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SYNTHESIS OF IMPROVED FEEDS FOR LARGE CIRCULAR 
PARABOLOIDS 

By E. Minnett  and B MacA. Thomas 

Summary 

A t echnique  f o r  s y n t h e s i s i n g  h t g h - e f f i c i e n c y ,  low-noise 
f e e d s  f o r  large  c i r c x l a r  paraboloids  has been developed from a 
s tudy  of t h e  foca l - reg ion  f i e l d s .  Th<s has Zed t o  t h e  concept o f  
hybrid modes propagated i n s i d e  ey ZindricaZ waveguides w i t h  aniso-  
t r o p i c  boundaries .  These boundaries n a y  be r e a l i s e d  p h y s i c a l l y  
w i t h  corrugated s t r u c t u r e s .  

heren t  a x i a l  symmetry and produce  zerc  c r o s s - p o l a r i z a t i o n  a t  the 
parabo Zoid aper ture .  Radially-shaped p a t t e r n s  may be cons t ruc ted  
by superimposing higher-ordeia hybrid modes. T h i s  r e q u i r e s  on Zy 
h a l f  the number o f  independent ly-generated modes as  e x i s t i n g  s y n t h e s i s  
t echn iques .  

The r c d i a t i o n  p c t t e r n s  of hybrid-mode f e e d s  have in- 

1. INTRODUCTION 
Large sums o f  money are now be ing  spen t  on r a d i o  t e l e s c o p e s  

w i t h  very l a r g e  a p e r t u r e s  and p r e c i s i o n  s u r f a c e s .  I t  i s  obviously 
w a s t e f u l  t o  use  f e e d s  f o r  these  d i shes  which can r e j e c t  up t o  40% 

of  t h e  r e c e i v e d  energy because o f  poor response t o  t h e  o u t e r  a r e a s .  
The l a g  i n  f e e d  des ign  i s  even more s t r i k i n g  when unwanted response 
t o  noise sources  o u t s i d e  t h e  d i s h  i s  cons idered .  

Although low e f f i c i e n c y  i s  o f t e n  t o l e r a t e d  f o r  t h e  sake of 
low s i d e  l o b e s ,  t h e r e  a r e  many a p p l i c a t i o n s  i f i  wnich maximum energy 
c o l l e c t i o n  is t h e  prime requirement.  What i s  needed i s  a s y n t h e s i s  
technique  €or  des ign ing  an appropr i a t e  compromise f o r  each s p e c i f i c  
t a s k .  Cont ro l  of f eed  p a t t e r n s  would al low t h e  des igne r  t o  balance 
e f f i c i e n c y ,  s i d e - l o b e s  and a e r i a l  temperature  and t o  produce sym- 
metrical belms wi th  low c r o s s - p o l a r i z a t i o n .  

M r .  Minnet t  and D r .  Thomas a re  w i t h  t h e  C S I R O  Div i s ion  o f  Radiophysics 
Sydney, A u s t r a l i a .  
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Some y e a r s  ago a theory  o f  s y n t h e s i s  w a s  developed f o r  
a p p l i c a t i o n  t o  t h e  2 1 0 - f t  prime-focus p a r a b o l o i d  a t  Parkes .  The 
concep t s ,  however, a r e  a p p l i c a b l e  a l s o  t o  Cassegra in  f e e d  systems.  
This  method i s  r e l a t e d  t o  the  s y n t h e s i s  technique  us ing  m u l t i -  
modes i n  c i r c u l a r  p i p e s  developed independent ly  a t  t h e  Je t  Pro- 
p u l s i o n  Labora tory ,  Pasadena' ,  bu t  i s  more gene ra l .  
p a t t e r n s  have i n h e r e n t  a x i a l  symmetry and zero c r o s s  p o l a r i z a t i o n  
and t h i s  p r o p e r t y  i s  n o t  r e s t r i c t e d  t o  sma l l  ang le s  t o  t h e  a x i s .  
In  a d d i t i o n ,  on ly  h a l f  t h e  number o f  nodes have t o  be independent ly  
gene r a t e d  . 
p h y s i c a l  p i c t u r e  of f e e d  o p e r a t i o n  and d e f i n e s  a t h e o r e t i c a l l y  
i d e a l  s o l u t i o n  which can be used a s  agpide f o r  p r a c t i c a l  develop- 
ment. I n  t h i s  s h o r t  paper t he  t r ea tmen t  i s  n e c e s s a r i l y  q u a l i t a t i v e ;  
d e t a i l s  w i l l  be  pub l i shed  elsewhere.  

