.19°, 131.81°

n=16 = cos“l(d:Z) Does not exist. The same holds for n > 2

6-34. a. Using Pascal’s triangle (2M +1=5=M=2)kd= 57r/4

5n
e 5
= =-A
=d= 2‘r ‘A8
20 =6 = q =3ar=4,a3 =1
- M+1 3 :
B b. (AF); = Z @n cos{2(n — l)u Zan cos{2(n — 1)y

.n_l n=1

= a1 + @ cos(2u) + a3 cos(4u) _
= 3+ 4 cos(2u) + cos(4u):1:'= 2u 3 + 4 cos(z) + cos(2z)

1+ cos(Qz)

cos? (z) = 5

= cos(‘)x) = 2cos2(x) ~1

i B SR R



149

(AF)s = 3+ cos(z) + 2cos’z — 1 =2 + 4 cos(z) + 2 cos?(z)
= 2[1 +2cosz + cos’ z] = 2[1 + cosz]? '

d
- = 21 4 cos(2u)]? = 2(2)[cos?® u)? = 8 cos? uu= "L cosd

d=T
5w

. = —cosf
5 S

A (AF); = 8cos*(u),u = %ﬂ: cosf
c. [(AF)g)n = cos*(u),u = (57/8) cos 6
: i ‘ om -1 nmw
d. (AF), =cos*(u) =0=>u = 5 cos Or, = cos™!(0) = —

2 ?
n==1+243,...

‘ 8 4
9, =cos™? [%71 (5—_-)} =cos™! (ng) yn==+1,43,+5 ...

n =1:6; = cos™}(4/5) = 36.87° n = —1:6_; = cos~!(-4/5) = 143.13°
n = 3: 03 =cos™*(12/5) = does not existr = ~3: -3 = cos™1(—12/5) = does not exist
n =25: 05 = cosT!(4) = does not exist 1 = —5- 05 = cos™'(—4) = does not exist

Nuils @ ¢ = 36.87°, 143.13°

6-35. The excitation coefficients for a 4-element binomial array arel, 3,3, 1or
a. a1 =3,a,=1

b. Since the elements are plaéed along the z-axis

€087 = @z * Gr = Gz - (G Sin O cos ¢ +Gysinfsin ¢ + & cos §)
= sinf cos ¢

The é‘rray factor for this array is similar to that of Problem 6-33. The
7d . '
(AF), = 3cos (TT sin f cos ¢> + cos (? sin # cos ¢) :
= 4 cos® (ﬂ sin 8 cos ¢5>
: A i
c. The total field is obtained using the pattern multiplication rule of

(6-5) by multiplying the field of a single A/2 dipole, as given by (4-84), with
- the array factor above. Thus

Ey(total) = Ey(single) x (AF)

e
_ Iye=ikr COS (Ecosﬂ
=71m -

——

‘ d
- e ) [4 cos® (1;— sin 4 cos ¢>

B

=) =)= =) =)

_ﬁ___,gpm

i

) -

)

RO~y

) )

o I R

) .-

2

)
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~6- 36 The answers to ‘this problem are ldentlcal to’
-~ is equal to

cos'y —ay a,. = sm Gsmgb

Therefore sm0 cos ¢ in Problem 6-35 must be replaced b) sin #sin ¢>

6-37. ° a. From (6-63), a; = 10, oz = 5 a3 =1, Venﬁed w1th computer program

‘those of Problem 6-35, except that cos’

b. Since the array is broadside, the progressrve phase shift between the elements as

required by 3(6—’8a is zero (6 =0.) !
wd N
c. (AF)g = 27§ancos (2n—1)u] u-—Tcose—E.cosé’ '

Computer Program = Do = 6.089 dB At d=) f2

. Ioe‘Jkr o8 (—4— cos()) — cos (7r) _ !

o d.' _E.'.=&'6]7IW : - {10005( cosﬁ)

sinf :

+ 5cos 3 cosf |} = cos or cos§ j ;
2 2 ‘ s

6-38. - a. From (6-63), a3 = 10, a5 = 15,03 =
(D0=646( dB) atd——_— ’ .

b. Same answer like (b) in'Problem 6.37.

c. AF = Z an - cos[2(n — 1ju] = 10+ 15 cos 2u + 6cosdis + cos 6u

n=]

- wd T
(«—_uzTcosﬁ _—Ecosé))

d. Field of Ey at origin: From (4-62a) -

’ T "
: nlne—ikr | cos (—_cos_B) — cos (—)
Ep~j oe ' _ i 4

2nr sin 6

o
J « one dipole of 1 leng=h.

