Chapter 8 Antenna Theory
8-1 Calculation of EM Fields of Antennas
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Y. T. Lo (®:if#): Yuen Tze Lo (MSEE’49, PhD’52) died in 2002.
He was 82. Lo invented the broadband television receiving antenna,
and he developed the cavity model theory for microstrip patch
antennas now used in global positioning systems (GPS). In 1986,

Lo was elected to the National Academy of Engineering for

inventions and innovative ideas that significantly advanced the

theory and design of antennas and arrays.
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Eg. (a) Assume the spatial distribution of the current on a very thin center-fed
half-wave dipole lying along the z-axis to be Iycos(fz), where f=2a/i. Find the

charge distribution on the dipole.

(Sol.) V- J=—jop=p= z dl(z)——jﬁlosinﬂz
@ @

dz

Stratton-Chu formulas for calculating EM Fields of antennas: (by L. J. Chu)

E(F) = j j j [—jouGJ + §V'G —J x V'G]dV'+§§ [—jouG(a, x H)+ (4, - E)V'G + (4, x E)x V'G]dS"
V' s

a@) = [[[l-jweGT, + %”V' G+JxV'GlaV'+f{[jweG(a, x E)+ (@, - H)V'G +(a, x H)x V'G]dS'
v S

—jkr

where G = is Green’s function in the free space.

4



Elemental electrical dipole (Hertzian dipole):
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Far field of a Hertzian dipole: if fSR=2nR/A>>1
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Far field of an elemental magnetic dipoles:
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Eg. A small filamentary rectangular loop of dimensions L, and L, lies in the
xy-plane with its center at the origin and sides parallel to the x- and y-axes. The
loop carries a current i(f)=Iycos(®?). Assuming L, and L, to be much less than
the wavelength, find the expressions for the following quantities at a point in the
far zone: (a) vector magnetic potential, (b) electric field intensity, (¢) magnetic
field intensity.
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oo Y (14 jARYe ™ -sin 6

(Sol.) (a) m=2Zl,coswiL L, A= a,

4R
op,l,cosawtl L, /AR
b) E, = z sin @
(b) E, in R B
oul, coswtl L /R
() H, =- oo 2 (€ )Bsind
4rn, R

Eg. A composite antenna consists of an elemental Hertzian electric dipole of
length L along the z-axis and an elemental magnetic dipole of area § lying in the
xy-plane. Equal time-harmonic currents of amplitude /7, and angular frequency
o flow in the dipoles. (a) Verify that the far field of the composite antenna is
elliptically polarized. (b) Determine the condition for circular polarization.

__JjIL . e m 1,S . e’ .
(Sol.) (a) E=a, j4; noﬂsmﬁeR +a, a)f;)mo ﬂsmﬁe =a,E, +a,E,
0
oS
©) E,=E,=nl=="
0

Duality between elemental electric and magnetic dipoles: (E., H.) due to electric

dipole and (Ey,, Hy) due to magnetic dipole

E
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8-2 Radiation Patterns of Antennas
Half-power beam width: Angular width

............

of main beam between the half-power
(-3dB) points

Sidelobe level: (|[Emax| 1n one

sidelobe)/( |Emax| in main beam)

[\g ihhmu;u_ml Null positions: Directions which have
AN [\}{\?mm no radiations in the far-field zone.
arE, |
4xU ”‘ max
Directivity: D= e

, where U=R*P,, RZ‘E‘Z

2

P j:” [|E@.9) sinoagig

and P,= j;PavdS = j;UdQ o« R? Jjﬁ J-:‘E ‘2 sin@d@d¢ is the time-average radiated power

47U(0.4) _ 4nlE@.9)[
P, [" ['|E@.p[ sinaiaag

, Where Pi= P,+P;, P;: total input power, P;: loss

Directivity gain: Gp(6,¢ )= , « "« D=(Gp) max

AU
Power gain: Gp = 7P max

i

Radiation efficiency: .= Gp/D=P,/P;

Eg. Find the directive gain and the directivity of a Hertzian dipole.

1 1 de? o, L,
(Sol) P, —ERe|E><H*|—E|E9”H¢, U =" 5 mf sin 0.
2
G, (0,4) = 4zsin” 0 _3sin%0, D:GD(%,¢)=1.5=1.76 (dB).

j:” [ (sin® 0)sin da iy

Eg. Find the radiation resistance of a Hertzian dipole.
_ 1 27 i ¥ o0 .
(Sol) P, =— jo jo E,H ;R sin 0d0d ¢

_I*@avy’
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dr
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Eg. Find the radiation efficiency of an isolated Hertzian dipole made of a metal

wire of radius a, length d, and conductivity .

