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Antennas
dtel l it e

Moment Methods
Geometrical Theory of Diffraction

. 5 . , ,  ~~~~~~~~~~~~~~~~~~~~ f.,. k T;~~ 
— —

A technique which combines the Method of Moments and the Geometrical
Theory of Diffra ction into a single Hybrid Techni que is described and applied
to the problem of computing the performance of wi re type antennas on a planar
satellite panel . Where possible results are compared with i ndependently
derived cal culations or measurements to verify the computer program . The
computer program , which is not included in the report , is capable of handling
up to five antennas on a single satellite metallic panel.
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I
I . INTRODUCTION

Previous work done in connection with the presen t research program
has utilized two modern computational methods in electromagnetics. The
first technique is the Geometrical Theory of Diffraction or GTD , which is
most often used when an antenna radiates from a struc ture that is large
in terms of the wavelength . The second technique is the Method of Moments
which , for p rac ti cal reasons bas ed on com pu ter sto ra ge , applies best to
structures that are not large in terms of the wa velength .

A major innovation of the research performed in connection with the
prediction of_ sa tellite antenna radiation patterns lies in the forma l
comb i nation of the GTD and the moment method into a single computationa l
method known as the Hybrid Technique [1]. This technique was used by
Moore and Thie le [2] to investigate a turnstyle type antenna on a 24” x 2411

satellite panel .

The computer program developed in connection with the turnstyle
antenna investi gation was limited to monopole type elements and pattern
ca lculations in one plane only. Subsequent work described in this report
has oeen concerned with the generalization of the theory and the
incorporation of that theory into the computer proqram so that it may
he use d in the anal ys i s an d desi gn of more genera l sa tel l i te antenna
systems than previously possible.

II. THE HYBRID TECHNIQUE

The Hyb rid Techn iq ue is actuall y an extens i on of the moment method
accomplished by modifying the impedance matrix to include the GTD.

A. Momen t Method

Consider a genera l perfectly conducting body on which there is a
current density J. In orde r to satisfy the boundary condition everywhere

• on the body surface , the tota l tangential electric field has to be zero .
That is ,

E~ + E~ = 0 (2-1)

where E
~an is the tangential component of the incident electric fiel d

due to a source locate d an ywhere ou ts id e the body an d E
~8n 

is the tangential
component of the scattered electric field radiated by the current J on the
conducting body . For simplicity , the subscript “tan ” is dropped and it
is understood that only the targential el ectric field is being applied to
satisfy the bounda ry conditi on on the body surface.

To app l y the moment method to fi nd the unknown response J with t~ asthe known excit atiQn, write the functional operator equation [3,4] to
relate the J and £, as 

----— ----



L 0~~( ! )  - (2-2)

where L0~) r presents the integra l f unit ioni l  opera tor. For a unique
solution , L0~ must have a corresponding inverse opera tor , L 0~~

l. such that

L 0~~
1 (Er ) J . ( 2 - 3 )

In  addition , an inner product, obtained by inte gratin g J~E over the
surface under consideration to obtain the reaction J,V [5], is defined
to sa tisf -~ the fol l owing symmetric inner produc t axioms :

+ •
~~~2~ 

E -  = c 5J 1, E .  + - -J 2 , E> ( 2 - a )

i.E • E ,J • ( 2 - 5 )

J * J  = () if and only if J = 0

0 if i ~ 0 (2 6)

where and - are scalars and * denotes complex conjugation.

Next we expand the current J on the surface of the conducting body
in a series of basis functions {J 1, J2, ... J~ } defined in the domain of
L0 . Tha t is ,

N
1 = 1 I~ ~n (2-7)

n=l

where I~ are the complex coef f ic ients to be determined.

Subs t i tu t i ng  Equation (2 -7)  into Equation ( 2 -2 ) ,  using the l inear i ty
of the opera tor , and forming the inner product with a set of weight
functions 1W 1 , W2 

. .  . , W~~ in the domain of L0~ . we then obtain

n:l ~ ~~ Lop (i n )’ = ~~~~~~~~ ~i > (2-8)

k 2

‘S 
___________________________ _______- __—T—I---—-’_~ 
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I
Actually, Equation (2-8) represents the mth row of equations in a system
of N such equations while the quantity Lop (Jn) represents the electric
field from the ~th basis function of unit amp litude. In the usual moment
method matr i x nota t i on . Equation (2-8) can be written as

[7] [1] = [V] (2-9)

where [Z], [I] and [vJ are called the generalized impedance matrix , the
generalized current matrix and generalized voltage matri x , respectivel -~.The elements of [7] are denoted by

7mn 
= ‘
~
Wm~ 

Lop (tJ n )~
’ . (2-10)

To include the diffracted field contrib ution from the 0th basis
function ~~ a new matrix el ement can be written as

= 

~~~ 
L0~(J~) + c Lop (Jn )> (2-11)

or , by axioms (2-4) and (2-5),

Z
~n 

= <W
m~ 

Lop (J n )•’ + 
~
Wm~ 

c Lop (Jn )> (2-12)

where c Lop (Jn) represents the contribution from GTD and c is a complex
quantity . Equation (2-12) may be further simpl i fied as

Z~ = Zmn + 

~~ 
(2-13)

where Z
~n 

= Wrn, c Lop (Jn)> . W i th the new ma tr i x elemen t, Equation (2-9)
can be rewritten as

[Z’] [I’] = [V] ~2-l4)

where [I’] is the current distribution on the conducting body surface ,[ including the contribution from GTD.