Nl cos (;: cosﬁ) -~ 0.767 ‘

2mr , sinf

(+—u— -‘;—dcose)

[10 + 15 cos 2u + 6 cos du + ccs 6u)

=6,04 =1 Vefriﬁed with computer program



151

6-39. The excitation céeﬁicients for a 5-element binomial array are 1, 4, 6, 4, 1 or a; = 3,

a2 = 4, and a3 = 1. Thus the array factor can be written using (6-61b)
and (6-61c) as : :

a. (AF); = i an cos[2(n~‘-— 1)u] = ay + a3 cos(2u) + a3 cos(4u)

Using (6—7;3=91) for m = 2 and m = 4, the array factor can also be written as
(AF); = a1 + a2[2cos® u — 1] + ag[8 cos* u — 8cos? u + 1]
(AF), =34 4(2cos® u — 1) + (8cos* u — 8 cos? u + 1) = 8cos? .u
| " = 8cos? (-an cqs&)
b. Using the computer program of Chapter 2.

Dy = 3.668 = 5.64 dB

c. The nulls of the pattern are obtained from

(AF)5 = 8cos® (f/\j cos 9n) = 8cos* (mcosh,) =0

d=A
2
7 cos 0, = cos™ ! (0)=:l:( n2+1\'7r,n=0,1,2,3,4,....
6, = cos™} [:‘: (2";1/J,n=0,1,2,...

n=0: p = cos— (£3) = 60°,120°

n=1:6; = cos™* (+3) = Does not exist. The same holds for n > 2.

640. N=3.=2M +1= M=1,d=)/

(a) 1@1=>2a1=2=>|a1=1,[a2=1

M1
(b) (AF)opsyr = Z an cos[2(n — 1)u] = a; + a2 cos(2u)
n=1 .

(AF)3 = (ﬂ%M) 2 = 2cos?(u)

d .
(AF)3 = 1 + cos(2u) = 2cos?(u), u = ﬂ—/\— sinfsing = gsinesinqb
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N o (2N—2)("\“4) 42 8 R .
: ) Do 2N —3)(2N _5) =3=%1;=§_.=2.6§7 ) (6.'6??‘)

&

‘7,7 _ . Dy =8 = 2.667 = 4.26 dB| _

() | Do (z = 5) = 1.643 = 2.156 dB

s 7 (e) Do < 1.643(2. 66:)—[438‘7—6411dBJ
‘ () a]ternate '

an ~1LTVN =1 77\/‘ 3.0657 = 4.865 dB] " (6-65b)

SEE o » (g) D0<1643(3065,)_5037 7:0?dB
641 N—3 d /\/4=>201-2=>a1—1 ‘a2=1,
owd (A T
u:Tcose*;\-(Z')cosQ—-zcosﬂ ,
2M+1= 3=>M—1:
R : !

¥ sz . 2 :
§ AF = Z Qr, COS 2(n - 1)u] =a cos(O) + az cos(2u) = a1 4 az cos(2 ~ u)
n=1
: , =1+ cos(2—u)
. . , AF.=1+cos(2u) = 20052(u) = 2cos® (:Ir cos'9) = (AF)| =2

(2) (AF)max = 2 when 6 = 90° -

(b) (AF) = 2 cos? (g cos Bh) (AF) = [1 + cos (g— cos Hh)]
=2(0.707) - =2(0.707) = 1.414 R
' 2( cosB):OTO? cos(zcosﬁ)=04-14
) (;0 1 nt=U . 7 h 41
, —%os Ay, = cos™H(v0.707) | 5 cosfy = cos™!(0.414) = 65.5436°
1 = cos™1(0.84083) ' = 1.14395 rads
= 32.772° = 0.57198 rads |.cosf, = 1. 14395(2/x) = 0.72826
| : 9,, = cos™? (O 57198 = ) | b= cos’1(0.72826) = 43.259
- = cos—1(0.72826)

G, = 43.259°
o 6, = 43.259°, 180° — 43.250° = 136.741°

(c) ©n =2(90 — 43.259) = 2(46.741°) = 93.482°. or ©;, = 136.741 — 43.259 = 93.452

L _$# v__ _____ _ __

,{,q i
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(d) Do(Pozar) = —~172.4 + 191/0.818 + 1/93.482 = —172.4 + 173.872‘67'
= 1.47267 = 1.681 dB ' . ‘
Do(McDonald) = 101/[93.482 — 0.0027(93.482)2] = 1.4452 = 1.599 dB

6-42. N =5, Binomial =2M +1 =N=5=M=2d=3x/4

(a) 2a1$6=>a1=3, az =4,

az =1 (from Pascal’s Triangle)
Equation (6-63)

(b) AF = q + a2 cos(2u) + ag cos(4u) = 3 +4cos(’)u) + cos(4u)
= 3+ 4[2cos?(u) — 1] + [2 cos?(2u) — 1]
= 3+ 8cos? u—4+42[2co8%(u) — 12— 1
=3+8cos’u—~4+8cos?u ~ 8cos2u+2— 1
AF =8cos®u, wu= ; dcos @ = 3—:-0059 = AF = 8 cos*[(37/4) cos 8]
AT = 8 cos? 37 0. ) — _ 3T - nmw
(0 = 8cos z—gos h} =0= Zcosﬁn-co\: (O,:=:i:7,
n=135,....

6 = cos™! (:}:2?71), n=135,....

