
ELSCTROMAGNKTIC TRANSMISSION THROUGH 

DIELECTRIC SHŒTS

DISSERT AT ICN

P rasen tad  in  P a r t ia l  F u lfillm e n t cf t te  Reqa iro n  enta 
fo r  th e  Degree Doctor o f Philosophy in  the  

G raduate School of The Ohio S ta te  
U n iversity

By

JACK HUBERT RICHMOND, B. S . ,  M. Sc.

The Ohio S ta te  U n iv e rs ity  
1955

Approved by*

A dviser
Department of E le c t r ic a l  E ngineering



ACKNOWLEDGMENT

The euggeatlone and encooragonet^ o f  mj a d v is e r .  P ro fe sso r 

T. E. T ic e , a re  g r a te f u l ly  acknowledged. V aluab le  d is c u s s io n s  

w ith  P ro fe s s o rs  R. L, C o s g r if f ,  R, G, K ouyounjian, and C, T. Tai 

a re  g r e a t ly  a p p re c ia te d .

The re se a rc h  re p o rte d  h e re in  was sponsored i n  p a r t  by the 

A ir R esearch and Development Cosnand, W righ t-F at t e r  son A ir Force 

B ase, Ohio, under a c o n t r a c t  w ith  The Ohio S ta te  U n iv e rs ity  

Research F oundation .

i l



PREFACE

Radar antam aa on a i r c r a f t  and m iaailos muat be covered w ith 

d ie le c t r ic  ah e lla  or radomea fo r  a trea ja lin in g . The radome in t r o -  

ducea e rro r a in  the  ind icated  ta rg e t  p o e itio n , and nmat be designed 

to  minimize such e r re ra . While the  o p tic a l approximationa g en era lly  

employed in  radome deaign may be s a tis fa c to ry  fo r  la rg e , w e ll rounded 

radomea, they a re  o ften  inadequate fo r  sm all, h igh ly  stream lined 

a h ^ e s .  Improved approximate methods o f  arm lyaia a re  needed to 

rep lace th e  alow, c o s tly , cu t-an d -try  methods now in  use fo r such 

radomea .

In  seeking an iaproved deaign procedure, maximun use should be 

made o f  any a v a ila b le  eaqperimental measurements. Although the ra ­

dome i s  assumed to  be in  the design  stage  and not y e t co nstruc ted , 

th e  rad ar an tem a to  be used i s  o ften  a v a ila b le . In  Chapter I I  

various techniques a re  in v e s tig a ted  for use in  the accu ra te  measure­

ment o f the electrom agnetic f ie ld s  near an antenna. The p ro p e r tie s  

of a coherent de tec to r a re  found to  be p a r t ic u la r ly  u s e fu l. A 

balanced coherent de tec to r i s  unusually  s e n s itiv e  and perm its measure­

ment o f tim e-quadrature components as well as autom atic phase measure­

ments.

The sc a tte r in g  method of measuring e le c t r ic  f i e ld  d is t r ib u t io n s  

i s  capable o f unusually high accuracy. To ainqplify th e  sc a tte r in g  

measurements and a t  th e  same time increase  the s e n s i t iv i ty  and 

accuracy, a new technique was developed employing a modulated s c a t te r -  

e r . A comparison of various probes led to  the development of an open-
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ended m v e g u ld e  p ro b e  w hich  l a  of s ln p le  c o n s t r u c t io n ,  haa an a p e r­

tu r e  am a ll enough t  o m eaaure co m p lica ted  f i e l d  d la  t r i b u t  lo n e , and  has 

p roven  a u f f l c l e n t l y  a c c u r a te  f o r  many m easurem en ts.

I n  radon» d e a ig n  I t  la  f r e q u e n t ly  n e c e ss a ry  t o  c a l c u l a t e  th e  

r a d i a t i o n  p a t t e r n  o f an  an te n n a  covered  w ith  a  radom e. The s u r fa c e  

I n te g r a t io n s  u s u a l ly  Invo lved  a r e  c o n s id e re d  i n  C hap ter I I I .  I t  i s  

found t h a t  th e  c a lc u l a t i o n s  a r e  s im p l i f ie d  i f  a  p la n e  r e f e r e n c e  

s u r f a c e  l a  ch o sen . The s u r f a c e  I n te g r a t i o n  may be f u r th e r  a im p lif  led  

to  a l i n e  I n t e g r a t i o n  i f  th e  e l e c t r i c  f i e l d s  a r e  s e p a ra b le .  The 

num erica l work may b e  red u ced  w ith  l i t t l e  lo s s  i n  a c cu racy  by r e ­

p la c in g  th e  c o n tin u o u s  f i e l d  d i s t r i b u t i o n  n e a r  th e  an ten n a  w ith  an  

a r r a y  o f  p o in t  so u rc e s  spaced n e a r ly  o n e - h a l f  w av e len g th  a p a r t .

C o n v en tio n a l radome a n a ly s i s  m ethods r e q u i r e  a  m a th em atica l 

d e s c r ip t io n  o f  t r a n s m is s io n  th ro u g h  a radosm lo c a te d  i n  th e  F re sn e l 

sone o f  an  a n te n n a .  By an  a p p l ic a t io n  o f  th e  r e c i p r o c i ty  theorem , 

t h i s  problem  I s  re p la c e d  in  C hap ter IV by th e  s im p le r  problem  o f  

tr a n s m is s io n  o f a  p la n e  wave th ro u g h  th e  radome from  a d i s t a n t  s o u rc e .

A p a r t i c u l a r l y  s im p le  r e s u l t  i s  o b ta in e d  by t h i s  approach  f o r  t r a n s ­

m is s io n  th ro u g h  an  i n f i n i t e  p la n e  d i e l e c t r i c  s h e e t  in c l in e d  a t  some 

angle from  th e  an tenna  a p e r tu r e .  I f  i n t e r a c t i o n  betw een t h e  an ten n a  

and th e  s h e e t I s  n e g l ig ib le ,  th e  r a d i a t i o n  p a t t e r n  w ith  th e  s h e e t  I s  

m ere ly  th e  u n p e rtu rb e d  p a t t e r n  m u l t ip l i e d  by th e  p lane-w ave p la n e -  

s h e e t  tra n sm ise  Io n  c o e f f i c i e n t .  T h is  has been  v e r i f i e d  e jq > e rim en ta lly .