(Sol.) The ohmic power loss is P, = l]21’34. The radiated power is P. = l12R
'

r r

P 1 drl
77}': = > R({:Rs(_)’
P +P 1+(R,/R) 2ma
1
where R, 1/ :>77r—
( )( )

160 :
Assume that a=1.8mm, dl =2m, f:I.SMHz,and o =5.80x107(S/m)

7x(1.50x10%)x (47107")

z:%:zoo(m), R, :\/ =3.20x107(Q),

5.80x10’
R, = 3.20x107* x(;}) =0.057(Q2) , R, = =807 ( ) =0.079(QQ) and
' 271.8x10°
0.079 _ 539,

T = 0.079 1 0.057

Eg. A 1MH7 uniform current flows in a vertical antenna of the length 15m. The
antenna is a center-fed copper rod having a radius of 2c¢m. Find (a) the radiation
resistance, (b) the radiation efficiency, (¢) the maximum electric field intensity at
a distance of 20km, the radiated power of the antenna is 1.64W.

3x 108

(Sol) A= =300m >>15m = dl , a=0.02m, Geopper=5.8x10’,

R, = /’?f—” =2.6x10"
O-C

R
(a) R =807°(15/300)° =1.97Q, (b) n, =1/1+ — )=98%
160727 (A/ a)(A/dl)
) P _Il(dg) 7,8>=1600=> |E,| =(iﬁ)%zl.9x10_2V/m
T



Eg. A time-harmonic uniform current /ycos(®?) flows in a small circular loop of
radius b(<<i) lying in the xy-plane. (a) Find the radiation resistance R, of the
magnetic dipole. (b) Obtain an expression for its radiation efficiency #, if the

loop is made of radius a.

(Sol.) (a) Duality=> d/ <> fzb> = R, = 801> (ﬂ”bz) :3207r6(%)4
|
) 7, =
R (At

1607° "a’ pnb*
Eg. The amplitude of the time-harmonic current distribution on a center-fed
short dipole antenna of length 2/ (h<<l\) can be approximated by a triangular

function I(z):10(1—| |) Find (a) the far-zone electric and magnetic field

intensities, (b) the radiation resistance, and (c) the directivity.

,jﬂR .
(Sol.) (a) dE, Jliz)dz 7,fsin 05—, R=Rg-zcos0 in e, H, z%]oe‘fﬂ’* sin @

. —/ﬁ(Rsz) i ) — j
E, = hhilo(l— ‘) 7,Bsin @ - dz ~ /1,60 im, sing- 1 cos(fhcos0) j30ﬁh e
-h 4

R, R, ph cos® @ R

sin @
_12”” 2 _102 2, hs _ LN
(b) P, _E'[O jo E,HR sin 1619 = —-[807° ()] = R, =807 ()

471|EmaX
2z
jo jo |E, | sinGd6adg

=15

(c) D=



8-3 Linear Dipole Antennas and Effective Lengths

I, sinB(h—z),z>0

Assume I(2)=Imsinf(h-|z])=
ssume [(2)=Lmsinf(A-{z) {Im sin B(h+2),z <0

(R>>h, R=(R*>+2z>-2Rzcos#)"> ~R—zcosb)

! ‘ ; 1607 .
=X j%e‘ﬂm th sin f(h - |Z|)e/ﬁzcosedz — ]Tm e F(6)
where F(0)= cos(fh CO? 0) —cos Sh
sin @

Half-wave dipole: 2/=4/2, fh=n/2

J60I, .5 cos[(7/2)cosd]
E,= e”’ . 1 1517 | cos[(7/2)cos 6] ’
R sin @ :>I)av:_E9H;: - - }
o —ﬂ—’”e’jﬁR cos[(7/2)cosf] 2 7R sin¢
Y sin &

Half-power beam width of a half-wave dipole: Af =06, -6, = 78°, where 0, and
cos((w/2)cos®) 1

sin & E

0, are two roots of

T V4 - 2 12
P, :r j P R’ sin9d9d¢=30151_[ cos [(7f‘/2)cos6’]d9= 36,5412 (w) = L2 R
e 0 sin @ 2
47U
= ReT31Q and UnorRPo (02~ 2 = D= e 1 6415
w

r

Radiation patterns of linear dipoles:

(@) 2h/h=1/2. (b) 2h/A = 1.

ZO

(©) 2h/N = 3/2. (d) 2h/N = 2.

E-plane radiation patterns for center-fed dipole antennas



Effective length of a transmitting linear dipole antenna, /.(6):

Im77 ﬁSine —J k. i/ cosi 30 ) : h /% cos
By =iy, == e [ sinplh-|d)e o= 2 e binof e
130/(0 ,
=/ R( ) L0 ,(0), where [.(0)= Sl?(g J._hh I(2)e”**%dz is the effective length.

Maximum of /.(6) occurs when 6=m/2 = lc(9=7r/2)=$ j’l I(2)dz

Note: [.=-V,./E; is the effective length of a receiving linear dipole antenna = that of
transmitting one.