_ 48.1897°
L: 61 = cos™(£2/3) = {131.8103° :

n = 3: 03 = cos™}(£2) = does not exist

~37rl ' ' 3 .
(d). AF = §cos? (T _cosem) L.nax = 8 = cog? (z cos 0m) =1

= §4£ cos b, = (‘-os_l(:l:l) =z4mm,m=0,1,2,
0, = cos‘l(:i:4m/3) o
= 0: 6 = cos™1(0) = 90°
= 1: 6) = cos™}(£4/3) = doe< not exist

n

3B

6-43. (a) d=)/2

1 46 4 1 AF = 3+4cos(2u)+cos(4u)—3 4[2 cos?(u) - 1]
: 2
20, = 6= a, =3 +2cos?(2u) — 1
(b) 2=4 o —-3+4{2¢os (u)—1]+2f2cos~§u)—1] -1
a3 =1 AF = 8cos? u = 0 = 8 cos? (i)\—d :¥=E=>d /\/2
\

- »D’ Do ) >~

D

TR O ) T ey ) )
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T : (c) N=5 R :
" :  po = (10— 2)(10- 4)(10 - 6) _ 8(6)(4)2
A S L TR 0= 3) (10 8N10- 7)1 TB)@E)
i . . —56314dB . -
L o ‘ . Do 17N =171V5= - 3. 9578 = 1010gm(3 9578) = 5.9745 dB

. - _ ’ ‘ . . " . d ° A/2 Tr -- -
o .- : (d) )u =3 co§ 0 = " cosf = 5 08 0.

-
. 3 cos 9)
.1.06 1.06  1.06

. HPBW = = = == =053 =23037°
& T . 6-44. Binomial, d = /2 o o
n . . - .. O3gp = 15.18° = 0.26494 radians
) wppw o M08 ' o 106 106 _
VN =1 "7 HPBW  0.264%4

N VN-1=4=N-1=16= N =17
.. A .

o R AF=80052u=8cos2(

Lt et by

e, .y

(b) Do = 1.77VN = L7117 = 1.77(4. 123) 7.298
Dy ~ 7.298 = 8.632 dB :

y - (c) No sxdelobes formed
Y . Because d = A /2 = sidelobe level = —o0 dB

6-45. Binomial

(a) d=A/2 |
" I . (b) eyl 06w -
3 ‘ HPBW(d= A/2) = V=1 10 =18° = VN =1 = 1.06(10)/
B o ' = N =1+ (10.6/m)>

. (c) For N =12: -
’ (2N — 2)(2N = 4)-----. 2 _22:20-18-16-14-12-10- 8

N'=1+(3.374)2 = 1+11.3844 = 123844 = [N = 12] or [V ~13]

3.6571 = 10log,,(3.6571)

-

2

Do = (2N —3)2N-5):--.1  21.19.17-15-13-11. 9.7
= 5.9457 = 7.742dB

-4
3 1
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Do = 1.77VN = 1.77v/12 = 1.77(3.464) =613=7876dB

Dy (uniform) = 2N (-;) =2(12) (1) =12 =10.792 dB

Dy ot binvwuual iz s:2ey, heoeanse of larger beamwidth, by
| 10.792 — 7.742 = 3.05 ~ 3 dB
6-46. N'=3=2M +1= M =1,d = A/2 = Binomial design, u = X d
' (2) 2a; =2=a;=1,ap=1
TM41=2 . ) ) . .
Z @n cOS[2{n — 1)u] = a3 + ag cos(2) = 1 + cos(2u)

nel
= 2cos?(u)

(b) (AF); =

d :
u=7rTcos¢9=gcos9

HPRwW — 106 _ 1.06

1.06
= = == = 0.74953 = 42.945°
VN =1 3-1 2 -

_(@N-2)eN-4)...2 4.2 §. N
(c) Do = N 8)eN =5 1= 37 =3=2667=126dp

[

- 6-47. Ro =20 dB = R, (voltage Ratio) = 10! = 10 .
20 = 31(10 + /102 = 1)/2 1 (10 — /107 = 1)/%] = 2.3452

a. The array factor can be written as

R R TTe R yme) ) ) w0m Jem) ) s

(AF), = Z Qn Cqs[2(n —1)u] = a3 + ay cos (2u) = a; + 02[2cos® u — 1]

n=1
© (AF); = (a1 ~ ag) + 202 cos?u = (a1 — as) + 2a5 cos? ﬂicos&
. 3 ; A

letting cosu = z/z, and. equating the array

factor to the Tschebyscheff polyno-
mial of order 2, we obtain :

2 ‘ o
(a; - az) + 2as (i) =-1+22%= 2—‘;2 =2=qy = zg
. 20 ) ZO .
= (2.3452)2 =55
Therefore '
‘ Z; j g?} or normalized { ZI" = ;155,;55,? = (1)'(8)18
= 9. . 2n = O. -0 = 1.
(((11 — az) =—-1= a =ay~1= 4.5) .

|

)