I

3

L 
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B . [II If r~~~ t ion Theo ry

The pro ble r i; of strai ght edge d i f f ra t ion by a perfect ly-conduct in g
weduc’ was fir st solved by Sorwnerfeld [6]. Later , Pau li [7] introduced
the V~ function as a practical formul ation in the solution for the f i e l d s
d i f f rac ted  by a perfect ly -conduct in g wed ge of f in i te ang le. More
S -e( en t ly ,  Hutchrns and Kouyoumj ian presented a formulation which yields
le tter accuracy than Pau l i ’ s solution in the transition reqions nea r the
incident and re f l ec ted shadow boundaries , par t i cu la r l y  when r-~~. Their
fo I - I~ulat ion can be wr i t ten as

V ,~(L ,~~,n) r 
~ ,~(L , - , n )  + I~~ ( L , v , n )  ( 2 - 1 5 )

where

-j (kL+~/4) -

I ( L ,~ ,n) - - 
~~~~

- 

~~ cot (~
L~i ) e La

J n4 ?n

e Jt 2 dt + [higher order terms i (2-16)

and

a = 1 + cos( ;- - -2n nN) (2 - 17 )

The high er order terms are neg ligible for large kL and n is defined from
the wedge angle WA = (2-n)rs as shown in Figure 2-1. Moreover , N i s a
positive or negative integer or zero whichever most nearly satisfies the
e qua t ion

2n -N- :- - = - : j  for I (2-18)

and

~~1 
2n~ N- t~ = ii for I~ . (2-19)

The distance parameter L and are defined subsequently.

4
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Consider Fi l e r- ~‘--1 w ith sour u i-I [
1
(s) f s -~~ i s r i  i c c  p

at p o int s ’ ( , ‘ , z ‘ ) . The source can h c i th er Hoc ’ n c  en m i m etic
qi v i nq n . e  to ei t h er plane , cylindrical. c o ni ril Or s t h e r i c a l  wave
inci de n ce on the wedge tip. The diffracted ver tor fie ld it the point
s(.- ,: ,~~~~) in he v r i t  ten in terms of a dyadi c d i f 4 r-~~tion e f ficient.
Kouyoucnjian and Patha k [~ ] have shown tha t the d i f f r i -  l c d  field can he
wr it ten compactly if they are expressed in ter~~- of a ray fixed
c o n r l ina ie s y ’ tc - I c entered at the p o int or po in t .s of di +t ra cti on 1)E.
The rs -la t ioflsii ps between the o rt hoqnna l  unit i r  tors associated with
these coord i nates (s’ ,.- - ,-:- ‘ ;s, , : )  are given hi

I - s ’ (2—20)

= : ‘ x : ‘ (2 — 2 1)
0

s = x ( 2 — 2 2 )

where I is the inc i d e nt direction unit vector , and s is the diffraction
d i rection unit vec tor. In this coordinate system , the diffracted fle d
may he written as

E~ ( s )  E ( Q
E ) ~(s, I )  A ( s )  e jkS 

(2-23)

or , in terms of the V
8 function as

[-v~ 0 E
~

(Q
E) j1e~~~ A (s) e~~~~ (2 24)

E
d
(s)j 10 -V~ [E ’(Q[)

where

= t
d
(s) (2-25)

f d (5) F~ ( s )  :- (2-? 6)

and

= V 8 (L ,i— ,n) V~ (L ,i~~,n)  . (?-?7)

ES

— - - •- —~ — -
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I

T hs ‘lines sig n of the V8 f u n c t i on is ~sei for the s o f t  case  ( 1 f i e ld
pi r a 11 ci t ic  the edge) and the pos i ti -j r s inn is for the hand c as e

i ci (1 c rpnndi cul an to the ~‘d ie ) . i c ’  an gu l a r  re~. ati 005 a r c  q i V s

7 .-~~~ 
~~
;; where  the ir

” to ri is essociated with the incident 4 iel d
and t ic  .~~~ ten wi Ui the reflected field . The ray diverge nce facter ur
spa tial attenuation factor A(s) is given by

I 1 f r  p lan e , cylindri cal and
conical wa -ie inc idence

A(s) = (2-28)

s ’ fm spherical  wave
i n c i d e n c e

and L is ~;iven by

s s n 2
~ 

for plane wave
incidence

L — -
~ 

-~ ---~~ -— 
for cyl indrical wave

— ~ ‘ +ç i nc i dence
. 2

- S s sin ~ - -o for conical an d spherical

~+s ’ wave incidence
5’

It is the introduction of the distance parameter L by Pathak and
— K o uyo u nj ia n  that permits near—zone to near-zone d i f f ract ion to be obtained

accurately for ‘ [>1.

flI. A PPLICATION OF THE HYBRID TECHNI QUE

[
~ /ir ;p les

A . Monopole near a Conduct iog Wed ge

Consider the conical pro b ler -c of a nionopole near a perfect ly -
conductin g wedge dS shown in Fi gure 3 — l a .  Assu me that the monopole is
a thin wi re w i th  radius , R’- cA and i ts axis  coincides wi th the coordinate
z-axis . To find the current distribution on the monopo le , firs t apply
the boundary condi t ion on the wire surface. That is ,

- t~ (O ,z)  = t~(O ,z) (3-1)

or

L 0~ ( J )  = — t~ (O ,z)  = t~(O ,z) (3- 2)

where ~~(O ,z)  may be expressed as [9]

I
______________________________ — -T.~~~~~~~~~’~~~’ 
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I
H -

= 
~~~~~~~~~~~ I J(z ’) ~~~~~~~~~~~