Eg. Assume a sinusoidal current distribution on a center-fed, thin, straight
half-wave dipole. Find its effective length. What is its maximum value?

(Sol.) 1(0)=I 1, h=N/4,

cos(z cosd) P

sin @ p4/4 ) A , 2 2
? (0)= I L)ty — L2y (E)==
() 1(0) Lm ms1nﬂ(4 |Z|)e z ﬂ[ Sing ] 8(2) B

4
T

Eg. A 1.5MHz uniform plane wave having a peak electric field intensity E is
incident on a half-wave dipole at an angle 6. (a) Find the expression for the
open-circuit voltage V/ at the terminals of the dipole. (b) If the dipole is

connected to a matched load, what is the maximum power P, delivered to the

load?

AE cos(z cosf)

(Sol) (@) V,,=—E,(,=—"2] 2 ], 4 =200m
V4 sin &
(b) P _l—VOC V_vzt
Y 2|R. +R,| " S8R,

Eg. The transmitting antenna of a radio navigation system is a vertical metal
mast 40m in height insulated from the earth. A 180kHz source sends a current
having an amplitude of 1004 into the base of the mast and the earth to be a
perfectly conducting plane, determine: (a) the effective length of the antenna (b)
the maximum field intensity at a distance 160km from the antenna (c) the total

radiated power.

I, 301, 5h
— x2f =0
mx  gop S ’

1 n z h
(Sol.) (a) ¢, = EL 1,(1=—)dz == =20m, (b) IE,

__j”/z 2 2R sin 646 = 2~ 3 7 ( 0/%) = 1.14kW
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(a) A vertical quarter-wave

monopole over conducting
ground.

Monopole antenna: Pr=18.271m2W,
and R=2P./[,’=36.54Q is exactly
one-half of the radiation resistance of a
half-wave antenna in the free space.
D=27U ax/P,=1.64 is the same as the

directivity of a half-wave antenna.

(b) Equivalent half-wave
dipole radiating into
upper half-space.

8-4 Traveling—wave Antenna
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1, Bsin@ for a small dipole /dz

R
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Test Result

Freq. X-Y Plane X-Z. Plane Y-Z Plane

(MHz) |Vertical |Horizontal| Vertical [Horizontal| Vertical |Horizontal
2400 1.87 1.71 -10.04 -0.42 -12.74 2.26
2450 1.66 1.14 -10.00 -0.80 -13.37 1.55
2500 1.47 0.88 -10.42 -0.09 -13.68 1.93

2.4G~2.5GHz ] P
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e w= 0234

L=0124

{ side wiew) - I"
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2B U #E 5HEE 7 Tab Monopole K &R (iR

Test Result
X-Y Plane X-Z. Plane Y-Z. Plane

Freq.

(MHz) |Vertical |Horizontal| Vertical |Horizontal|l Vertical |Horizontal
2400 1.57 1.30 -13.78 -0.76 -13.11 1.81
2450 1.24 0.84 -12.96 -0.87 -10.89 1.41
2500 1.10 1.31 -11.09 -0.43 -11.79 0.86

Unit : dBi

2.4G~2.5GHz I[P
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8-5 Helical Antenna

Ground | %

Coaxial ; plane
~ transmission b o
1y (o e R

Normal mode (s, 2b <</): Its behavior is like an electric dipole

Axial mode (s, 2b=4): Its mainbeam placed in the endfire direction.

_ NeowI e "
E=G,E,+a,E, =~ (e

at 4

Na,js+ay Srb*)sin @ : Elliptically-polarized.

1| : . .
If s =prb” or b=— % , it becomes circularly-polarized.
T

Eg. A helical antenna operating in the normal mode has NV turns with diameter
2b and interturn spacing s. Both 2b and s are very small in comparison to A/N
and are adjusted to radiate circularly polarized waves. Find (a) its directive gain

and directivity, (b) its radiation resistance.

(Sol) () £-= NZ"‘OI(e My js +a,Brb’Isin 0> [ =a,x E_%( ﬂﬁR)[%js—aoﬂﬂbz]sine

o

Circularly polarized: s =fxb?,
B,

U=R2&R-RW=R2&R%R6[E><I:I] (NI) sin® @

—2” . : _ﬂz% 2 _4-7Z'U_3_2 B T,
R—L LUSlan&M——bﬂ (NIs) :>GD———5s1n g, D_GD(E)_I'S

r

_2P, 1, (NIs)?
e

(b) R, =40(NB°mb*)’

Note: Receiving antenna’s pattern is identical with transmitting one’s.