The th e o ry  has a l s o  been  a p p l ie d  t o  t r a n s m is s io n  th ro u g h  f i n i t e  

p la n e  s h e e t s .  S im p lif ie d  aqpproxlmate c a lc u l a t i o n s  have b een  c a r r ie d  

o u t and y ie ld e d  s a t i s f a c t o r y  agreem ent w ith  m easured d a t a .  I t  i s

iv



f a i t  th a t  thaaa ra a u lta  J u s t ify  fu tu re  attem pts to  apply the  theory  

and techniques to  th e  problems of transm ission through curved d ie lec ­

t r i c  sheets and radomea.
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ELECTRCUAGNETIC TRANSMISSION 

THROUGH DIELSCTOIC SHEETS

I ,  INTRODUCTION

Radar an tennas on a i r c r a f t ,  sh ip s , and even in  many ground in ­

s t a l l a t io n s  must be covered w ith  a done t o  p ro te c t  th e  antenna from 

wind and m o is tu re . An e x c e lle n t in tro d u c tio n  to  the th eo ry  of rad a r  

an tem a  domes, or radomea, i s  g iven in  re fe re n c e  ( 1 ) ,  A radome must 

be as t ra n s p a re n t as p o ss ib le  to  e lectrom agnetic  waves a t  the  rad ar 

frequency . Radomea p re se n t a number of e lec trom agnetic  problem s, 

and th e se  may be e s p e c ia lly  d i f f i c u l t  In  rad a r system s which In d i­

c a te  th e  angu lar p o s i t io n  o f a t a r g e t ,  as c o n tra s te d  w ith  ranging 

ra d a r . A ra d a r  system  milch perform s s a t i s f a c t o r i l y  b e fo re  th e  

radome I s  I n s ta l le d  siay show a red u c tio n  In  range and a decreased  

accuracy w ith  th e  radome in  p la c e . These e f f e c t s  a re  In troduced  

through antenna p a t te rn  d i s to r t io n  caused by th e  radome, The p a t­

te rn  d i s to r t i o n  produced by a radome may in c lu d e  th e  fo llo w in g  ty p est 

a t te n u a tio n , beam t i l t ,  and change in  beam w id th . The an g u lar d i f f e r ­

ence between th e  apparen t ta rg e t  p o s it io n  in d ic a te d  by th e  rad a r  

and th e  l i n e  o f s ig h t i s  c a lle d  th e  b o re s ig h t e r r o r .  Radomes f o r  

systems which aim guns o r guide m is s ile s  must in tro d u ce  a minimum 

b o re s ig h t e r r o r .

The e l e c t r i c a l  design  o f a radome inc ludes th e  s p e c if ic a t io n  

of th e  d ie l e c t r i c  c o n s tan t and lo s s  tan g en t of th e  m a te r ia l  and th e  

th ick n ess  and shape o f th e  radome. The cho ice o f d i e l e c t r i c  constan t



and loam tangen t i s  lim ite d  by th e  a v a ila b le  m a te r ia ls  which have 

p ro p e r tie s  su ita b le  fo r radome u se . In  some a p p lic a tio n s  radomea 

a re  su b jec ted  to  tem perature extrem es, la rg e  wind lo ad s , and g re a t 

a c c e le ra tio n  fo rc e s . The choice o f  radosm shape i s  a lso  l im ite d , 

e s p e c ia lly  in  high speed a i r c r a f t  and m is s ile s , by aerodynasdc con­

s id e ra t io n s .  Whereas a heodspherica l radome i s  u su a lly  th e  b es t 

e l e c t r i c a l  d esign , a h igh ly  stream lined  shape i s  p re fe rre d  to  reduce 

wind re s is ta n c e  and r a in  e ro s io n .

An exact so lu tio n  fo r  th e  f i e ld s  o f an antenna enclosed in  a 

radome i s  a v a ila b le  only fo r  th e  sim p lest case* a sh o rt d ip o le  in  

a sp h e r ic a l radome (2 ) .  Even in  t h i s  case d i f f i c u l ty  i s  experienced 

in  o b ta in in g  u se fu l inform ation  from th e  s o lu t io n . I t  i s  found th a t  

th e  fu n c tio n s  involved are  no t s u f f ic ie n t ly  w ell ta b u la te d . Further^  

more, th e  i n f in i t e  s e r ie s  which e9q>ress th e  so lu tio n  a re  slow ly con­

v e rg e n t, These problems would a lso  acconqpany th e  s e le c t  few remain­

in g  radome shapes which f i t  co o rd in a te  systems in  which th e  wave 

equation  i s  sep arab le , and which th e re fo re  would perm it rig o ro u s 

a n a ly s is .

The radome design  problem i s  com plicated by the  f a c t  th a t  th e  

antenna u su a lly  must aim in  v ario u s d ire c tio n s  through th e  radome to  

k e ^  a moving ta rg e t  in  view. In  a d d itio n , some type o f  scanning 

such as co n ica l scanning is  employed to  o b ta in  accu ra te  d ire c t io n  

in fo rm ation  w hile using a sm all, broad-beam antenna. One slight 

co n s id e r c a l ib ra t in g  th e  radome and using  autom atic equipment to  laake 

c o rre c tio n s  fo r  th e  radome e r ro r s .  While t h i s  i s  p o s s ib le , i t  would



b« an u n a a tia fa c to ry  so lu tio n  to  th e  radome problem in  view of th e  

s iz e  and w eight of th e  e x tra  equipment re q u ire d . Fxirthermore, the 

r e l i a b i l i t y  of th e  system would be reduced by th e  p o s s ib i l i ty  of 

f a i lu r e  o f  the a d d itio n a l components.

Approximate methods must th e re fw e  be employed in  th e  an a ly s is  

and design  o f radomes, Large, w ell rounded radomes a re  su c c e ss fu lly  

analyzed using  approxim etions from p h y sica l o p tic s . The radome may 

be approximated by a mzmber of p lana d ie le c t r i c  sh ee ts  tanged t to  

th e  a c tu a l radome. Plane-wave p lan e -sh ee t theory may th en  be used 

to  design radosms fo r high tran sm issio n  c o e f f ic ie n t ,  low r e f le c t io n  

c o e f f ic ie n t ,  constan t in s e r t io n  phase d e lay , and o th er d e s ira b le  

p ro p e r tie s . The radosm may be th o u f^ t o f  as a le n s , and le n s  fo r ­

mulas a re  sometimes ap p lied . These approxim ate methods, however, 

a re  found to  give only q u a l i ta t iv e  r e s u l t s  when app lied  to  sm a ll, 

h ighly  s tream lined  radomes. New approaches and more exact analyses 

a re  needed to  rep lace  th e  slow , c o s t ly ,  em p iric a l, c u t-a n d -try  methods 

in  use today .