- - [(1~ .j~ r)(2r -3L
2)+(kk r)

2)] d z ’
L -, ) . - - )

-Il (~~~3 ’

c -h e r e ~~~
‘ an d denote the source po i n t  and obse rvat ion point , respect i  ~e ly ,

and

r = ~~ + (z-z ’ ) 2 ]l/2 (3~~:)

L can be deli ned as

II

I G(r ,r’) dz ’

.-,i1t re

-~ kr 2 2 2
G(r ,r ’) = -

~ r5 
[(1+ jkr) (2r ~3k )+ (kRr) ] . (3-c)

Then the cA r re r c! di ‘t nib uti nn J(z ’ ) may be e~~anded by a f inite set of
pie(~ wiSe sin e ~dal l i s is functions L lO ] ,  ~F 1 (z ’ ) ,F2 ( z ’).. FN(z ’ )

~ as
,hcr ~. i  in F inure a— ~~ . That is ,

~(z ’ )  = 
~ 

I ~~(~:‘) (3-7)

1
0 

is a c omp lex quantity and

s in li I (z ’ — z ) 
- 

s in h k (z 4 1 — z ’)  --

i

~~~

(

~~~~

) = 

~Trth k (z~ -z~ ..1D 
Z + 

sinh k (z~+1 -z~1 
Z (3-8)

i s  Lice complex propagat ion constant of homogeneous riediun :

= - ‘li (3—9)

Thu s , L q u a t i  on ~3.-2) can be wri tUrn ~ic

; U
I L (~ (z ’)) = — [~(O,z )  . (3- 10)

n- 1 O~
) fl

9

~~

-

p ‘
~ - 

- - -



I
I

F~_ 1 (z) F~ (z )

~~~~~~~~~~~~~~~~~~~~~~~~ n z f t+ I  ~~~

Figure 3-2. Piecewise sinusoidal basis functions.

Next , w it s i  a set of wei ghing functions defined as

= 
~~(z ’) (3-11)

the riatni, element Zmn in Equation (2- 13) can be calcul ated by

7 = ~~ (z ’), L (~ (z ’)> (3-12)f_ in in op n

which is phys ica l l y interpreted as the direct f ield contribution at
m due to a uni t of piecewise sinus oidal current F0(z’) defined at

iegi on n as shown in Fi gure 3— lb. A l s o, the matr ix element ~~~ in
Equation (2-13) that accounts for the diffracted field from the edge of
the wedge due to the same basis function F0(z’) can be written as

<~~~(z ’) ,  ~~(s)> =J ~11
(s) ~~(s) dz (3-13)

where r~( 5 ), the di f f racted f ie ld arr iving at region in, i s ob ta ined
using G?D and the integral is over the length of region m. That is ,

~~
(s) -V~ E~ (Q [) 

~~~~ 
~

3kL A ( s )  ~~~~ ~ (3-14)

where LI(t)L ) is the incident f ield_component perpendicular to the edge
due to the current basis function F~ (z ’) and • is defined as shown in j

10 -
~~

— — ______ ~~~. a - ‘4S~~ J r- ‘~~~~~~~~~~~~~



I
_
-I
~~ IFigure 3—lb . In this part icular  ~~~~ L 1~(Q~ ), the incident f ie ld  com-

ponent pa ra l l e l  to the edge equals zero , and the inc ident angle is
= i~/2. Mmreover , for spenica l  ~-ia-i e incident A ( s )  and L are defin ed

1~ Lq uat in r i  (~ -28) and Equation (~ -29), respectively. Therefore ,
Lq u at i n n  ( 3 — l a )  can further be s i m p l i f i ed  as

s ’ s
- j k [—,— — — s]  

-

F (s )  -
- 

~~~~~~ 
t~~(Q~ ) ~~~-r e S S 

( i— 15)

ri ~~~~~;n 
calcu lated , the enf ;nnwn current d is t r ibut ion on the

(lnnp( l” L lf l  t ie-ri be obtain ed by so lv in o the matr ix ec uat ion

[ I’ ]  = [Z ’ ]~~ Lv i  . (3-16)

i-~. Mo nopol es or a Rectangular Ground Plane

In general , m iven the locat ions of a source , an observat ion point
n i l  the c ’dc 1e ~ a wedge , it is necessary to deterr ii ne if the given edge
has a rj i ffr ae ti on po int that will give a diffraction contribu tion in
the observation direction . The equations derived below can be referred
to [ll ,l~~].

From F i n A r ~c 3—3 , the position vector RD of a diffraction point Q[ can
be obtained as follows :

= ~7 - .L ( ~~ 
- T~)~ E]E  (3—1 7)

= ( T h  - ~T~) . 1  (3—18)

= i (3—19)

= - (3-20)

H = - (3-21)

= T~i~ - (~1.~!~) L (3-22)

Diffraction occurs rely if the followinq i nequality is satisfied .

~~
ii

~~
J L •L <~~~~~~~~ -~~• L  . ( 3 - 2 3 )