8-6 Antenna Arrays

Two-element antenna array: (In case of no coupling between antennas)
R, =R, —dsinfcos¢
e—jﬂRo ejée*j/’Rl
E=E +E =E F(0, +
0 1 m ( ¢)[ RO Rl ]

_ E F(0>¢) e—jﬁ'RO [1+ejﬂdsingcos¢ej§]

m

0

|- = d —t]
F R, :
=F, @e”me”’/zﬁ cos %) , Where ¥Y=pfdsinfcosp+¢
0
2E,, 4
= |E| = |F(6’, ¢)| : COSE =Element FactorxArray Factor
.0

Eg. Plot the H-plane radiation patterns of two parallel dipoles for the following
two cases: (a) d =1/2,£=0,(b) d=4/4,E=-x/2.
(Sol.) Let the dipole is z-directed

In the H-plane (0 =7/2): |A(¢)| =

COSZ =
z\

cos%(ﬂd cos g+ 5)‘

(a) |A(¢)|=

cos(% cos @)

, (b) |4(g)| =

()
_“_' ]_.

(a) d = W2, k=0, (b) of = h/d, § = -/2,

cos%(cos o— l)‘

General Uniform Linear Arrays:

Normalized array factor in the xy-plane (6=7/2):

1 . . 4
b4 2¥ N-)V¥ q
|A(‘P)|:N‘1+ej +€] +...+€J( ) ‘ 0 1 2 N-2 N=1 *
r—d- -io—-d + !-t—n‘ Y
Phase shifts 0 1 2 (N-2)¢ (N- 1)k

JNY ;
¢ | ! |sm(N‘I’ /2)| , Where W=pdsin(0)cosp+i=Ldcosp+< if O=nr/2

Lji-e™| 1
N[1-¢™| N|sin(¥/2)

4

Mainbeam direction, ¢: "." Max at Y=0, .". fdcospo+{=0=> cosg, = ,_H_d
Null locations: % =+kr, k=123,...

Sidelobe locations: % =+(2m+ 1)%, m=1,2,3, ...



1
AY)= N sin(27z/3N)‘

The first sidelobe level: % = i3—7[ ,

2

=0.212 (as N > )

Broadside array (g, =i%,§=0): |Emax| occurs at a direction | the line of

arrays.
Endfire array (¢, =0,& =—/fd) : |Emax| occurs at a direction // the line of arrays.

NY NY 4
Beamwidth between two first nulls: > L=r, > =g V¥ -Y, = Wﬂ

2APp = (fdcosg, +&)—(pdcos@, + &) = fd(cosg, —cosg,) =%
Let ¢ =@, +A@, ¢, =@, —A¢

(@, :—) =A¢=sin" (—) for a broadside array.

(§ =0)= Ap =~ 1/ for an endfire array.

Eg. For a uniform linear array of 12 elements spaced 4/2 apart. Sketch the

normalized array pattern |A(‘P)| .

1 [sin(N¥/2)| 1] sin(6¥) |
T ON|sin(¥/2) | 12[sin(¥/2)|
Endfire = ¢&=-7,%Y =pfdcos¢p+E =nmcosg—nm =n(cosg—1)
Broadside = &=0,¥ = fdcos¢+& =rcosg

(Sol.) d:%, pd=r,

sin@¥) 1 {9.55(/1/d) degree for endfire array

Half-power point: —————=—==2A¢=
P P 12sin(¥/2) 2 4 4678/ 1/d degree for broadside array

Eg. Consider a five-element broadside binomial array. (a) Determine the relative
excitation amplitudes in the array elements. (b) Plot the array factor for d=//2. (c)
Determine the half-power beamwidth and compare it with that of a five-element

uniform array having the same element spacings.
(Sol.) 1:4:6:4:1, broadside= & =0

(a) [A(Y) = %‘1 +4e’" +6e*" +4e”Y + e~’4w‘ = %|6 +8cos¥ +2cos2W|, where

VY = fdcosp+&
(b) d=§, pd=rn,and £=0 :>|A(‘P)|=%[1+cos(7rcos¢)]2

1

ﬁa

(c) %[1 +cos(zcos @)’ = ¢ =74.86°, .. 2A¢=2(90°—74.86°) = 30.28°



Phased Array: "." cosg@, = ;3—5, .. Vary ¢ electrically = Vary ¢ (the direction of the

main beam). It can be utilized as a military radar system to scan and track a target.

Eg. Draw the far-field pattern of a phased array of dipoles with N=5, d=4/2.

(Sol.) The effective scan range is about from ¢, = 60° to ¢, =120° as follows.

