Chapter 4 : Linear Wire Antenna

Infinitesimal Dipole
Small Dipole
Finite Length Dipole

Half-Wavelength Dipole

Linear Elements near or on Infinite Perfect
Conductors



Infinitesimal Dipole
 Lengthl<<A

e Used to represent capacitor-plate (top-hat-
loaded) antennas

e (Capacitive loading to maintain the uniform
current
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Radiated Field

e The current on the infinitesimal dipole is
assumed to be constant, i.e.,

1(z') = 21,
e Recall that
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A(x,y,z)—MjCJ(x,y,z)
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e Since the dipole is infinitesimal, the following
approximations hold:
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Radiated Field (2)
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Since A has only z component,
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The magnetic field becomes:
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Radiated Field (3)

Therefore, H == ()

HIL kl,lsin @ 1+.L ik
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Likewise, the electric field can be found to be
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Power Density and
Radiation Resistance

 Poynting vector W= %(Ex H)= %(fEr +0E,)x (¢H )
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Power Density and
Radiation Resistance (2)

P =power
Complex Power P, = time - average radiated power
, ~ ~ Wm = time - average magnetic energy
P=P_  +j20W -W) " |
W, = time - average electric energy
Za)(Wm —We) = time - average imaginary
(reactive) power; Allin radial direction
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Far Field (kr >> 1)

 For kr >> 1, the fields can be approximated as

ol kl,lsin & i
4 7zr
klI,[sin0@ _.
H¢§j O4sm e Lkr>>1 B | TEM Wave
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EzE,=H =H,=0
. E,
Ratioof EandH: |£,=—"=7
H¢

Z = waveimpedance

n = 1ntrinsic impedance (1207 Q for tree - space)
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Directivity
Time-average power density:

29342
W,, =Re(ExH")=i——|E, = p 2| Mol] S0 0
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Radiation intensity:
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Small Dipole

 Length A/50<1<A/10

N

Iy P(r. 0,9)

& Bipcmsnll gennieny (b) Current distribution
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Radiated Field

e The current on the small dipole is assumed to

be a triangular function, i.e.,

210(1—%5), 0<z7'<1/2

I(Z') =+ A
2[0(1+7z'), —1/2<7'<0

where I is a constant. Vector potential becomes:

Pyl e | AT 2 e TR
A(x,y,Z)—Z47z-|:l/ZIO(1+lZ) R dZ

12 AR TI
+j0 folliie H e dz}

Approximating R ~ r yields the maximum phase error

- k2 = 710 oy =2/ 1110)!
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Using R~r:

Radiated Field (2)

A(x,y,2)=2ZA, =

which 1s one-half of that for the infinitesimal d1

l,ull
247ZT
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The far-field can be given by

S kl,lsin @ - |
87r
H, = ]kl oSG e lkr>>1
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E=zE,=H, =H,=0
2
Radiation resistance: |R = 2P — zoﬂz(ij
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Field Separation
 For a very thin dipole, x’=y’=0, thus
R=y(x=x)+(y=y) +(z-2) =x’+y* +(z-2)’

= (2 + 92 +22) +(=222427) =/ +(=2r7'cos O+ 27)

where r* = x> + y* + 2%z =rcos
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(a) Finite dipole geometry (b) Geometrical arrangement for far-field approximations
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Binomial Expansion
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Field Separation (2)

Recall also the Taylor expansion:

FR) = FO)+ f'(Ox+L 25‘” 1M

which yields the same result: ' 1 |
ol e i b v TR o] L
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1+—(2rz'cos@+27")

Recall that 1
R = r\/
r

—2rz'cos @+ 7"

Letx = ; , then
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Far Field

By retaining only the first two terms, 1.€.,
R=r—-7'cosd
The most significant neglected term has the maximum

value e b
£ sin” @ 14 whené?zZ
2 11 2 2

r

A maximum total phase error of 7/8 i1s acceptable, thus

z T Lo a=tlio 21>
iy | = — r>—
P L IES A

Far-field approximation

2D? R = r for amplitude term

when r > ' Al L]
R~r—r'cos@=r—r-r' for phase term
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Radiating Near Field