~~~~~
11

I
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

_ -- - - - -  ---—
~~~~~~~~~
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A
2

S(SOURCE)
0 (OBS ERvATION

~ Q A 
POINT )

_______________ 
4

E 

- A- ________________

Fi gure 3—3. Geometry_ for the ca lc u l a t i o n of the pos i t i on
vector RD of a diffrac tion point 

~~

After ~U is calculated , the same procedure as in Example A will give the
current distributions on monopol es on the ground plane in the presence
of the diffr actin g edges . To determine the far field pattern includinq
the four edges of diffracti on , it is necessary to define the incident and
refle ction shadow boundaries as shown in Fi gure 3-4.

From Fi qure 3—5a , it is obvious that only if the sign of

n (~~ 
- ~T) and n•D (3-24 )

u re the same and the intersection point is not on the rectangular_plate,
then the observation point is in the direct incidence region . If RS
represents the location of the image of a source and if the intersection
point is on the rectangular plat e , then the oppos i te s i gn of Equation (3—24)
indicates that the observation point is within the reflection region as
shown in Figure 3-5b . The locat ion of intersection point is defined as
follows (see Figure 3—5c).

M = - (3-25)
D n

12

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-- - - - -



I
‘ I

/7 ‘/7

‘ / 7 0 - - --

(U ‘/7 0
0 — . -.--

C) 0 —  c,n
_ U Q )

— ‘- 
0 0- S o

-.

Ui ° -~~

z

z 2a w

z .-., Co ‘-
— ,~ i 0’.-

V 

/

/ 

0 11) -~~

I— • — ..
Q.. —

> — Q_ ’ 4 r~- L 0 - - . —  ~-,
‘4— C~~#—~~~

_ 
4— rr5

~I) V - .--

,-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ II~~~~
Iii

1 / L fl~~-e-’
4-’ 4-’ L t/)

Z C.J L)
E O .

~~

o

~~

n

2~~cr / z 1-
1— 0 -4 ‘ o ~ C5~~~~O L)
00 0  , — ‘~ w O <

C, 
~~0O O

- I  
~~~~~~~—

- I LL

1~’‘ 1
~

i 

I
__________

- - -  - - ,  - - -*-  - - - . ----- -— ----



a
0 OBSERV ATION

DIRECTION

C’ INTERSECTIO N

~~ SOURC E
(a )

Figure 3 — 5 ( a ) .  Geometry f i r  t i nd i nc 1  d irec t incidence region.
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S
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URC E
IMAGE

(b)

Figure 3-5(b). ~eoine try for finding reflection region.
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A
0

/ A 
INTERS ECTION

- _
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(c )

Fi gure 3—5(c). Geome t ry for finding the location
of intersection point.

= + 
~~ o . (3-26 )

To de te rmine  i f ~ff , the interception point , is on the ground p l a n e ,
the followin g equation can be tested .

4 - is not on the p l a t e
(3—27)

I n l  > on the p l a t e

I where 
-

I [(
~~ - )~~ ~ (

~ +1 - ~T) ] • ~
I tan n 

(3-28)n 
Rn - ~‘fl ~~n+l 

-

arid is defined as shown in Figure 3-6.

15
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C4 ci

( 0 )

Figure 3-6(b). The vector relation between the intersection
po i n t an d one g roun d p lane corner .

C3 C2

I N T E R S E C T I O N
— - PO INT ON T~1E

GROUN D PLAN E

C4 ci

( b )

Figure 3— 6(b). When the i n t e r s e c t i o n  p o i n t  is on the g round p l a n e ,
4

cj
n jn= 1

C3 C2

N~~ERSECTI0N POINT
OT ON TIl E GROUND

9 - PLANE

C4 CI

Fi gure 3-6(c). When the intersection point is not on the ground plane ,

~ 
U n~ 

c 1
n=l
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I
To in clude the diffr ac tion hy the four edges to the total far ‘ i e l d

Hi t t rn , requ i res another set of eq uat ions to deterni tie the diffraction
p oint s on t h e four edges , si nce in far field case , onl y the observat ion
Ii~~ ’ct imn IS - i i V ~~fl and it is as umed that . r—’~ .