N Y

T T _ T
5253%:? 520:>¢0—E 5—_53%—3

Eg. Obtain the pattern function of a uniformly excited rectangular array of
N1%xN, parallel half-wave dipoles. Assume that the dipoles are parallel to the

z-axis and their centers are spaced d; and d, apart in the x- and y-directions,

respectively.
cos(ﬁcosﬁ) 1 sin(N‘\Px)
(Sol) F(0.4)=|—2———|-|4,(¥,)|-|4,(¥,)|, where |4,(¥,)|=—|—2
sin @ N e tx
I sin(—%)
2
N,¥Y
! sin(——>) i
‘A (¥ )‘ -2 ¥ ="1lsinfcosg+ &, , and
DTN Y 2
sin(——
\I/ ﬂd2

= 5 sinfcosg+&,


http://faculty.pccu.edu.tw/~meng/Phased array, 15 antennas, matlab.wmv�

An example of microstrip linear antenna array (by Dr. I-Fong Chen):

L} |

—
Characteristics:
i FPA 10000 BCFPA
£ (HEXAWAVE) (PROTOTYPE)
IhRE
FEY R 10.7GHZ 11.431GHZ
EEisiEC 2.5 2
EE R 65.7 1 16°
|| e =30 (dB) >47 (dB)
AR S 10.7=0.0015 (GHZ) 11.431%=0.048 (GHZ)
it 4 X54%6.5 (em) 12.63%4.74X0.5 (em)
BrEHT 750 5002
Bl Active Passive
eI 10.4 {dB) 11.9 (dB)

————




An example of smart 4-beam phased antenna array: (by W. —R. Li and Dr. K. —H.
Lin)

RS S E TN RIEE 1

Design of nxm Butler matrix:

= Y
o* el & 0" [a of o
4 4
| g=| o o | al

[ ¥ ¥3 # |

dxd &35 %58 M 15

# dxAEHHER L L F AT H Fok £ S a5 H A
AExl | AfEx2 | AFS3 | Add ([AFHNE | HEHERH O
ditafr £ | (boresight angle)

Y1 | -45° -90° 135° | -180° | -45° 14.5° (1R)
Y2 |-135° | 0O° 225° | -90° 135° -48.6° (2L)
(135° )
Y3 | -90° 225° |0 1357 [-135° 486" (2R)
(135° )

Y4 | -180° -135° 90" -45° 45" -14.57 (1L)




A B 45 B4 10 A o o YO WA )

7 1
Z, 1.139
£ 1.500
Z, 1.74
Z, 1.724
Z, 1.500
Z 1.139

% TR Zy 1

4=3 MR EES

Patterns:

IR pdimls L Rl



Yagi-Uda Antenna: A kind of endfire array.

g
I l'—bk,'—’| —> «—2a
FJ

bl A
V, i
02 1
SolE Lttt R —_— —— —x
i L
L]
1 2 3 I k N
Two types:
Antenna Dimensions
2h1 th 2h3 == 2&4 == 2h5 = 2h6
th
Elpmentlengiisl | oo butath 0.4301
: blz b23 = bs4 e b45 o bss
El t
SETRRPRS i 0.2504 0.3104

Pattern Characteristics

Directivity
(Referring to Half-power First Front-to-back
4/2 Dipole) Beamwidth Sidelobes Ratio
7.54 (8.77 dB) 45° —17.2(dB) 9.52 (dB)

The directivity of a half-wave dipole is 1.64 or 2.15 (dB)

Antenna Dimensions

2h, 2h, 2h, 2h, 2hs 2h

h
S Ll R e e 04361 04301 04341 0430/

bll b23 b34 bA-S bSﬁ

& T 02501 02892 04064 03231  0423)

Pattern Characteristics

Directivity
(Referring to Half-power First Front-to-back
4/2-Dipole) Beamwidth Sidelobes Ratio

13.36 (12.58 dB) g ik —10.9 (dB) 10.04 (dB)




8-7 Effective Areas of Antennas and Gains
Effective area: A.=P1/P,, or PL.= AP
Relation between the gain and the effective area:

P P, A.G
P =—G, =>-Lt="2L"21 and Gy = Gy for all antennas

4’ P 4w’ A, A,

Eg. Determine the effective area, 4.(0), of an elemental electric dipole of a length
dl (<<)) used to receive an incident plane electromagnetic wave of wavelength.

(Sol.) 4,(0)= L n—o(dﬁ)z sin” @ = i(ﬂSil’l 0. G,(0,4)= isin2 o,
P R, 8 2

(3/2)sin* @ G,(0.4) 4
" (3/87)(Asin®)  A(6,4) A
Vozc _ (_EeEi )2 E2

and P, =——
8R, 8R 21,

r

= G, (0.) = i—Z’Ae 0.9)

Under matched condition: P, =

= 4.0) =271 0)

r

Eg. Assume that a linearly polarized plane electromagnetic wave is incident on a
half-wave dipole, (a) obtain an expression for the effective area A.(#). (b)
Calculate the maximum value of 4. for 100MH?.