By retaining only the first three terms, 1.€.,

1 12 .
R=r- z'cos<§’+—£z—s1n2 6’)
Rl
The most significant neglected term is the fourth term. In

order to find its maximum value, one can differentiate the
fourth term with respect to 0, and the result is set to 0, 1.e.,

a 1 Z'3 LI 7 Z'3 A 414 )
20| 72\ 2 cosfsin” 0 || = 2Slnﬁ[—sm 6+ 2cos 6’]:0
I r

yields
[— sin” @+ 2 cos” 9]9:91 =0 mmp O =tan” (i\/a)
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Radiating Near Field (2)

If the maximum total phase error 1s allowed to be /8,

ka?)
————cosﬁsul 0
2r° 2'=1/2

which reduces to

or

O=tan"' O

:Zsl;(}j(%j 1;[(;) %

LIS (13\
RGN

13
r=>0.62,.—
A

Near-field region
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Finite Length Dipole

e Length > A/10

e Current on the finite length dipole assuming

the wire is very thin
zl,sin k(é—z') ! 0<z'<I/2
I(z') =1 I : I
zl, sin k(5+z')

—1/2<L7'<0

»

where I is a constant. This distribution assumes
that the antenna is center-fed and the current
vanishes at the end points.
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Radiated Field

The electric and magnetic field components in
the far field for the infinitesimal dipole dz’ are

iven b ") si .
8 )/ e Lt kl,(z')siné R g
47R
dH, = | kI, (z')sin0 o

4R
dE. ;dE¢ =dH. =dH, =0

Using the far-field approximation yields

kl,(z'")sin@ A

4 v

— jkr _ jkz'cos@
]re]zcos dZ'
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Radiated Field (2)

The total electric field can be obtained by
summing up contributions from all infinitesimal
dipoles, i.e.,

A3 -
1/2 ke 7 sin @] ¢lr2 AN
E@ :J‘ dEH al ]77 Ie(ZV)eJ 7 COS dZv
-1/2 4727- -1/2
eleme;l{ factor space\%actor

total field = (element factor) x (space factor)

Thus, the electric field of the finite length dipole

can be given by
. kl,e ™ sin@ {IO

L g l ' jkz'cos@ 7 _
E,=jn A8 msm[k(§+ % )}e dz

deit l kz'cos '
+j0 sm[k(z—z')}eﬂ‘Z edz}
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Radiated Field (3)

Using

e™ sin(fx + y)dx = 0526+ ,32 [asin(fx+ y)— L cos(fx+y)]
[ o COS ZCOS 6 |—cos b
E,= jn-—> :
27 sin &

Likewise, the magnetic field can be given by

[ (klj
4. | €OS| —cosO |—cos| —
Al as 9 2
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Current Distributions and
Radiation Pattern

!
!

wer 1

2% Relative po
(dB down)

2

Current [,
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............ =22
sescsssssses ses ] =)
————— 1= AI50 =250 3-dB beamwidth = 90°
r T emem———— =302
_— ——ee | = Af4 I=X4 3-dB beamwidth = §7°
=\/2 =272 3-dB beamwidth = 78°
TRRE ORI L | =304 3-dB beamwidth = 64°
.............. I=2A =i 3-dB beamwidth = 47.8°
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Power Density and
Radiation Intensity

Time-average power density:

W%z%RdEXHUz%Rd@%x&Q)

I (u j (sz
, | cos| —cos@ |—cos
1 AE ) (A 11, | D, 2

r
7787[ r sin &

Radiation intensity:

m 12
) cos(kl COS 6’) - cos( klj
Uit N 11, | 2 2

i Y/ sin &
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Radiated Power

Radiated power can be obtained by
2w pr |
P, =fUd="| Usintd6ig

kl kT
el COS ECOS@ —COS 3
0 j do

Qg Y0 sin &

which can be given by

ol | LR {c +1n(kl) — C, (kl) + % sin(k)[S, (2kl) — 25, (kD)]

Tt

ra 47Z'

(D)
+%cos(kl)[C +1n(kl/2)+ C,(2kl) - 2C, (kl)]}

where

C =0.5772156649 (Euler's constant)
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o= =2ay ]
S, (x) = fox Sh;y dy

C.(x) 1s related to C, (x) by

C.(x)=C+In(x)-C,(x)

I-cosy

where C. (x) = jo[

COS Y
b

dy

Radiated Power (2)