Thus t h e  

The method o f  analyz ing  t h e  problem p rov ides  a u s e f u l  

2. ANALYTICAL APPROACH 
T h e o r e t i c a l  work was based on t h e  concept  of  a f eed  cap- 

a b l e  o f  abso rb ing  a l l  of t h e  f o c a l  p lane  energy produced when a 
l i n e a r l y - p o l a r i z e d ,  m i f o r m  p l a n e  wave i s  i n c i d e n t  normally on 
t h e  d i s h  a p e r t u r e .  Such a feed  would have zero  response t o  n o i s e  
s o u r c e s  o u t s i d e  t h e  d i s h  f o r ,  by r e c i p r o c i t y ,  it must a l so  be  
p e r f e c t l y  e f f i c i e n t  when r a d i a t i n g  and s p i l l o v e r  must t h e r e f o r e  be 
z e r o .  The f i e l d s  produced i n  t h e  d i s h  a p e r t u r e  would be uniform 
i n  ampl i tude ,  phase and p o l a r i z a t i o n .  

A t  o p t i c a l  wavelengths t h e  i n t e n s i t y  i n  t h e  focal p l ane  
of a uniformly i l l u m i n a t e 6  p a r a b o l o i d a l  m i r r o r  ( o r  l e n s )  has  t h e  
weii known d i s k  and ring p a t t e r n .  ir i s  i n t e r e s t i n g  tu speculate 

on t h e  p o s s i b i l i t y  ( a t  micro-wavelengths) of  i n t r o d u c i n g  a boundary 
a l o n g  one of  t h e  dark r i n g s  t o  t r a p  t h e  energy con ta ined  w i t h i n  
t h a t  r a d i u s .  O p t i c a l  ana lyses ,  however, a r e  no t  concerned w i t h  
p o l a r i z a t i o n  and t o  answer the  q u e s t i o n  t h e  v e c t o r  s t r u c t u r e  of 
t h e  f o c a l  p l ane  f i e l d s  must  'i;e der ived .  
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3 .  FOCAL R E G I O N  FIELDS 

Figure  1 shows a uniform p lane  wave, p o l a r i z e d  a long  OY 
The f i e l d  a t  a p o i n t  i n c i d e n t  normally on 8 p a r a b o l o i d  a n e r t u r e .  

i n  t h e  f o c a l  r eg ion  i s  t h e  v e c t o r  sum of the  s p h e r i c a l  wavele t s  
r a d i a t e d  by t h e  induced c u r r e n t s  on t h e  d i s h  s u r f a c e .  For  l a r g e  
d i s h e s  and s h o r t  wavelengths t h e  wavele t s  are  n e a r l y  p l a n e  over  
a l a r g e  r eg ion  n e a r  t h e  f o c u s .  Thus a t  Parkes ,  f = 26.2 m and a t  
A = 10 c m ,  t h e  phase e r r o r  i s  less than  h/16 w i t h i n  a 12h-diameter  
a r eao f  t h e  f o c a l  p l ane .  

p a r a l l e l  o r  normal t o  t h e  p lane  of i nc idence  (F ig .  1 ) .  Those i n  
t h e  f i rs t  group gene ra t ed  by an annu la r  r i n g  o f  t h e  d i s h  a t  an 
a n g l e  8 combine t o  form t h e  eqriiphase TM p a t t e r n  o f  Fig.  2a i n  any 
t r a n s v e r s e  p l ane .  I n  t h i s  diagram u i s  t h e  g e n e r a l i z e d  r a d i u s  
2.rrp s i n  e / h .  The p a t t e r n  Drapagates a long t h e  d i s h  a x i s  w i th  v e l -  
o c i t y  v/cos 8 ,  where v i s  t h e  f r e e - s p a c e  v e l o c i t y .  S i m i l a r l y ,  t h e  
second group of  waves genera te  t h e  TE p lane  wave of F ig .  2b, moving 
i n  phase w i t h  t h e  TM wave. 

plane-wave s o l u t i o n s  of  Maxwell's equa t ions  a p p r o p r i a t e  f o r  c y l i n d -  
r i c a l  waveguides. They have o n e c i r c u m f e r e n t i a i  p e r i o d i c i t y  because 
of t h e  l i n e a r l y - u o l a r i z e d  e x c i t a t i o n  and n r a d i a l  p e r i o d i c i t i e s  
( t o  be determined when t h e  boundzries  z r e  s p e c i f i e d ) .  However, 
t h e  c i rc les  of  F ig .  2 en which t a n g e n t i a l  E i s  ze ro  do n o t  c o i n c i d e  
and t h e  f i e l d s  cannot  both be bounded by t he  same conduct ing  tube .  