(Sol.) (a) For a half-wave dipole, ¢ (6) = —[S2SLF/2)cos 0],

p sin @
4,0 = 22 2020 12 21 2520y = 0129 225 D cosOl
R, 73.1 sin @
o 2 3 dA(@
(b) 'B:M:za —=—, L )=0:>9max:£, z<le(¢9:£)=1.l7cm2



8-8 Friis Transmission Formula and Radar Equation
Friis transmission formula:

Define ops= radar cross section of target,
PL AeZ AeZ 47&421 Ael AeZ (;DIGD2ﬁ’2
?:( DG = =g, = 2
f 4mr 4mr A roA (47r)
Eg. Communication is to be established between two stations 1.5km apart that
operate at 300MHz. Each is equipped with a half-wave dipole. (a) If 100/ is

transmitted from one station, how much power is received by a matched load at

the other station? (b) Repeat (a) assuming that both antennas are Hertzian

dipoles.
(Sol.) (a) T Gmeﬂ . Half-wave dipole: Gp=1.64, £=300x10° =A=1m
R 167772
2 2
P=100W, P, =P LI S T 0.76 uW

" 1677 - (1500)°
(b) Gp=1.5= P, =6.33x107 W = 0.633

Radar equation: Radar is a transmit-receive system.

& / ranger G target
choss -section [m?]

Usually, a radar has an antenna to transmit or receive waves, .". Gp1=Gp,=Gp.

PG P,
Define Pr= pp— as power density at a distance r, O-”S—zT as power density
Vo8
Proy,
reflected by the target= P, =4, - — = 4,0,,(—55)G,(0,9)
4mr (4 )
A P o A o, A
. A :_G _TbsTr bs e \2
py »(0.9). . P s G, (0.9) = (/12)

Eg. Assuming that S0kW is fed into the antenna of a radar system operating at
3GHz. The antenna has an effective area of 4m” and a radiation efficiency of 90%.
The minimum detectable signal power (over noise inherent in the receiving
system and from the environment) is 1.5pW, and the power reflection coefficient
for the antenna on receiving is 0.05. Determine the maximum usable range of the
radar for detecting a target with a backscatter cross section of 1m?.

(Sol.) £=3x10°Hz, ovs=1m", A=0.1m, A.=4m*, P:=0. 9><5x104=4 5x10%W,

[

e (—) L r=4.2x10"m
TT

P, =1.5x10*12(;):1.58x10*12W, ot =
1-0.05



Eg. The antenna at the earth station of a satellite communication link having a
gain of 55dB at 14GHz is aimed at a geostationary satellite 36500km away.
Assume that the antenna on the satellite has a gain of 354B in transmitting the
signal back toward the earth station at 12GHz. The minimum usable signal is
8pW. (a) Neglecting antenna ohmic and mismatch losses, find the minimum
satellite transmitting power required. (b) Find the peak transmitting pulse power
needed at the earth station in order to detect the satellite as a passive object,
assuming the backscatter cross section of the satellite including its solar panels as
25m* and the minimum detectable return pulse power to be 0.5pW.

2
(Sol) (a) P, :%PL s Ae=2.14x107, 1=2.5x107, r=3.65x10"m, PL=8x1072W,

G.=1071°=3.16x10°, G,=10%1°=3.16x10° = P=2.7W

2
(b) P _4—”(’“ VP, A =2eG =150 P=113X10° W
o 4

bs e

Radar Cross Section (RCS):
Define P; as the time-average incident power density at the object, Py: time-average

scattered power density at the receiver site, ons: backscatter cross section, and r:

. ) P o, P
distance between scatter and receiver. op= 4727"2?5 or P= 4bs L Note: P is
'’

inversely proportional to #* for large r, so that oy, does not change with r.
Different airplanes have distinct radar cross sections. A radar system can utilize this

characteristic to identify the target.

e L

PSR T.  WE L R o (ST R TSRS TR
U LTI AR LB BN v

AP AR JLAA SRS A [l P B PRy
BT B

S SR B PR R R P TS B
SIS | » B2 R

2§ (P90 (e PR F U7 2SI o eI 2 g R ) o
il > s B 5 -


http://faculty.pccu.edu.tw/%7Emeng/Airforce.wav
http://faculty.pccu.edu.tw/%7Emeng/Airforce.wav

Eg. A comparison among Mig-19, Mig-21, Mig-23, Mig-25, Su-27, f[IH & 8=f
# (above in PRC), IDF, F-16, Mirage-2000, and new IDF (above in ROC).

Su-27 HIH A (J-10)8=H

IDF F-16



http://faculty.pccu.edu.tw/~meng/IDF.wmv�
http://faculty.pccu.edu.tw/~meng/F16.wmv�
http://faculty.pccu.edu.tw/~meng/Mirage2000.wmv�
http://faculty.pccu.edu.tw/~meng/ROC-AirForce.wmv�

Stealth airplanes/vessels: (1) Specific shape to reduce RCS. (2) Coating can be
utilized to absorb EM waves radiated by enemy’s radar systems.
Eg. USA F-117 stealth bomber (airborne) and a comparison between F16, F22,
and F35 fighters.