The development o f an approxim ate a n a ly t ic a l  procedure s u i ta b le  

fo r  s tream lined  radomes i s  th e  su b je c t of th i s  d is s e r ta t io n .  To 

promote an understanding of th e  phenomena invo lved , and to  avoid  th e  

n ecess ity  fo r  la rg e  high-speed computers in  th e  in v e s t ig a t io n , th e  

radome problem was s i s y l i f i e d  by considering  p lane d ie le c t r i c  sh ee ts  

ra th e r  than  a c tu a l curved radomes. I t  i s  f e l t  th a t  the  methods used 

w ith f i n i t e  p lane sh ee ts  w i l l  be found u se fu l w ith s tream lined  r a ­

domea, e s p e c ia lly  since  i t  has been observed th a t  th e  f i e ld s  near th e



edge o f  a  p la n e  sh e e t resem ble th o s e  n ea r th e  sharp  nose of a radome.

S ince a la rg e  number of maaeureamnta o f f i e l d s  near an tennas 

was re q u ire d  i n  t h i s  s tu d y , i t  was found n ec essa ry  to  in v e s t ig a te  

te ch n iq u e s  fo r  a c c u ra te  probing  o f  f i e ld s  and f o r  s e n s i t iv e  d e te c t io n  

of microwave s ig n a ls . As a number o f  an tenna r a d ia t io n  p a t te r n s  

had t o  be  conqputed from g iven  n e a r - f i e ld  d i s t r i b u t io n s ,  a s im p lif ie d  

com putation  p rocedure  was d ev e lo p ed . The fo llo w in g  c h a p te rs  w i l l  

c o n s id e r  tech n iq u es  fo r  m easuring microwave f i e l d  d i s t r ib u t io n s  and 

fo r  c a lc u la t in g  an tenna f i e l d  p a t t e r n s .  The r e s u l t s  w i l l  th e n  be 

u t i l i z e d  in  sin a n a ly s is  o f  an tenna p a t te r n  d i s t o r t i o n  by i n f i n i t e  

and f i n i t e  d i e l e c t r i c  sh e e ts  •
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I I .  MEASUREMENT OF ELECTROMAGNETIC FIELDS NEAR ANTENNAS

A. A BALANCED COHERENT DETECTOR FOR MICROWAVE MEASUREMENTS

1 . INTRODUCTION

Th« c a lc u la tio n s  d iscussed  in  C hapters I I I  and IV

re q u ire  a knowledge o f th e  f ie ld s  on some su rfa c e  en c lo s in g  a  tra n s ­

m ittin g  antenna* S c a tte r in g  and probing methods f o r  m easuring such 

f i e ld s  a re  in v e s tig a te d  in  S ections B and C o f th e  p re se n t ch a p te r . 

The high s e n s i t iv i ty  a v a ila b le  w ith  coheren t d e te c t io n  perm its th e  

use o f sm a lle r , more ac cu ra te  probes and s c a t te r e r s *  A balanced 

coherent d e te c to r  perm its  th e  d i r e c t  measurement of th e  tim e-quad- 

r a tu re  components which a re  found to  be convenient in  c e r t a in  f a r -  

f i e ld  c a lc u la tio n s  i n  Chapter I I I .  The p ro p e r tie s  o f  the  balanced 

coherent d e te c to r  a re  employed in  S ec tio n  B o f  th e  p re se n t chap ter 

i n  th e  development o f a modulated s c a t te r in g  system . For th e se  

reasons th e  fo llow ing  study was made o f coherent d e te c t io n .

Let E deno te  some microwave s ig n a l o r  e l e c t r i c  f i e ld  in te n s ity  

to  be m easured, and l e t  | s |  and a  denote i t s  am plitude and phase.

S may be a fu n c tio n  of th e  p o s it io n  o f a probe ex p lo rin g  th e  f ie ld s  

near a tra n s m ittin g  an ten n a . For convenience in  making c a lc u la ­

tio n s  i t  i s  o f te n  d e s ira b le  to  record  th e  tim e-q u ad ra tu re  components 

|e I cosa and |e | s in a .  These a re  a ls o  c a l le d  th e  r e a l  and ismiginary 

components and a re  denoted R(E) and 1 (E ), r e s p e c t iv e ly .  I t  i s  found 

p o ss ib le  to  make d i r e c t  measurements o f  R(E) and l(E )  w ith  equipment 

which i s  la s s  e la b o ra te  than  th a t  req u ired  fo r  d i r e c t  measurements 

o f am plitude and p h ase .
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2 . THEORY

F ig u re  2 .1  i l l u s t r a t e s  th e  equipm ent used fo r  m easuring R(E) 

and 1 (E ). The d e te c to r  i s  commonly r e f e r r e d  to  as a co h eren t o r 

synchronous d e te c to r  ( 1 ) .  Synchronous d e te c t io n  has been proposed 

and ana lysed  i n  th e  p a s t  ( 2 ) ,  b u t i t s  u se  a t  microwave fre q u e n c ie s  

has invo lved  d i f f i c u l t i e s  which have been overcome on ly  r e c e n t ly  

w ith  th e  developm ent o f  n o n re c ip ro c a l waveguide s e c tio n s  and wave­

gu ide m odulation  te c h n iq u e s .

The r e c e iv e r  i s  used a t  a frequency  o f 9400 me. Two ty p e  821 

Sperry  bo lom eters a r e  used as th e  d e te c t in g  e lem en ts . An unmodu­

la te d  s ig n a l  A o f c o n s ta n t phase and am plitude  i s  a p p lie d  to  th e  

bo lom eters d i r e c t l y  from th e  k ly s t r o n .  In  a d d i t io n  a  t e s t  s ig n a l  

E; am plitude-m odulated  a t  some aud io  frequency  (1000 c p s ) ,  i s  

a p p lie d . The bo lom eters a r e  connected  t o  th e  c o l l i  near arms o f  a 

hybrid  ju n c t io n ,  and s ig n a ls  A and E a r r iv e  through th e  two o rth o ­

gonal arm s. Tuning i s  p ro v id ed  in  one c o l l in e a r  arm to  ach iev e  

maximum i s o l a t i o n  betw een s ig n a ls  A and E. Because of th e  p ro p e r t ie s  

o f  th e  hybrid  J u n c tio n , th e  t o t a l  s ig n a ls  a r r iv in g  a t  bo lom eters 1 

and 2 a r e ,  r e s p e c t iv e ly ,

-  A + E , (2 .1 a )

and Eg ■ A -  S, (2 .1 b )

I f  A i s  ta k e n  as a phase r e f e r e n c e ,  e q s . 2 .1  become

E^ ■ A ♦ |e |  c o s  a  + j  |e | s in  a ,  (2 .2 a )

and Eg * A -  |e ( c o s  a  -  J Isf s in  a .  (2 .2 b )

The o u tp u t v o lta g e s  and o f bo lom eters  1 and 2 a re  p ro p o r tio n a l
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F ig . 2 .1 . Equipment fo r  meaauring th e  r e a l  and im aginary 
componenta o f a microwave a ig n a l .

to  th e  aquarea o f  th e  am plitudea o f and r e a p e c tiv e ly . The 

ooneta n t  o f p ro p o r t io n a li ty  ia o f  no concern in  th ia  d iacuaa ion  and 

w i l l  be o m itted . Thus,

"  (A + |s |  cos a )^  + ( Ie ! s in  a ) ^ ,  (2 ,3 a )
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and Z (A -  |e | c o s  a )^  ♦ ( | e |  s in  a ) ^ .  (2 .3b)

An audio  tranafo rm er tak es  th e  d if fe re n c e  between and y ie ld i r ^  

"  4 A |e  I cos a .  (2 .4 )

Thus, s in e s  A i s  h e ld  c o n s ta n t, i s  p ro p o rtio n a l to  R(E).