Az

A
SOURCE D

/
/
/
/\\
\%\

\\ 

~~~~~~~~~~~~~~~~~~~~~~~~~

Fi gure 3- 1. Geometry for  finding the position vector ~U of a
diffraction point when the far fiel d observation
direction D is given .

From Figure 3-7 , it is easy to show that

Q = (~~~—~~T) . (3-29)

H = (
~~ 

- fl) - Q (3-30)

~~~ 
cot — 

D- L  (3-3 1)

~ 
1 - ( D. E) 2

(3- 32)

= + (H cot ~ C (3 33)

_ _ _  - - 
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~~~
- . ~~ is t i c .- l ot a t ion Ut diff ri c~ ion point  w ’ i ’ it - c us t satisf y th.-

fo ll~~~c s c i  i n - - a - l i L y  to ensure that diffraction occurs :

< .L . (~~ -~~~~ I
That is , - ‘ii ffrac ti on po in ts nun t. be d.- Ii ned mr Liii’  edges

The total far field pattern is cal su l ated lv sa r -ic j r i ;  t tie direct ,
refl rn ted a-id d iffra cted field . The direct and reflected field ray be
obtained via the moment method while the diffr acted field c a y  be
det ermi ned by the 1;TD . As mentioned in Section II , the diffracted field

dli he expressed compactl y i n  te rm s of a f i x e d  ray c o o r d i n a t e  system
centered at the point QE The three orthogonal unit vectors of the
coord i na te  sys tem as shown i n  Fi gure 3— 8 are C the unit vector along the

D D I F F R A C T I O N
D I R E C T I O N

/
/ A

$ i A
I A A

I 
y

A

Q 

~~~~

SOURCE

A
E

Figure 3-8. Fixed ray coordinate system centered
at the diffracti on point QE •
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I

ed ;. - , n the  non al to the s u rfa e , ari l J; - - r - [ . T~c~ ~nc ident unit
ye.: tor I , the diffr action unit vec t ,r D , 

~~ ~~ ~ a’c i ~ 
‘ can then be

rep re ce ri ted dS follows

— I = cos ~~~
‘ L sin ~~~

‘ cos ; ‘ U sin ~~~
‘ sin ~~~

‘ n ( 3 - 3 5 )
0 0 0

I) son L + S i n  • -
~~ 

i i c s ’~ B S I t  a S i  I i ~ Fl (3—36 )

- ~~~

‘ - 

~~1H (-i.n) (3 37)
“ ‘ B

= t an ’ ~~~ (3-3~)
- d b I

= U5~~~
’ Ii - sin~ ’ B (3-39 )

= LO5 -~ I - s i ti ~ B (34~)

= ~~~
‘ x 1 (3—41)

; D . (3-42)

d i f f r a c t e d  f ie ld  can be expressed as

= L~ ~ 
+ ( 3 - 4 3 )

I - a . - r

I [L i (S) -v o~ ~~1 (Q )
~- 

B 
- 

E —:~
_•-- A(s) e 3 S (3 44)

p 
I~ L~~( n )  

~ 
_ v

~J ~ . L E )J 
si

1 i n n

I 
L (I)

1 
) -: ti (~~~)

L~~( 1)
1 ) = E ( Q F ) . 

•
‘ (3-46)

~- I
19

— ~~~~~~~~~~~~~~~~  
- ~~~~~~~~~~~~~~~~~ 

.~~ _~~~r.— -- 
—



(,~ ) is the inc ident field at ci iffr acti en point I)~ du~ Ls t~
- n i l - r i t  d i s ir ;but i on on the nionopoles. For spheric al wave incident and
m r  f i r  field cal culation (s-~~), Lguation (3—44) can be wr itt en as

‘b O L
~
,(QE~~

, J~~5 ’ S11i
2
~ ~~~~~~~

- - i 5 ’ e e ( 3 — 4 7 )

— j ks
where liii is suppressed and , since the phase is referenced to

(x ,-, ,z) coord i nate system of the rectan qular pl at .- as shown in Figure

3-9 , ~he phase t C n i i  ~~~~~~ is added .

A

A 
D

/ A
D

)

N s
N

/e~
. N

N

/
— S N

“..,~~~~ I~ F,~(1) N

R D Q E

Fi gure 3— 9. The phase reference of the far field pattern to
the coordinate system of the finite ground plane.

The diffracted field just calculated may be considered as arisin g
front a current basis function I nFn (&) defined on the 0th region
(Fig ure 3-9) of the monopoles . Therefore , the total diffracted field

20
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I
is the nu t ci c a t i o n  of the contributions from all the current basis functions
t I 1 F 1 ( ~~) , 1~’F �(~~) ,  . • .  IN F1~(~ )J inc lud in g all the effects from the four
edges (e<c lud in q the 2nd order d i f f rac t ion  and the corner d i f f r a c t i on ) .

I n  p- r i c ’ ra l  , the total far field can be wr i t ten as

= ~ + + (3-48)tot a l r m n nn= l

~-,s c.- r ,  
~~~~, ~ 

, n r - , represe nt respec t ive l y the di rect i n c i d e n t  f i e l d ,
r , tl , n t e l  f in- Id and diffracted field due to the current basis function
1~ T, ( . .) d e f i n e d  en t~ie region n of the monopoles.