F-117 F22

F-35 CTOL

Eg. [lI3F B 2B A (J-20) 8 AR IS
J-20 J-10



http://faculty.pccu.edu.tw/~meng/J-20.wmv�

Eg. %%i%% IV ORI | S5 814 PREFFT 4 - JFLIER
PR ARIVREY— T S RS OISO IR AT R s 0



http://faculty.pccu.edu.tw/~meng/JienChiawHero1.wmv�
http://faculty.pccu.edu.tw/~meng/JienChiawHero3.wmv�
http://faculty.pccu.edu.tw/~meng/SHiTzuGuNiang.wmv�
http://faculty.pccu.edu.tw/~meng/JienChiawHero2.wmv�
http://faculty.pccu.edu.tw/~meng/FlyingTigers.wmv�

8-9 Wave Propagation near Earth’s Surface

_ _ _ _ e—jﬂR ) _ e—jﬂR'
E=E, +E, , where ‘Eal‘ = k( - )sin@ | \Em\ =T, (O)k( = )sin@' , and
4r
o . 2
and R'= AC+BC=A'B=[d>+(h,’ +h’)]"* ~d RCRL ;dhl) :
h, —h)’ 2hh

R=[d* +(hy ~ )1 wd v P22 g 2

[d” +(hy = hy)"] Y 3

_ e_jﬂR o
= E, ~a,k( 2 Ysin)[1+T,,(8)e P H0]

~ e_jﬂR . —jBhhy d) ~ ejﬂR .
=a,k( R )(sin)[1+T,(8)e”” "™ '] = a,k( R )(sin @) - F
. . —j2B(hy | d) . 27Zh1h2

If the earth is perfect conducting, I'},(6)=1= |F | = ‘1 —e e ‘ =2 sm(T) .

Eg. A transmitting vertical half-wave dipole 60m above the ground radiated
400W at 100MHz. Assume the ground to be perfectly conducting. (a) Calculate
the power available at a vertical half-wave receiving antenna 50km away at
height 30m above the ground. (b) At a distance 50km from the transmitting
antenna, where (at what altitudes) would there be a null field?

2
fr

P =400W , h =60m, h, =30m, A=3m, d=>50000m=> P' =0.0225P ~9W

sin(—zﬂh1 hy
Ad

(Sol) (a) P, =G2<ﬁ)zlz', P'=|F[°P, ={2 )

G=1.64= P, =5.5x107"'W

2
(b) Naulls: ”th =nx, h =60(m), h,=1.25n(m),n=1,2,3, ......



8-10 Broadband Antennas
Frequency-independent Antenna: The pattern and impedance characteristics are

independent of frequency, because it is described entirely by angles, not dimension.

r=re*? . g-5="mn(l)
a r,

Wi

el

Log-Periodic Antenna: The antenna is operated in the discrete

r,e“ 0 ,
— —ama — —
) =e ™ =1, where f, =1f,,, or

frequency. =
7 ¥,

n

muw)=mun+m§>

Log-periodic Dipole Antenna: é”—“ =2l
n rn

d, =1, =1, =r,(=0) (or “or)

a_t, t,(d-7) l-7

tan — =
2 2r 2d 4r

R

[E PR PR P P

Elevation pattern

Azimuth pattern



8-11 Waveguide Antennas

WAVEGUIDE ANTENNAS

Horn Antenna:

TE,; expands to fill aperture

Diffraction in x-plane is Fourier
transform of box,
= (sin Ord/A)/(Brd/A)

Diffraction in y plane is Fourier
transform of a half sine wave —/a \-§
(broader, but lower sidelobes) '

Waveguide Slot Antennas:
Tilted slots radiate in proportion to tilt and current interrupted

» For uniform phased array, alternate
‘ 1 t!lts of alter_nate slots. Since Ayq4e > A,
’__ ’ fill guide with & to shorten 2,4, -
< Js

WB7TRZ 16 Slot Antenna { 8 Slots per Face )
Adjustable Sharting Flug ..\“\‘ —iJ. I-l— Crffmat From Center

1#“___i_i___'

[ e e e e S e e R e e ey

Headspace ]

[ Y
Slot Lenghi

1
T
1
1
1
. H L
- — = = ]
I .
Slost "."urti:-.lI I I
I

Spacing

1
Slot Width _1_..|:|..|7

W iwinguide for
Selocied for

Band —— oo S I]

i | I | ]
Flange " Ll I

4—————|— :I

| [N R I N [ p— I S g—— J.__I_-l_-_-l__|

g

I




8-12 Reflector Antennas

— — 7 _JkR — — g A
Far-field formula: E(R,8,¢) = % ”(J —(J -dy)ay)e’” " dS(0',¢'"),
pis

surface

where J = 2(a, x H,), H xe 18 the incident magnetic field which is radiated by the

mc

feed, a, is the unit normal vector on the point of the reflector’s surface, p’ is the
distance between the origin and the point of the reflector’s surface.
In case of a circular parabolic reflector, of which focal length is f, the diameter of the

aperture is D , focus is located at the origin, and the tip is at (x,y,2)=(0,0,-f), then we