Cosine integral

Sine integral




Radiation Resistance and
Input Resistance

Radiation resistance becomes

R = 2ng 11y, {C+ln(kl)—Cl.(kl)+1sin(kl)[Si(Zkl)—ZSi(kl)]
RNz 2

+%cos(kl)[C +In(kl/2)+ C,(2kl) - 2C, (kl)]}

Since " RIL I, I p assuming loss-less

2 in 2 r I 2
Input resistance can be given by R, = {—0} R, >

\ l Iin
For a dipole of length [, 1,, =1, sm(Ej

A

R. — r 2
i T Al
Input Resistance & nz( j
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Directivity

Directivity 1s given by

D, = 47 O Il 2F (0) |l
P 0
where _ _2
F(0)= COS(I;Z Coziil CoS(kzl)

and

Q= {C +In(kl) - C,(kl) +%sin(kl)[Si(2kl) —2S. (k)]

+%cos(kl)[C +In(kl/2)+ C,(2kl)-2C, (kl)]}
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Radiation resistance, input
resistance and directivity

4.0

3:3

3.0

2
in

Dy (dimensionless)

]
o

riyrrrrr 11 1T 17T 17 17T 1T 7T T T T°11

1.3

1.0

Dipole length [ (wavelengths)
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Half-wavelength Dipole

Let [ = A/2, then

T l | T |
15 Cos(cos 6’) i cos(cos 6’)
el 2 o =B Lo 2
i 27r sin 0 A7 27r sin 0
J L LA i
11,1 COS(ZCOS‘QJ 17,1
Power density W _ =p1—" ~p—2L —sin’ @
MG s sin 6 iy
Radiation Intensity I Al i
AR ENT Vil
U=r'w_=np-—-2 ~pn—"—sin’
G T T TS Ly
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Half-wavelength Dipole (2)

A
Radiated Power 1zl iz 1 4 (2 i 49)
I)rad 1 77 40 IO . 0 d@
|17[|2 1 il JEA 1 It
ol” 27 1—cosy 3
= dy = O (27
774ﬂjo( l ijgﬂ n(270)
where  C, (27)=C+In(27)—C,(27) = 2.435
U 4
SaeR . D =T = ~1.643
Directivity 0 EINTIVEE
2h g |
Radiation Resistance o = czl S an CLEz) =15
RIS L 4z
Input Impedance Z =773+ j42.5
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Wire antennas near or on infinite
perfect conductor

Direct

Reflected

Actual
source

Direct Direct

Reflected
Reflected

h

£n,
G R /”"/'Rq/ A % Tl o.nﬂo )
/ - . k i P,
\}/ * T O =00
h /s //\\
Fa = g =c2
= Egsss v E RN TR s
* /f’// h P
/// /
¥ s
1 -
A -
Virtual source £

(image)
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Image Theory

Electric Electric Magnetic Magnetic
- ? —a— * =Pl Actual sources
h a. I Y - .
E 0-onxE=0
o = oo (Electric conductor)
h
A . ] LA n
J, ¢ e -~ =3P [mages Htan — O % n X H — 0
; on PMC
(a) Electric conductor
Electric Electric Magnetic Magnetic
- # ——p $ =P Actual sources
h

O —— NOTE: The fields
P T R o S S R A AN A NN e SN S UA A XA
X (Magnetic conductor) Obtained are Valid

, only in the top
¢ - Yo ? —-ff-o - Images
Y half-plane.

(b) Magnetic conductor
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Vertical Electric Dipole

Reflected Component
. EIVertEll.
Direct Component E)=jRp Z ZT sin 6,
Nz i
E,=jn i sin 6, 1l Jo
il = == sin 6,
47,
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Parallel ray
approximation
r=[r’+h>-2rhcos8)’ =r—hcos6
ALIRES A Phase term
r,=[r"+h"+2rhcos@]" =r+hcosd
h=n=r Amplitude term
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Vertical Electric Dipole (3)

. .kl le "
Total Electric 8 =
Field Amr

-0 z<0

number of lobes = % +1

sin @[2cos(khcosd)] z=>0




Vertical Electric Dipole (4)

Power Density
1 1 Ally

W =—Re(ExH)=7F—IE, 37—
't [l ( ) 2n ¢ 21

2

sin” @ cos” (khcos )

1l

Radiation Intensity >

sin” @ cos” (khcos )

2
g WL ) L )
2n 2

Maximum Radiation Intensity 7

I

Radiated Power

27 /2 ] wl2 ]
FN, :IO jo U51n9d9d¢:27zj0 U sin 6l 0

1l
A

:72'77

2 1 cos(2kh) A sin(2kh) (3)
B8l (2Rl | [RCLR))
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Vertical Electric Dipole (5)