i . Sin g le ooro~j~~le on a recta nriular plane

lori s c d i - . - d qua rter  wavelength monopole exci ted w i th  1 v o l t  genera to r
~n a i r i c u r id  plan. as shown in Figure 3—10 . In Fi gure 3—11 , the c a l c u l a t e d

~~~~~c - p c i f l ~’nt i f  the far field pattern including d i ffraction hi the 4 ed ges
~S soispar~ d elth that obtained by Burnside ’s GTD computer progr a r : L13]
for the foll owin g cases:

a) x 1
- -~~ =v 1=y 2 =3~, , f=900 MHz (Fi gure 3 — l l a ,b)

b) x 1 =x 2=y 1=y 2=l4” , f 800 MHz (Fi gure 3— llc ,d)

c) x 1=x 2 =y 1=y2= l 4 ’  , f ’900 MHz (Fiqure 3- l le ,f)

ir cd d) x
1 - -x 2=y

1
=y
2
=14” , f=l000 MHz (Fig ure 3— llg, h)

~-.h. rr the pattern is calculated wi th the observa t ion d i rect ion defined
Iv ~-=0° , l d() - and 0 <nel8O°. In Figure 3- ll g, h , the d iscontinuity
Ippe ari nq around the reg ion , e = 90° and 2700 , is due to the second orde r
i i f f r - ac t ion fr et ; the edges which is not included in the ca lcu la t ions .

The reason for mn akinq the comparison with Burnside ’ s pure GTD

• 
program is to provide an independent check on the validity of our
t c.rtcp uter program .

Burn side ’ s program uses infinitesimally short current sources which
have amplitudes and locations so as to simulate a quarter wavelength
rrionopole with a sinusoidal current distribution.

4 ’
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OBSERVATION
DIRECTION

/_f::
_ _ _

_/ H~~~~~~ / /
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

2 i 0
~

/ /1 _

8 $ 0
0

(a)

+2

I VOLT GENERATOR

(b)

Figure 3— 10 . Geometry for one monopole on a finite ground plane.
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I I I I I I I ~~~~~ 1
0 20 %0 00 00 100 120 1%0 100 100 200 220 2113 200 200 100 320 380 380

PA TTERN ANGLE. THET A (DEGREES )

P

~
$~ N~ P~ LE TIL l S AT 90.0 DEGREE

K~ N~ PCLE LENGT H.. 0 .25 WAVELENGTHS

FREQUENCY— 900 MHZ

~ PRTT ERN INCLUD ING ‘~ EDGES DIFF’ .RCT I~~N

Figure 3 - 1 1 ( a ) .  E~ pattern of a stub calculated by the hybrid techni que .
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>
‘U

I ~ — 10 - /

I ~I
‘U I

-- 

I > 1 5 ,
4 I
-J I l~~ ~ j %  A A
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—2 0 ---~ V 

~( l I % 1 t 1 %
I’d ~I I I %

I I I ~
— 2

~ 

I I I i i i
0 20 40 60 80 100 120 140 160 ISO

PATTERN ANGLE 8
Figure 3-11 (b). L~ pattern of a stub calculated by Burnside ’s GTD program .
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L:’~~ II~~~~~~~~~~~~~( I I 1 I ~~~~~~~~~~~0 20 140 00 00 100 420 1113 460 lb 200 220 2140 200 230 300 320 380 380
PATTERN ANGLE. THETA (DEGREES )

I

*6.. 100

_ _

M~ N~ P~ LE T I E r S  AT 90.0 DEGREE

MON~ P0LE L EH GTH — 0 .25 W AVELENGT HS

FREQ UENCY ~ 800 MHZ

~~PATTER N INCLUD ING l
~ EDGES OIF FRRCT I~ N

Fi gure 3—11(c). 1e pattern of a stub calculated by the hybr id technique.
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0 20 140 60 60 400 120 1140 123 leO 200 2Z0 2140 250 200 300 320 3140 330
PA TTERN RNc ~LE. THETA (DEGRE ES)

I

/~ ~~
/ IV.f l~,

/114.O. ~/o. 
‘

P4~ NOP~ LE 11115 AT 90.0 DEGR EE

MØN~P~LE LENGTH— 0.25 WAVELENGTHS

FREQUENCY— 900 NH! - 

-

~ PATTERN INCLUD iNG ‘~ EDGES DIFFRRCTI~ N

Fi gure 3—11 (e). 
~u 

pattern of a stub calculated by the hybrid technique.
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I

0 20 140 60 SO 100 120 1110 1C~ 1~ 0 200 220 2140 200 250 300 320 3140 360
PATTE RN ANGLE. THETA (DEGREES)

P

M~ NCPO LE TILTS AT 90.0 DEGREE

N6NOPt~LE LENGTH— 0.2S WAVELENGTHS

FRE QUEN CY— 1000 11HZ

c!1 PATTERN INCLUD ING ~& EDGES OI FFRR CT I~ N

Figure 3—1 1(g ). 
~ 

pattern of a stub calculated by the hybrid technique.
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i i  . ~~ t i 1 ted ropol ’” Un d rest rlgul ar P1 ate

I Ill l ien  two  gii~m r t e r w velr ’r ig th I e r o p i l e s  t i l ted at an angle of
11 II o n -  n - c r c  plane n-X L i  ted n-i ti generators as shown in Figure 3—1 2 .

~ht~ ‘~~ — nn-1 on nt . of the far f ie ld  pa t t e r n  inc ludi ng r i f f rac t i o n  by the
-~ ceip” ~S c~ Oi g Ir1 “. d cc I th that obtai ned by Hur-ns i dc ’ s ~T[) computer program

n - c - the fo l low rig cases

c )  x
1

=v
1

=~Y , x~ 
- ,2~~~~U , f= 1000 Mn~ ( F igure  3 — 1 3a ,b)

b) A l =x
~~ v ]~~v ? =l4

~ 
, f=900 ~1Hz (Fi g ure 3 —l 3c ,d)

c ) x 1
= - ~1 = l 2 ’ , — 2 ~~y 2

= l 6 ’ , f=800 MHz (F ig ure 3- l 3e ,f)

where the obse rvat ion direction is g iver ’ by ~~0°, 180 and 00<0<180 . .

It is noted ti -i t in both L os e s  1 and i i , the ‘i-component of the
far field pattern obse rved in the ~1ane ~=0°, 180” and 0°~:eC~180° is
zero since the antenn as i ri these confi gur ations have no contri buti on to
~—component in that partic u la n - observation dire ction . In order to see
the ~—coiiiponent of the far f ie ld  Pattern of two t il ed antennas as
irientioned in case i i , the observat ion plane $=90°, ‘O and 0~~e<l80 °
is used . The result is shown in Figu re 3—14 for the - ases:

a) x 1 =y 1 =8 , x2=y 2 20” f=1000 MHz (Figur e 3—14a)

b) x 1=y 1=l2” , x 2 =y 2 =l6 ’ , f=800 MHz (Fig ure 3—l 4b)

t . Helic a l Ante nna on a Ground Plane

The helical antenna [14] as shown in Figure 3 -15a is described by
the following syribols :

D = dianeter of he l ix
C = ci rcumference  of h e l i /