and (b) and i s  shown i n  Fig.  2c. We c a l l  t h i s  t h e  h y b r i d  mode 
EH,, , ,  s i n c e  bo th  E and H have a x i a l  comDonents. The power flow i n  
a h y b r i d  mode i s  ax ia l ly-symmetr ic .  i n  bands between "dark" r i n g s  
(shown d o t t e d )  on which tile f i e l d s  a r e  e n t i r e l y  l o n g i t u d i n a l .  The 
t r a n s v e r s e  f i e l d s  a r e  l i n e a r l y  p o l a r i z e d  f o r  l a r g e  f / D  (common i n  
o p t i c s ) ,  b u t  curve i n  a complex way nea r  t h e  dark r i n g s  f o r  f/D 
v a l u e s  u s u a l  i n  r a d i o  t e l e s c o p e s .  

The t o t a l  f o c a l - r e g i o n  f i e l d  i s  t h e  sun of t h e  hybr id  
modes gene ra t ed  by a l l  t h e  r i n g s  of  t h e  d i s h .  T e modes have d i f -  
f e r e n t  a x i a i  v e l o c i t i e s ,  s i n c e  C! i s  d i f f e r e n t  f o r  each r i n g .  However, 

Plane waves a r r i v i n g  a t  t h e  focus a r e  p o l a r i z e d  e i t h e r  

These p a t t e r n s  w i l l  be recognized as t h e  TMln and TEln 

The t o t a l  f i e l d  genera ted  by t h e  r i n g  i s  t h e  sum o f  ( a )  
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a l l  modes co inc ide  i n  phase as  they pass  through t h e  f o c a l  p l ane  
where, f o r  l a r g e  f / D ,  they combine i n t o  i? l i n e a r l y - p o l a r i z e d  
p a t t e r n .  The f i e l d  amplitudes a r e  d i s t r i b u t e d  i n  t h e  well-known 
Airy p a t t e r n  J1 (uo ) /uo ,  where uo = 2 n p  s i n  e 0 / A  and e o  i s  t h e  
semi-angle  o f  t h e  d i sh .  This expres s ion  i s ,  o f  cour se ,  t h e  F o u r i e r  
t r ans fo rm of t h e  uniform a p e r t u r e  amplitude produced by t h e  i n -  
c i d e n t  wave. 

For t h e  r e l a t i v e l y  low f/D va lces  o f  r a d i o  t e l e s c o p e s ,  
t h e s e  s imple r e l a t i o n s  do n o t  ho ld .  The f o c a l - p l a n e  p a t t e r n  pro-  
duced by combining t h e  in -phsse  hybr id  nodes has  curved f i e l d  
l i n e s  and t h e  amplitude i n  t h e  b r i g h t  r i n g s  v a r i e s  c i r c u m f e r e n t i -  
a l l y .  The r i n g s  a r e  a l s o  d i s p l a c e d  from t h e  r a d i a l  p o s i t i o n s  de- 
f i n e d  by t h e  above equat ion .  

4 .  PATTERN SYNTHESIS IIITH HYBRID MODES 
The r a d i a t i o n  f i e l d s  o f  a hybr id  node have t h e  form 

= F ( e )  CGS Q everywhere i n  t h e  forward hemisphere 
E $  

Eo = F(6) s i n  4 ,  

(0  2 e 5 $). 
and produces z e r o  c r o s s - p o l a r i z a t i o n  as 2 pa rabo lo id  feed .  This  
i s  a p r o p e r t y  sha red  with t h e  elementary Huygen s o u r c e 2 ,  b u t  t h e  
h y b r i d  f i e l d  relatfons a re  m r e  gene ra l .  

p l a n e  t o  i n t e r a c t  wi th  a l l  t h e  r ece ived  energy.  F o r t u n a t e l y ,  
energy c o n c e n t r a t i o n  near  t h e  focus permi ts  reasonable  approxim- 
a t i o n s  w i t h  f eed  a p e r t u r e s  s e v e r a l  wavelengths i n  d iameter .  The 
symmetry p r o p e r t y  i s  not  a f f e c t e d  by t h i s  r e s t r i c t i o n .  