2f N N ' . " .. 0O
have '@, =——— a, =—Xcos—cos¢'-ycos—sing'+zsin—
P9 1—cosé' 2 7=y 2 / 2

ds(@',4') = p" sin 6"03c%d¢9‘d¢', 2tan'(4f /D)< @'<m,and 0=¢ =27

Feed of reflector antenna

Classification of dual reflector antennas:

1. Cassegrain Reflector: It is a combination of a primary concave mirror and a
secondary convex mirror, both aligned symmetrically about the optical axis. The
primary mirror is of paraboloid type, while the secondary mirror is of hyperboloid
type.

2. Gregorian Reflector: It consists of two mirrors; the primary mirror is a concave
paraboloid which collects the light and brings it to a focus before the secondary

mirror. The secondary mirror is an ellipsoid.



Cassegrain Reflector Gregorian Reflector
Symmetrical I - -
Type ( / _-.-\,nc L
\ -
Non-
symmetrical
Type

8-13 Aperture Antennas

N

E, =3XE_, P(Ro,0,p) at the far zone (fR>>1)

Y

E , =XE,, where Ep =L I jl:?a(x' e drdy

(a} Slot. (b} Horn, aperture
| ﬁR>>1,
_._1: J. R=R —(Xx'+))')-(xsinfcosp+ ysinbsing)
i =R, —(x'sin@cos¢ + y'sin fsin @)
| .
I = ] —JjBRy .
P s i s wiwe - = E = R R, e F(0,9), where
F(Q,QO)Z JIEa (xv,yv)ejﬁsin6’(x'cos¢+y'sin¢)dxydy'
aperture
47U 1 ~ 2 1 - 2
Directivity: D = 7 max , U, =—R;] E,| mx = 5 ”Ea(x',y')dx'dy"
Pr 2770 2770/1
2
j j E.(x,))dx dy‘
mio P =21 [[IE, ey ) deay=p=2Tleme
h 2 ([IE, ey axay

aperture

If Eo(x’,)’) is constant=> D=4/’
Case I =0 (in the xz-plane) Case 2 p=r/2 (in the yz-plane)



Eg. Assume that the field in an axb rectangular aperture in an xy-plane is linearly polarized in

the y-direction and that the aperture excitation has a uniform phase and a triangular amplitude

distribution f(x)=1-|—

X\

a
x| < E Find (a) the pattern function in the xz-plane, (b) the

half-power beamwidth, (c) the location of the first nulls, and (d) the level of the first sidelobes.

(Sol.) (a) The xz-plane=> ¢ =0, cosg =1, sing=0, E (x',»')= f(x)-1

F(e, ¢) = IIE(X"yV) . ejﬁsin 6(x'cos g+y'sin de‘dy' ’

aperture
b sin ('B sin )
F(0,4=0)= j ——x] JAEsinG g j R A — —— (")
pa . o
(—sinf)
74
sinz(&sinﬁ) ’ 4
(b) +27:>2A9z2x0.326”—=0.652x—
(Fsingy? V2 a a
74
a sin &
@ s 020, =sin” ()
.2 < 2
@ LY gy 3T S0 2”’ =0.045
dy vy 2 7
. The first sidelobe level = 20log,, (——— ) 26.9dB

0.0

Eg. A linearly polarized uniform electric field Ea = )ACEO exists in a circular aperture of radius

b in a conducting plane at z=0. Assuming b to be large in comparison to wavelength, (a) find an
expression for the far-zone electric field, and (b) determine the width of the main beam between
first nulls.
(Sol.) (a) x'= p'cosg', y'= p'sing', and

x'cos@+ y'sing = p'(cos@dcosg'+sin@gsing') = p'cos(¢—¢").

b 2z 'sin @ cos(g—¢') 1 ' ' b Ve ' ' J (ﬁb Sin 9)
FO.p =) [T plagdp = B, [ 2, (Bp'sin0)pidp = E, 220 [ )
= n 27’ J, 27b
E,=a jE,—— e P (u)] where u = ffbsin@ = ——sind .
AR, © A
(b) The first null of the radiation pattern occurs at the first zero of J, (%) : u,,=3.832
. 3.8324. 3.8324 A
0, =sin”'( )= =1.22—(rad) , where D=2b. The width of the main beam
27b 27b D

between the first nulls is 26, = 2.441/ D(rad).



Formulae: [ /" dg' =22, (w) and [wJ,(w)dw=wJ,(w)



	Vertical
	Horizontal
	Horizontal
	Vertical
	Horizontal
	Horizontal