Now, a s im ila r  d e te c to r  could be added a lo n g sid e  th e  one shown 

in  F ig . 2 .1  and ad ju sted  to  prov ide an ou tpu t s ig n a l 4 A |B| s in  a  

p ro p o rtio n a l to  l ( £ ) .  This could re a d i ly  be accom plished by apply ing  

s ig n a ls  A and S as b e fo re  bu t w ith  a phase s h i f t  of 90^ in s e r te d  in  

th e  p a th  of A. At p r s s e i t  , however, t h i s  a d d i t io n a l  com plexity of 

equipment i s  avoided a t  the co s t o f  an in c re a se  in  o p e ra tin g  tim e.

This i s  done by conducting each experim ent tw ic e , reco rd in g  R(E) 

th e  f i r s t  tim e, s h i f t in g  s ig n a l A through 90° in  phase w ith th e  

s lo t te d  waveguide shown in  F ig . 2 .1 , and f in a l ly  reco rd in g  1 (E ).

The re fe ren ce  a ig n a l A may be t h o u ^ t  o f  as a lo c a l  o s c i l l a to r  

s ig n a l in  comparing coheren t d e te c tio n  w ith s i^ e rh e ta ro d y n e  d e te c tio n . 

However, s in c e  th e  re fe ren ce  a ig n a l comes from th e  same source as 

the  t e s t  s ig n a l E, th e re  i s  no problem of frequency s t a b i l i s a t i o n  

to  m a in ta in  a co n s tan t d if fe re n c e  frequency as  in  a conven tional 

superheterodyne r e c e iv e r .  The n e c e ss ity  fo r  a re fe re n c e  s ig n a l 

d i r e c t  from th e  t r a n s m itte r  l im its  th e  use o f  coherent d e te c tio n  to  

la b o ra to ry  measurements.

3 . EQUIPMENT AND ADJUSTMENT

The U n iline  i s  a n o n rec ip ro ca l waveguide a t te n u a to r  Wiich 

allow s tran sm iss io n  in  th e  forw ard d ir e c t io n  w ith  l i t t l e  lo s s  bu t



p ro v id er a la rg e  a t te n u a tio n  fo r  energy t r a v e l in g  in  th e  re v e rse  

d i r e c t io n .  The U nilinea shown in  F ig . 2 .1  he lp  i s o la te  th e  k ly s t ro n  

from v a r ia t io n s  i n  load  impedance and p rov ide  e x tra  i s o la t io n  

between s ig n a l A and the  m odulator.

The m odulator in  use  c o n s is ts  of a 1N23 c r y s ta l  in  a tu n ab le  

d e te c to r  mount. An audio m odulating s ig n a l of about th re e  v o l ts  a t  

1000 cps i s  ap p lied  to  th e  c r y s ta l ,  and th e  r e s u l t in g  v a r ia tio n s  

in  c r y s ta l  impedance produce am plitude m odulation on th e  microwave 

s ig n a l t r a v e l in g  through th e  waveguide. As compared w ith  square- 

wave m odulation o f th e  k ly s tro n , c r y s ta l  m odulation invo lves a  lo s s  

o f  3 o r 4 db o f s e n s i t iv i ty  because o f incom plete m odulation. How­

ev e r, i t  i s  d e s ira b le  th a t  th e  re fe ren ce  s ig n a l be unmodulated; 

hence, k ly s tro n  m odulation would not be s u i t a b le .  I f  th e  re fe re n c e  

s ig n a l were m odulated, th e  measurement o f sm all t e s t  s ig n a ls  would 

be in te r f e r e d  w ith  by a re s id u a l ou tpu t s ig n a l  p re se n t in  th e  re c e iv e r  

due to  Im perfect audio n u ll in g . A sim ple audio n u llin g  c i r c u i t  

(m erely p o ten tiom eter R) i s  s a t is f a c to ry  i f  th e  re fe re n ce  s ig n a l i s  

unmodulated.

The s e le c t iv e  a m p lif ie r  ( 3 ) ,  b u i l t  a t  th e  Antenna L aborato ry , 

has a pass band of 4 cps cen tered  a t  1000 c p s . The l in e a r  r e c t i f i e r  

to  be used depends on f a c to r s  such as th e  dynamic range re q u ire d .

A chopper r e c t i f i e r ,  synchronized w ith  a p ro p e rly  phased s ig n a l from 

th e  m odulator, should be s a t i s f a c to r y .  A ty p e  1K34 gennanium diode 

i s  in  use  a t  p re s e n t .  The diode i s  operated  a t  a s ig n a l le v e l  la rg e  

enough to  o b ta in  l in e a r  response .
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Two n u llin g  o p era tio n s  a re  involved  in  a d ju s tin g  the  equipsMnt. 

S ignal A i s  d isconnected  from th e  hybrid  ju n c tio n , and a t e s t  s ig n a l 

E o f about 1 mw i s  a p p lie d . A d e te c to r  i s  connected to  th e  hybrid  

ju n c tio n  a t  th e  te rm in a l where s ig n a l A was removed. Tuner T i s  

then  a d ju s ted  fo r  a n u l l  in d ic a t io n  a t  th e  d e te c to r ,  A second 

n u llin g  o p e ra tio n  i s  now performed by a d ju s tin g  p o ten tiom eter R fo r  

a siinimum in d ic a t io n  a t  th e  d e te c to r ,

4 ,  PaiFCRMANCE

As a t e s t  o f accu racy , th e  equipment was used to  measure known 

f ie ld s  in  a waveguide. The antenna shown in  F ig , 2 ,1  was rep laced  

w ith a s lo t te d  w aveguide, A probe moving along th e  waveguide a jd s  

e x tra c te d  a t e s t  s ig n a l  fi. Measurements were tak en  w ith  th e  s lo t te d  

waveguide te rm inated  w ith  a  m etal r e f le c to r  and th en  w ith  a matched 

lo a d . The r e s u l t s  a re  shown in  F ig . 2 ,2 .  In  bo th  c a se s , theo ry  

in d ic a te s  th a t  R(E) should be a s in u s o id a l fu n c tio n  o f d is ta n c e  x 

along th e  waveguide a x i s .  As i s  ev id en t in  th e  f ig u re s ,  e x c e lle n t 

agreement was ob ta ined  between th e  th e o r e t ic a l  and measured fun­

c tio n s  , Any s l ig h t  d isagreem ent i s  as l ik e ly  to  be caused by an 

im perfec t s lo t te d  waveguide o r te rm in a tio n  as by any in h e re n t d e fec t 

in  th e  d e te c to r . These measurements were rep ea ted  w ith  equally  good 

r e s u l t s  a t  s ig n a l le v e ls  up to  1 mw w ith  a re fe re n c e  power o f 1 snr.