Each h y b r i d  mode r a d i a t i n g  through a f i n i t e  a p e r t u r e  
produces a c m i c a l  beam wi th  phase c e n t r e  i n  t h e  c e n t r e  of  the  
a p e r t u r e .  
t h e  semi-angle  ?I of the  cone is 48' and t h e r e  i s  an a x i a l  secondary 
lobe .  
i n  t h e  l i m i t ,  one mode may be s a i d  t o  i l l u m i n a t e  one elementary 
a n n u l a r  r i n g  o f  t h e  d i sh .  

t h e r e f o r e  be syn thes i zed  by superimposing in-phase  hybr id  modes 
i n  t h e  feed a p e r t u r e  with a p p r o p r i a t e  r e l a t i v e  ampli tudes.  The 

Thus t h e  r a d i a t i o n  p a t t e r n  has  e x a c t  a x i a l  symmetry 

An i d e a l  f eed  would need t o  ex tend  over  t h e  e n t i r e  f o c a l  

Figure 3 i a j  shows F(eJ  f o r  t h e  hH15 mode i n  a 7A a p e r t u r e ;  

For a given f r ,  t h i s  l o b e  decreases  wi th  a p e r t u r e  s i z e  and 

A given r a d i a l  i l l u m i n a t i o n  f u n c t i o n  over  t h e  d i s h  can 
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r e q u i r e d  r a d i a l  func t ion  w i l l ,  o f  cour se ,  be s p e c i f i e d  by t h e  
F o u r i e r  t r ans fo rm o f  t h e  d e s i r e d  response p a t t e r n  of t h e  d i s h .  
F igure  3(b) shows t h e  s y n t h e s i s  o f  t h e  f l a t - t o p  beam f o r  maximiz- 
i n g  e f f i c i e n c y  us ing  t h e  f i r s t  5 hybr id  modes. I n  Fig.  3 (c )  
t h e  mode amplitudes have been a d j u s t e d  t o  produce a t a p e r e d  il- 
luminat ion  f o r  lower s i d e  lobes.  The low s p i l l o v e r  i n  both  cases 
ensu res  low-noise performance. 

By vary ing  t h e  phase r e l a t i o n s  of t h e  modes i n  t h e  f e e d  
a p e r t u r e ,  d i shes  o f  non-pzrabol ic  shape could be c o r r e c t l y  f e d  
provided  t h e  d i s h  concen t r a t e s  t h e  r ece ived  energy i n t o  a reason-  
ab ly  sma l l  reg ion .  
zone p l a t e .  

Examples a r e  t h e  s p h e r i c a l  d i s h  and a p l ane  

5 .  G U I D E S  FOR HYBRID MODES 
For p r a c t i c a l  s y n t h e s i s ,  a method o f  bounding t h e  h y b r i d  

modes and guid ing  t5em t o  the r a d i a t i n g  a p e r t u r e  i s  requi red .  The 
s o l u t i o n  t o  t h i s  problem can be developed i n  terms o f  c i rcumfer -  
e n t i a l  and l o n g i t u d i n a l  s u r f a c e  r eac t ances  de f ined  r e s p e c t i v e l y  
a s  X z  = -EZ/H In  a 
h y b r i d  mode t h e s e  s a t i s f y  the  r e l a t i o n  X X 

ohms. 
s i n  B f o r  a r a d i u s  p = A .  

boundary must match both  X7 arid X, a t  every  p o i n t  and t h e  boundary 
m a t e r i a l  must t h e r e f o r e  be a n i s o t r o p i c .  F o r  example, m a t e r i a l  
w i t h  Xz, X va lues  given by t h e  d o t t e d  l i n e s  would suppor t  two 
h y b r i d  modes s p e c i f i e d  by the  d i s c r e t e  va lues  o f  s i n  a shown. 
Two o t h e r  r eac t ance  combinations having more p r a c t i c a l  s i g n i f i c -  
ance would suppor t  modes s p e c i f i e d  by t h e  Doints X and B r e s p e c t i v e l y .  

and X$ = 0 which call be s a t i s f i e d  w i t h  t h e  c i r c u m f e r e n t i a l l y  
s l o t t e d  s t r u c t u r e  of Fig.  4 ( b ) .  The s l o t s  a r e  approximately h / 4  
deep and permi t  EZ, b u t  prevent  l o n g i t u d i n a l  c u r r e n t ,  s o  t h a t  
H 4  = 0.  The edges of  t h e  f l anges  sepcrrating t h e  s l o t s  a l low c i r -  
c u m f e r e n t i a l  c u r r e n t  (2nd hence H - )  b u t  r e q u i r e  E = 0 .  F o r  s u f -  
f i c i e n t  s l o t s  per wavelength the s t r u c t u r e  t h u s  behaves l i k e  a 
cont inuous  a n i s o t r o p i c  s u r f a c e  w i t h  X z  = - 