] i
Directivity il | 2{1 cos(2kh) s1n(2kh)}

3 (2kh)’ (2kh)’

D,=4r
P

rad

Radiation Resistance

2 .
R — 2B _ 27,77( ] j il COS(Zkﬁl) | sm(2k€z)
)13 (2kh (2kh)
0.7

—10.6

Directivity
—0.5

= — == Radiation resistance

—0.4

Directivity (dimensionless)
L
Radiation resistance (ohms)

L e e ege—p—

—40.3

Height (wavelengths)
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(a) A/4 monopole on infinite electric conductor

1

/. =—/. (dipole
l in 2 li’l( p )
J{ =%(73+j42.5)
l =36.5+ j21.25

(b) Equivalent of /4 monopole on infinite electric conductor
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Fields due to y-directed dipole

— jkr
.l le™
Vector Potential A A=y—?
4 v
. I le” |
A, =A, cosOsing = i Zle cos dsin ¢
7T
A lenit|
A=A cosg= e Z; COS ¢
Recallthat ~ E(F)=—joA-—L-V(V-A)
OUE
E,=z—joA,=—jo a2l cos @sin ¢
Far-field Electric Field 47r
, WL Yeliy
Ez=z—jowA =—jow COS
y J A J e ¢
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Fields due to y-directed dipole (2)

Introduce a “new” spherical coordinate system (r,y,() such that
r=2zsiny cos +xsiny sind + ycosy

W/ = ZCOSW coS{ + xcosy sind — ysiny

§ =—Zsiny +Xxcosy
(This can be obtained by letting (x,y,z)->(z,x,y) and (y,0)->(0,0))

then
— jkr
Far-field Electric Field| r ~ jw lUIOle sin
( A7
lelitll):
Far-field Magnetic H H= ] Seis Ole S1n ¥/
Field 4rnr

DS S
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Direct Component

Reflected Component

E? =

7

J1

kI e

47mm;

sin

E,; = JR, 17

=—Jjn

kiMejiE

47,

kl le™ ™"

47,

L%
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r=[r’+h>-2rhcos@)’ =r—hcos6
r,=[r’+h’>+2rhcos@)’ =r+hcosf

Phase term

LEL ST Amplitude term

cosy =y-r=sindsin g
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Horizontal Electric Dipole (3)

Total Electric | | _ . kI le "
Field divtpo

\/1 —sin” @sin” @2 j sin(khcos 0)]

number of lobes = —2/1—h




Horizontal Electric Dipole (4)

Power Density

Wav:i;ill
2rt| A

Radiation Intensity

i i
| SARY o 22 T 204

1—sin” @sin* @) cos*(khcos &
o 51l ( $) cos” ( )

Radiated Power

s, J-MJ‘MUsdeHd¢ 272'"- U sin 6d 0

Y
512

3 2kh (2kh)>  (2kh)’

{2 sin(2kh) _ cos(2kh) s1n(2kh)}

Radiation Resistance

JAN]! ( 1) T 2 _sin(2kh) _cos(2kh) _sin(2kh)
R A BN 2R S R

[

R =
VA
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For small kh

Horizontal Electric Dipole (5)

0 (zjz_z y 8(27#1)2_ 327:3(1)2(1)2
Y ES et b I {5 3w i =7 e
ANETENE WY N

Maximum Radiation Intensity

UALL] NPT kh<7/2,60=0
2
U .. =1
max N, 2
g % kh>7m/2,¢=0andsin(khcosd_ )=1
Directivity (4sin>(kh) L
-] %0

_— kh> /2
 R(kh)
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Horizontal Electric Dipole (6)

sin(2kh) cos(2kh) sm(Zkh)
2kh (2kh) (2kh)3

where R(kh) = {% i
For small kA

kh—>0 L . .
D, — 4sin (kh)[g —% ﬁ (kh)2 7ls sin(kh)
3115 kh

8 B TR TR (RN G T N W WG G T i T G S G S e i L

Directivity
- — = Radiation resistance

H 04

f\ --.
i -~ f"* -
/ / \../ \ > i N ~ N7 3

0.3

Directivity (dimensionless)
Radiation resistance (ohms)

0.2

—

L N R (NN G RS, WS SN R R TS, e
0.5 1.0 1.5 2.0 23 3.0 35 4.0 4.5 5.0

Height i (wavelengths)