The s e n s i t iv i ty  o f  th e  equipment w ith  a re fe ren ce  s ig n a l of 10 

mw was measured as -  125 dbw a t  9400 me. That i s ,  a t e s t  s ig n a l 

power of -125 dbw was req u ired  to  r a i s e  th e  re c e iv e r  ou tpu t by 3 db
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Fig . 2 .2 ,  Real component of e l e c t r i c  f i e l d  In te n s i ty  
In shorted waveguide ( l e f t )  and matched waveguide ( r i g h t ) .
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over the output no ise le v e l  observed in  th e  absence of any te a t  s ig ­

n a l. This could no doubt be improved, i f  d e s ire d , by using a mors 

e f f ic ie n t  m odulator, and ad ju s tin g  th e  bolometer b ia s  cu rren t to  

the  optimum v alu e . A b ia s  cu rren t of 5 BS was used fo r  each bolo­

m eter.

The measurements l i s t e d  in  Table I  show th a t  the  output no ise 

o f th e  re c e iv e r  inc reases somewhat as th e  bolom eter b ias  c u rren t i s  

in c reased , but i s  q u ite  in s e n s itiv e  to  th e  re fe ren ce  s ig n a l le v e l .

TABLE I

Average Receiver Noise Output as a Function of Bias 
Current and Reference Power Level in  th e  Absence of

a Test Signal

BIAS CURRENT (ma) REFERENCE POWER (mw) NOISE OUTPUT (v)

0 0 0.33
5 0 1.00
5 10 1.18

Equation 2 .4  in d ic a te s  th a t  th e  output s ig n a l should be propor­

t io n a l  to  the  reference  le v e l A fo r a given t e s t  s ig n a l E with a  given 

phase an g le . This was found to  be accu ra te  as  long as A was stronger 

than  E. This cond ition  i s  e a s ily  s a t i s f ie d  in  p ra c t ic e .

I t  was found th a t  c ry s ta ls  performed as w e ll  as bolometers in  

th e  coherent d e te c to r . The waveguide f ie ld  measurements shown in  

F ig . 2 .2  were repeated  using 1N23 c ry s ta ls  w ith equally  good r e s u l t s . 

The s e n s i t iv i ty  of th e  coherent d e tec to r using c ry s ta ls  was found to  

be -123 dbw a t  9400 me. This measurement was made w ith  th e  reference
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s ig n a l ad ju sted  to  the optimum le v e l ,  which was found to  be - )6  dbw 

a t  each c ry s ta l ,

B. A MODULATED SCATTERING TECHNIQUE FOR MEAStlREaffiNT OF FIEU ) 
DISTRIBUTIONS

1 . INTRODUCTION

The an a ly sis  of microwave transm ission  through d ie le c tr ic  sheets

developed in  Chapter IV req u ire s  a knowledge o f the e le c t r ic  f ie ld

in te n s i ty  d is t r ib u t io n  near a tran so d ttin g  antenna. E le c tr ic  f ie ld

in te n s i ty  is  genera lly  measured by in s e r t in g  a small t e s t  antenna in

th e  f ie ld  and observing the  vo ltage  V induced a t  i t s  te rm in a ls . Let

S denote a su rface  which encloses the probe as in  F ig , 2 ,3 . Let E

A N T E N N A
PROBE

F ig , 2 .3 , The f ie ld s  of a tran sm ittin g  antenna 
being measured with a probe surrounded by a 
re fe ren ce  su rface  3.

and H denote th e  e le c t r ic  and magnetic f ie ld  in te n s i t ie s  s e t  up on

S by the tran sm ittin g  antenna in  th e  absence of th e  probe. I f  the

probe, when function ing  as a tra n s m itte r , s e ts  up f ie ld s  E  ̂ and

on S in  th e  presence of th e  antenna, we may d e fin e  e le c t r ic  and
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m agnetic c u r re n ts  J  and K on S which a re  e q u iv a le n t to  th e  p robet

J  -  n X (2 .5 a )

and K * x n , (2 ,5 b )

where n i e  th e  outward u n i t  normal on 3 . I t  has been shown by 

Kouyoumjian (4 ) th a t

V -  C ( J 'E  -  K'H) d e , (2 .6 )  

where C i s  a c o n s tan t determ ined by c e r ta in  impedances and th e  

s tr e n g th  o f th e  sources used and w i l l  be o m itted  in  th e  fo llo w in g  

d is c u s s io n . I f  th e  probe i s  a th in  l i n e a r  d ip o le , and i f  su rfa c e  S 

i s  chosen to  co in c id e  w ith  th e  d ip o le  s u r fa c e ,  eq . 2 .6  reduces to

V -  J l - S d *  -  y i ( z )  S ^ (y ,z )  d z , (2 .7 )  

where z deno tes d is ta n c e  a long  th e  d ip o le  a x i s ,  l ( z )  i s  th e  c u r r e n t  

d i s t r ib u t io n  on th e  d ip o le  when fu n c tio n in g  a s  a t r a n s m i t te r ,  and 

i s  th e  component o f  S ta n g e n t ia l  to  th e  d ip o le .  I f  th e  d ip o le  i s  

s u f f i c i e n t ly  s h o r t so th a t  i s  co n s tan t both in  phase and am plitude 

a long  th e  d ip o le ,

V - f  ***» (2.6)
where y and z a re  th e  co o rd in a te s  of th e  c e n te r  o f th e  d ip o le ,  o o
Thus, a s h o r t th in  l i n e a r  d ip o le  would a c c u ra te ly  in d ic a te  th e  in c i ­

den t e l e c t r i c  f i e l d  in te n s i ty  component p a r a l l e l  to  th e  d ip o le .