\ 

and X 4  = E$/” d i r e c t e d  r a d i a l l y  outwards.  
@ 

= - Z  2, where Z o  = 377 
Z Q  0 

Figure  4(a)  i l l u s t r a t e s  t h e  v a r i a t i o n  o f  X z  and X wi th  4 

To enc lose  t h e  f i e l d s  a t  t h i s  r a d i u s ,  a c y l i n d r i c a l  

L, 

0 

i n  t h e  former case ,  t h e  boundary s u r f a c e  must have X z  = 

L 4 

= 0 .  S i m i l a r l y  t h e  ’ *4 
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p o i n t s  B r e p r e s e n t  8 boundary wi th  Xz = 0 ,  x+ = w .  

r e a l i z e d  wi th  t h e  h / 4  l o n g i t u d i n a l  s l o t  s t r u c t u r e  o f  Fig.  4(c) 
which r e q u i r e s  E, = 0 and HZ = 0 .  I t  w i l l  be noted t h a t  bo th  
s t r u c t u r e s  t r e a t  E and H f i e l d s  t h e  same. This  i s  c o n s i s t e n t  
w i th  t h e  f a c t  t h a t  t h e  p a t t e r n s  of  t h e  E and H f i e l d s  i n  hybr id  
modes a r e  i d e n t i f i c a l ,  a p a r t  from a 90' r o t a t i o n  c i r c u m f e r e n t i a l l y ,  
and a t  corresponding p o i n t s  a r e  r e l a t e d  by E = ZoH. 

P a t t e r n  s y n t h e s i s  with hybr id  modes has  t h e  advantage 
t h a t  t h e  a n i s o t r o p i c  boundary au tomat i ca l ly  ensures  symmetr ical  
r a d i a t i o n  p a t t e r n s .  
i s  unnecessary and t h e  practic.1 problem of  mode c o n t r o l  i s  sub-  
s t a n t i a l l y  eased.  

This may be 

Independent gene ra t ion  of TE and TM modes 

6 .  EXPERIMENTAL WORK 
Figure  5 shows a c i r c u m f e r e n t i a l l y  s l o t t e d  s t r u c t u r e  f o r  

A =  11 c m  i n  which only t h e  EHll can propagate .  
made by b o l t i n g  t o g e t h e r  a s t a c k  o f  r i n g s  wi th  d i f f e r e n t  i n t e r n a l  
d iameters  a l t e r n a t i n g .  D i f f e r e n t  combinations of r i n g  t h i c k n e s s  
a l lowed t h e  s l o t / f l a n g e  r a t i o  and p i t c h  o f  t h e  s t r u c t u r e  t o  be  
v a r i e d .  

The s t r u c t u r e  was 

Cavi ty- type  measurements wi th  a p lunger  i n  one end were - 
made t o  determine guide wavelength A = X/COS e over a range o f  
wavelengths.  
was propagated ,  agreement with va lues  computed from t h e  r eac t ances  
o f  t h e  s t r u c t u r e s  was be t t e r  than  2 % .  The e f f e c t  o f  d i f f e r e n t  
s l o t / f l a n g e  r a t i o s  and p i t c h e s  was smal l  except  approaching c u t - o f f  
when t h e  p r e d i c t e d  t r e n d  was observed. 

Measured r a d i a t i o n  p a t t e r n s  were a l s o  v i r t u a l l y  independ- 

s 
Over a 1 .5  t o  1 range i n  which t h e  EHll mode a lone  

eiit of zhese parameters .  P a i i e r r i  symnie iry  was ob ia ined  a i  a fre- 
quency h i g h e r  t h a n  t h e  resonant  f requency o f  t h e  s l o t s  (Xz = w ) .  

I t  i s  thought  t h a t  t h i s  e f f e c t  i s  probably due t o  c u r r e n t s  on t h e  
e x t e r i o r  f a c e  of  t h e  h / 4  f lange  sur rounding  t h e  a p e r t u r e .  To p r e -  
s e r v e  the  symmetrical  c h a r a c t e r  o f  t h e  f i e l d s  o u t s i d e  t h e  a p e r t u r e ,  
t h e  a n i s o t r o p i c  boundary should be extended t o  t h e  e x t e r i o r  s u r f a c e s  
of t h e  guide .  Experiments on such  e x t e r i o r  s u r f a c e s  and a l s o  on 
v a r i o u s  i n t e r n a l  s t r u c t u r e s  suppor t ing  m u l t i p l e  h y b r i d  modes a r e  i n  
p r o g r e s s .  
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