-
~~~~ 

S = s p a c i n g be tween tu rns
‘C 

= pi tch  angle
L = length of 1 turn
N = nur-cber of turns
A = axial length
d = diarct eter of helix conductor.
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SURFACE OF iMAGINARY
HELIX CYLINDER d

~~~~~~~~~~~~~~~~~~~

( c i )

S

C irD

/ L

a

(b)

Fi gure 3—15 . (a) Helix and associated dim ension

(b) Relation between circumference ,
spacing, turn length , and pitch
angle of one turn of a helix.
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I
I

~f 1 turn of a circular he lix is stretched out straight on a flat p lane ,
the relation between the spacin o 5 , circum ference C , t u r n  l eng th  L and
pi tch angle are as i l lus t ra ted by the trian gle in Finu r i- 3—l 5h.

[or the work- presented in this report , a hexano n is used to
dpp o - xima te the cir cular h elical antenna which has the ter i-i inal ar—
rangeinent as shown in Ficiure 3-l6a .

i n genera l , tlthough there is an infinite v a ri e t y o f r a d i a t i n g  far
f i e l d  pa t t e rns  assoc ia ted  w i t h  a h e l i c a l  a n t e n n a , two kinds are of
p a r t i c u l a r  i n t e rest.  One is the axial or beam mode of radiation , and toe
other is the norm al mode of radiation. For the ax ial m ode radiati on ,
there is a field I,axm nur n in the direction of the axis of the hel i cal
antenna and for the normal mode radiation , the field maximum occu rs
normal to the helix axis .

To obtain the far field patte rn of a helical antenna on a finite
ground plane the Hybrid technique is applied . The far field patterns
of a 2-turn hel ix radiating in an a x i a l  mode on an infinit e ground plane
are shown in Figure 3- l7a and b; whe reas , the far f ie ld patterns of the
same hel ix on a f inite ground plane w i th  x 1=x2 =y 1=y2 =0 .5A are shown in
Fi gure 3- 17c and d. The p i tch ano le and circu mference of the radiat ing
hel ix are 13.965° and 1. 0053 wav elength , respectively. The lack of
complete symmetry is due to the physical connection between the helix
i tsel f  and the feed point which renders the antenna geometry non —
symmetrica l .

For tee nor mal mode radiat ion , Figure 3-l8a and Fi gure 3—l8b show
— the f a r  f i e l d  patterns of a one-turn helix on an inf inite ground p l a n e  and

a f in i te  ground plane (x 1=x ~ =y 1=v 2 =O. 5A ), respect ively,  where ~=9 .034l~
b r o Il c- rO. l -- A . The discontinuity appear in o around ~=9O° and 270 is due to
the second order diffraction from the edges which is not included in the
calculat ions . It is noted that only the E6—co mponent is shown in
Figure 3-18. Since the E~—co mponent is pract ica l ly  zero compared w i th
L~-comaponent when observed in a plane with q =90°, 270° and 0°<~<l8O~.( Furthermore , the terminal ir ipedances of a 5-turn helix on an
infinite ground plane and on a finite ground plane with x1=x2=y 1=y2=O. SA
are calculated with different frequencies and are shown in Fi gure 3-l9a
and b . The helix is approx imated by hexagons wi th a=l8° and
O.6b~:.c-,l .2A . The terminal impedance is highl y sensitive to changes
in frequency for c<2/3A , but is nearly as constant with frequency for
3/4 cK4/3 with in which the helix is in an axial mode. The spiral form

b of the im~o o~dance can be in general compared to the impedance measure-
imi ent obtained by Kraus [14] as shown in Figure 3-20 . The disagreement

j between Fi gure 3-19 and Figure 3—20 is due to the sensitivity of the
feed point modeling. For this work , a delta gap model generator is
used and no attempt is made to model the tapered feed in the vicini ty

-~~ of the feed point itself.
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Figure 3—1 6 . (a) I eut-Ietry for a helical antenna in a finite
ground plane .

(h) Hexagons are used to approximate a circular
h e l i x .
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1.0

0.75 —.----_
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900 2700

d 0.oo2X
a=13.965°

c = l.0053 X

f N = 2  00

I I ig ure 3-17(a). The calcula ted C0 pattern (not in dB) of a helical
antenna on an infinite ground plane radiating in
the axial mode . The observation plane is defined

- - I by op 90°, 270° and 0~< 0-l 80°.

I
0 I



0=180°
1.0

0.5

0.25

N 
0900 270

d=O.002 X
a = 13.9650
C I.0053X 

0°
N = 2

Figure 3-17 (h). The calculated E4, pattern (not in dB) of a helical
antenna on an inh nite ground plan e radiating in
the axial mode. The observa tion plane is defined
by q=90° , 270° and 0°<e<180°.
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C= I .0053 X 
00

I
Fi gure 3—17 (c). The calculated EU pattern (not in dB) of a helical

antenna on a finite ground plane radia ting in the
axial mode. The observation plane is defined as
in (a).
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6= 1800
1.0

0.75

0.5

0.25

9Q0 2700

d =o.002X
a :13.965°
C = I.0053 X 00

N :  2

—C-- Fi gure 3—17(d). The calculated E~ pattern (not in dB) of a hel ical
antenna on a finite ground plane radiating in the
ax ia l  mode. T he observat i on p la ne i s def i ned as
in (a).
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C =0 .1  irXI N = I  0

I Fi gure 3-18(a) .  The calculated [e pattern (not in dB ) of a helical
antenna on an inf inite ground plane radiating in
the normal mode. The observation plane is definedI by •=90° , 270° and 0°< e< 1 80°.
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Figure 3 - 1 8 ( h ) .  The calculated C0 pattern (not in dB) of a helica l
antenna on a finite ground plane radi atinq in the
nomnal mode . The observa ti on p lane is defined
as in (a) .
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— 200 - a = 1 8

= 0.65 Nu 5 TURNS

=0.668
C

I’ I I I I
= 0.64 200 400 600 800 1000
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— 200 o .62\069
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*0673
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Fi gure 3—19 (a). The calculated input impedance of a 5-turn
helix approxima ted by hexagons on an
i n f i ni te groun d p l a n e  as a func ti on of
frequenc y .
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400 - ~~~~~~ 0.663
/‘=0.66 1 “~~=0.666

/ d = 0 . 00 2X \=0.667
200

/ a : 1 8 ° \