I t  i s  ap p aren t from eq . 2 .6  th a t  in  g e n e ra l a probe does not 

in d ic a te  th e  f i e ld  in te n s i ty  a t  a p o in t ,  b u t r a th e r  some weighted 

average o f  th e  f i e l d s .  As i s  d iscu ssed  in  C hapter I I I ,  the f ie ld s  

o f  c e r t a in  an tennas a re  se p a ra b le  in  re c ta n g u la r  co o rd in a tes  to  a 

good app ro x isia tio n ; th a t  i s ,
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E ; ( y , z )  -  l ( y )  Z ( z ) .  ( 2 . 9 )

In  t h i s  caa« eq. 2 .7  beeomes

V -  T(y) J  1(a)  Z(a) d a . (2 .10)

Thua, in  a ^ a r a b le  f ie ld a  th e  f i n i t e  d ip o le  a c c u ra te ly  in d ic a te a  the 

e l e c t r i c  f i e ld  d is t r ib u t io n  on a path  p a r a l le l  to  th e  y -a x ia , b u t 

in d ic a te s  a weighted average o f th e  e l e c t r i c  f i e ld  d i s t r ib u t io n  on a 

p a th  p a r a l l e l  to  th e  d ip o le  a x is .  U n fo rtu n a te ly , the p ro p e r tie s  o f a 

d ip o le  a re  co n sid erab ly  a l te re d  by th e  p resence o f th e  cab le  which 

must be used to  d e l iv e r  i t s  te n a in a l s ig n a l to  a d e te c to r ,  a sq p lif ie r , 

and re c o rd e r . R ecen tly  an a l te r n a t iv e  method o f m easuring f i e ld  d is ­

t r ib u t io n s  has been developed by J u s t ic e  and Rumsey ( $ ) .  A b r ie f  

d e s c r ip tio n  o f th e  method w il l  be g iv en , follow ed by th e  development 

o f a m o d ifica tio n  which s im p lif ie s  th e  in s tru m e n ta tio n  and ad justm ents 

invo lved .

The s c a t te r in g  method uses a hybrid  ju n c tio n  as  shown in  F ig .

2 .4  w ith  th e  c o l l in e a r  arms te rm inated  in  an antenna and a r e s i s t iv e  

lo a d . The £ and H arms o f th e  ju n c tio n  a re  connected to  th e  s ig n a l 

source and th e  r e c e iv e r .  I f  th e  impedance of th e  lo ad  i s  equal to  

th a t  o f  th e  an tenna, no power i s  tr a n s fe r re d  from th e  s ig n a l source 

to  th e  r e c e iv e r .  In  p ra c t ic e  th e  antenna must be tuned u n t i l  the  

i s o la t io n  between s ig n a l source and re c e iv e r  i s  about 100 db . A th in ,  

l in e a r  conductor having a len g th  o f o n e -h a lf  wavelength or le s s  i s  

then  in troduced  a t  a p o in t in  th e  f i e l d  o f th e  a n te m a . This d ip o le  

i s  supported  by th in  nylon s t r in g s  which cause n e g lig ib le  d is tu rb an ce  

to  th e  f i e l d .  A c u rre n t i s  induced on th e  d ip o le  p ro p o rtio n a l to
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D E T E C T O R

N Y L O N
T H R E A D

m o d u l a t o r ]

H

D I P O L E  

T U N E R  ^ ^ 1

Ô
F ig , 2J^,  Apparatus fo r  e ls e  t r i e  f i e l d  measurement a 

w ith th e  s c a t te r in g  tech n iq u e .

th e  component o f the in c id e n t e l e c t r i c  f i e ld  p a r a l l e l  to  i t s  a x is ;  

th a t  i s ,  i f  th e  d ip o le  i s  p a r a l l e l  to  th e  z - a x ls ,  the  cu rre n t i s  pro­

p o r tio n a l to  a t  th a t  p o in t i n  th e  absence o f th e  d ip o le .  Because 

o f th e  cu rre n t flow ing on th e  d ip o le , a s ig n a l  i s  r a d ia te d  o r s c a t­

te re d . This produces a r e f le c te d  wave a t  th e  an tenna in p u t te rm in a ls  

as w e ll a s  in  o th e r  p o rtio n s  o f space surrounding  th e  s c a t t e r e r .  This 

r e f le c te d  wave a t  th e  antenna te rm in a ls  I s  s e p a ra te d  by th e  hybrid  

ju n c tio n  and produces a v o lta g e  a t  th e  te rm in a ls  o f  the  r e c e iv e r .  I t  

has been shown (5) th a t  th e  v o lta g e  produced a t  th e  re c e iv e r  t e r ­

m inals w ith  th e  s c a t te r e r  a t  a g iven p o s i t io n  i s  p ro p o rtio n a l to  the 

square o f th e  ta n g e n tia l  e l e c t r i c  f i e ld  in te n s i ty  a t  the  same p o si­

t io n  in  the  absence o f th e  s c a t t e r e r .  Thus th e  am plitude and phase 

o f th e  f ie ld  a t  each p o in t can be determ ined by m easuring the  phase
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and am plitude  o f  th e  re c e iv e d  a ig n a l .

Thia a c a t te r in g  tech n iq u e  d i a to r t a  th e  f ie ld a  le a a  th a n  conven­

t io n a l  p ro b in g  methods s in c e  no cab le  i s  connected to  th e  d ip o le .  

F ie ld a  in  s o l id  d i e l e c t r i c  bod ies can be measured w ith  th e  s c a t te r in g  

system  by p a ss in g  th e  d ip o le  th rough  a f in e  h o le  i n  th e  d i e l e c t r i c .  

However, th e  s c a t t e r e r  must be s h o r t  to  in d ic a te  th e  f i e l d  a t  a p o in t ,  

and u s u a l ly  must b e  s le n d e r  to  d is c r im in a te  a g a in s t  o rth o g o n a l p o la r i ­

s a t io n .  Hence, th e  s c a t te r e d  s ig n a l  i s  am a ll. I t  w i l l  be shown t h a t  

measurements w ith  th e  s c a t t e r in g  method a re  s u b je c t  to  e r ro r s  from 

s l i g h t  d e tu n in g  o f  th e  h y b rid  ju n c tio n  and hence to  frequency  d r i f t  

and tem p era tu re  d r i f t .  S ince th e  h y b rid  ju n c tio n  tu n in g  i s  frequency  

s e n s i t iv e ,  a  monochromatic s ig n a l  sou rce  i s  r e q u ir e d . For t h i s  reaso n  

th e  so u rce  shown i n  F ig . 2 .4  i s  o p e ra ted  unm odulated to  avo id  freq u en ­

cy m odu la tion  «diieh g e n e ra lly  o ccu rs  when a k ly s t ro n  i s  am p litu d e  

m odulated. Care must be ta k en  t o  p rev en t m otion  of any bod ies (o th e r  

th a n  th e  d ip o le )  i n  th e  an tenna f i e l d  du ring  m easurem ents.

To overcome th e se  d i f f i c u l t i e s ,  a  method w i l l  be d esc rib ed  fo r  

am plitude-m odu lating  th e  s c a t te r e d  wave. T his w i l l  make i t  p o s s ib le  

to  r e la x  th e  tu n in g  and s t a b i l i t y  req u irem en ts  and a t  th e  same tim e 

to  in c re a s e  th e  s e n s i t i v i t y  o f th e  m easurem ents.

2 .  A MODULATED DIPOLE SCATTffî^

The s c a t t e r in g  fhom a  d ip o le  can  be am plitude-m odulated  in  

s e v e ra l  w ays. The most p r a c t i c a l  method ap p ears  to  be to  p la c e  a 

n o n lin e a r  impedance in  s e r i e s  w ith  th e  d ip o le  a t  i t s  c e n te r ,  and to
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modulate th e  impedance e le c t ro n ic a l ly .  A T ran e itro n  type T?G aub- 

m in ia tu re  germanium diode waa aomeidiat a r b i t r a r i l y  a e le c ted  aa a 

n on linear impedance. Cotton th re a d , made a l ig h t ly  conducting m ith a 

t r a c e  of Aquadag, was used not only to  support th e  diode s c a t te r e r  

b u t a lso  to  connect an audio modulating v o ltag e  to  i t  as shown in  

F ig . 2 ,5 , Any f ie ld  d is to r t io n  due to  the presence o f th e  th read  

should be n e g lig ib le  because of i t s  high re s is ta n c e  (500,000 ohms 

p e r  f t )  and small diam eter (0 .02  inch) even i f  th e  th read  i s  p a r a l l e l  

to  th e  e le c t r ic  f ie ld  v e c to r , which ie  the w orst c a se . In  m easure­

ments o f l in e a r ly  p o la riz ed  antennas th e  th read  i s  aligned  perpen­

d ic u la r  to  th e  e le c t r ic  f i e l d  to  miniadze th e  r f  cu rren ts  on th e  

th read  and hence s c a tte r in g  by the  th re a d .

0.02
S I L V E R  P A I NT .

" ^ G L A S S  C A S E  O. l "  D I A .  

G E R M A N I U M  D I O D E .
M O D U L A T O R  

100 V. 

l O O O - C P S
S L I G H T L Y  C O N D U C T I N G  

< T H R E  AD.
 J L . ________________Kk_____

te. It
F ig . 2 .5 . Modulated diode s c a t t e r e r .

The d ip o le  was resonated  to  the  o p e ra tin g  frequency o f 9400 me 

by apply ing  s i l v e r  p a in t over a sm all a re a  o f  each end o f th e  g la ss  

case  o f th e  d iode as in  F ig . 2 .5 . This r e s u lte d  in  a s u b s ta n tia l
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In c rease  in  th e  s tre n g th  o f the s c a t te re d  f i e ld  o f th e  d io d e . The 

system  shown in  F ig . 2 .5  was found to  produce a s c a t te re d  wave which 

was n ea rly  100 p er cen t m odulated.

In  th e  u su a l s c a t te r in g  system  th e  d ip o le  should have a le n g th -  

to -d ia a e te r  r a t io  o f  a t  l e a s t  30 to  s a t i s f y  p o la r is a t io n  r e q u ir e ­

ments ( 5 ) .  However, t h i s  requirem ent can be re lax ed  considerab ly  

w ith  a  modulated d ip o le  s in ce  th e  d iode a t  th e  c e n te r  w i l l  m odulate 

only th e  a x ia l  component o f cu rren t flow ing on th e  d ip o le . Any c i r ­

cu m fe ren tia l coa^onent o f cu rren t w i l l  be unmodulated and hence w i l l  

produce no d e p o la r iz a tio n , as w i l l  be shown. By r o ta t in g  th e  antenna 

and observ ing  th e  s ig n a l le v e l in  the  re c e iv in g  arm o f th e  hybrid  

ju n c tio n , i t  was found th a t  th e  modulated s c a t t e r e r  d isc rim in a ted  

between orthogonal l in e a r  p o la r iz a tio n s  by a t  l e a s t  32 db . Of cou rse , 

when m odulation i s  ap p lied  to  the  s c a t t e r e r ,  no m odulation is  in t ro ­

duced a t  any o th e r p o in t in  th e  system .

3 . ERROR ANALYSIS

To analyse  c e r ta in  e r ro rs  involved in  th e  u su a l s c a t te r in g  sys­

tem shown in  F ig . 2 .4 , l e t  denote th e  s ig n a l a r r iv in g  a t  th e  de­

te c to r  by way o f s c a t te r in g  from th e  d ip o le . I f  E i s  th e  e l e c t r ic
z

f ie ld  in te n s i ty  component ta n g e n tia l  to  th e  d ip o le .

Eg -  bJ. (2.11)

There w i l l  a lso  be an undesired  s ig n a l E a r r iv in g  a t  the  d e te c to r
u

even in  the absence o f  th e  d ip o le , s in c e  th e  hybrid ju n c tio n  i s  never 

p e r f e c t ly  balanced .
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Mow, in  the usual sc a tte r in g  method both th e  dea ired  and un­

deaired  s ig n a la  a re  a&odulated, and the r e s u l ta n t  s ig n a l S a r r iv in g  

a t  th e  d e tec to r  la

E ■ [ cos wt + E^ cos (cot + p ) ] m (t) , (2 .12)

where m (t) denotes th e  modulation fu n c tio n  which may be taken  to  be 

th e  square wave shown in  F ig . 2 .6 , w i s  th e  microwave angular f r e -

1-----

0 -

T I M E

PI^Te,
F ig . 2 .6 . Assumed m odulation fu n c tio n  m (t) . 

quency, and P i s  the phase angle o f  s ig n a l E^. The e rro r  caused by 

^  i s  siaximum when p la  aero o r a ,  in  which cases th e  d e te c to r  in ­

d ic a te s  am plitudes

Ib | -  S, -  V  (2.13)
Thus, i f  the  unbalance s ig n a l E^ i s  20 db sm aller than  E^$ the  

measurement of w il l  have a p o ss ib le  e rro r  o f  1 10 p e r c e n t. The 

measurement of th e  e le c t r ic  f ie ld  d is t r ib u t io n  may be in  e r ro r  by 

as much as 1 5 p er cen t.