~~~ ~~
i0.65 

N - 5 T U R N S  

\=0.668

= 0.64 200 400 600 800 1000
Re 

[nn] 
( o h m s )  )= 0.669

=0.62k
—200 - \=0.69

~=O 6l 
‘
\ 
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I 

=0.68

~°° -\ _____ =0.67;
*0673
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F i i ure ~-l9(b). The calculated input impedance of a 5-turn
helix approxi ma ted by hexagons on a fini te
ground plane as a function of frequency .
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\ C~~~\ 
-
, ~~

-100-  \ -
\

- ~ ~~ 
- I - 

—— —200 -~~
0 00 /~cF~ ~~O 400

I i - ~u r c — ~~). fhe I - e a s n -c ~L~~ bt  U p I d O l O  o -  -
~~ ~ u—t o r i

helix on a grou nd p l a ri o - as ~ t~~r c t ion of
frequency is obtained by ~r a u s .

b y  SUMMAPY AND LONCLUSIO N

i~r It ennas  c r  satel ii to. a s s u m s e  any di ff o ront - - :.4r - c tions .
f uie -e corifi qurat i ons are w i  re type antennas lii - car ; hr i~ode lec~ by

wires. In addition to modeli ng the antennas thec so l ves , toe sat e llite
(al y i t s e l f  mus t also be modeled .

The oor~ presented in th is final report ha~ 5[ Iwr ; hol- the - to de l i nq
f oti the antennas and satellite body can best he accompl ished . l I c e

te r m s of inter est that can he accura tely calculate d inc lu u e imu ped an re ,
rad -i ati or patterns , couplin g between antennas , response of an an te nna to
i n o t O er  when the response an tenna  is loaded with a frequency sensitive
oev ice (filter) etc .

T he computer program developed i i  Lor orler l ion oii ~~°c the work discus sed
here in  is sufficiently flexible that it can lu s o d  in the des I go as
oil 1 ms ana lys is  of sa te l l i te  ant enna sys te m s [no o aripl e , tri ~
per t  orridnie of an antenna i n  the p r ( s o c c ’  of o~ t o  f u r  other Intennas
of arti trary wi re geometry (e.n., h e l i . )  c o n  c ’ Cal d ated as a function
of f r o c uency . The ultim ate use made of SusPi c~~ ac o depends in l a r g e

- o c t upon the degree to which the program ; is ate u - e r  or ientated . One
p05,  ibi ii ty for the future is to l ake  the p r(onra l I  i rc t. eracti ye through
d visual (i .e . ,  CRT) d isplay .

- - 
;il
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