I t  w ill  now be shown th a t  e rro rs  from unbalance signa ls  can be 

elim inated i f  a modulated s c a t te re r  is  employed. In  o rder to  accom­

p lis h  th is  and a t  the same time increase  th e  s e n s i t iv i ty  o f th e  

measurements, i t  i s  assumed th a t  a coherent d e te c to r  such as shown
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in  F ig , 2.7 w ill  be used. Modulation w ill  be introduced a t  no point 

in  th e  eyataa other than a t  the d ip o le .

} D E T E C T O R  OUTPUT  
Liaimni-

U N M O D U L A T E D  
R E F E R E N C E  

S I G N A L

S Q U A R E -  LAW  
D E T E C T O R

H

E s

M O D U L A T E D  
S C A T T E R I N G  

S I G N A L

-Ezr

F ig. 2 .7 . sim p lified  diagram of coherent d e tec to r.

An unmodulated aignal d ire c t from the microwave signa l 

source i s  delivered  to  the E-arm of a hybrid ju n c tio n . The modu­

la te d  sc a tte rin g  signa l Eg is  applied  to  the H-arm. Some unmodu­

la te d  unbalance signal E^ w ill  undoubtedly accompany the sca tte red  

s ig n a l. Each of the  two c o llin e a r  arms of th e  hybrid junction  is  

term inated with a aquare-law d e tec to r. The re su lta n t signals E^ 

and E^ a rriv in g  a t  detecto rs 1 and 2 are
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■ E^coa w t + ^cos((*»t+P) + Egeo8(wt+a) * ( t ) ,  (2.1/^a)

and Eg -  E^coa wt -  E^co#(wt+P) -  E^coa(wt+a) m ( t) .  (2 .14b)

The minus s ig n s  occur because o f  th e  p ro p e r tie s  o f th e  hybrid  ju n c -
2

t i o n .  The power a r r iv in g  a t  d e te c to r  I  i s  p ro p o rtio n a l to  E^.

The only modulated components o f  th i s  power a re  g iven  by
2 2P^ - [  EgCos (wt+a) + 2E^E^cos wt cos(w t+a)

+ 2S^E^cos(wt-*^) cos(w t+a)] m ( t) ,  (2 .15)

The audio response o f d e te c to r  1 i s  found by averaging P^ over 

one r f  c y c le :

S im ila r ly ,

2
-  1 Eg + ÊgCos a + Ê EgCos(a-p). (2 .16a)

Vg * 1 -  E^E^coe a  + E^EgCos(a-p). (2 .16b)

The coherent d e te c to r  response i s  ob ta ined  by su b tra c tin g  Vg from 

as i s  done by th e  audio tran sfo rm er in  F ig . 2 .7 , y ie ld in g

-  2 E^EgCos a .  (2 .17)

Thus, th e  coheren t d e te c to r  response i s  independent of th e  phase 

or am plitude o f any unbalance s ig n a l .  In  c o n tra s t  w ith th e  u su a l 

s c a t te r in g  tech n iq u e , theo ry  in d ic a te s  th a t  th e  modulated s c a t te r e r  

method i s  immune to  e r ro rs  from unbalance s ig n a ls .

I f  th e  phase of s ig n a l E^ i s  now s h if te d  by 90^, one o b ta in s

Vj -  2 E^EgSin a .  (2 .18)

Thus, i t  i s  p o s s ib le  to  measure th e  r e a l  and im aginary components of

th e  s c a t te re d  s ig n a l S^. The coheren t d e te c to r  a lso  makes i t  con­

ven ien t to  p lo t  phase d i s t r ib u t io n s  au to m a tica lly  ( 6 ) .
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Of co u rae , coheren t d e te c t io n  can be used w ith  th e  u su a l type  of 

s c a t te r in g  te ch n iq u e , b u t In  th i s  case I t  w i l l  not reduce th e  e r ro rs  

because th e  s c a t te r e d  s ig n a l  and th e  unbalance s ig n a l a re  bo th  modu­

la te d  and cannot be d is t in g u is h e d ,

4 ,  EXPERIMENTAL RESULTS

I t  was d e s ire d  t o  v e r ify  ex p erim en ta lly  t h i s  p re d ic te d  is n u n l ty  

o f th e  m odulated s c a t te r in g  system  to  e r ro rs  from unbalance s ig n a ls*

A system  s im ila r  to  F ig . 2 .4  was used w ith  th e  m odulated d ip o le  o f  

F ig , 2 ,5  and the  co h eren t d e te c to r  of F ig . 2 .7 .  The e l e c t r i c  f i e ld  

d i s t r ib u t io n  was measured w ith th e  s c a t te r in g  method along a p a th  

n ear th e  a p e r tu re  o f  a  horn antenna* The measurss&ent was rep ea ted  

w ith  v a rio u s  c o n tro lle d  amounts o f  unmodulated s ig n a l  mixed in  w ith  

th e  s c a t te re d  a ig n a l  where i t  was d e liv e re d  to  th e  d e te c to r .  No 

e r ro r  was d e te c ta b le  u n t i l  th e  unmodulated s ig n a l  was in c reased  

to  15 db above th e  maximum s c a t te r e d  s ig n a l o r 35 db above th e  

minimum s c a t te re d  s ig n a l fo r  which a c c u ra te  com parisons were made* 

S in ce  in  th e  usual s c a t te r in g  tech n iq u e  th e  unbalance s ig n a l must 

be 20 db below th e  sm a lle s t s c a t te r e d  s ig n a l to  be measured a c c u ra te ly , 

i t  Biay be s ta te d  th a t  th e  use  o f  a m odulated s c a t te r in g  system  de­

c rea se s  th e  re q u ire d  hybrid  ju n c tio n  i s o la t io n  by 55 d b . In  th e  

above experim ent th e  d e te c tin g  elem ents were type  1N23 c r y s ta ls  and 

th e  frequency was 9400 me. Even more improvement might be expected 

u s in g  b o lo m ete rs , s in c e  th e  immunity to  unbalance e r ro r s  depends on 

th e  use o f  square-law  d e te c t in g  e lem ents. The perform ance a ls o
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depends on e q u a liz in g  th e  g a in  of th e  two d e te c t in g  elem ents in  the 

coheren t d e te c to r  b e fo re  s u b tra c tio n  ta k es  p la c e  in  th e  audio  t r a n s -  

fo n n e r . More a c c u ra te  e q u a liz a tio n  th an  was used in  th e  above e x p e ri­

ment could r e a d i ly  be a rran g ed .

E le c t r ic  f i e l d  d is t r ib u t io n s  measured w ith  th e  m odulated d iode  

were compared w ith  measurements made w ith an o rd in a ry  d ip o le  o f  th e  

same le n g th , u s in g  th e  prob ing  p a th  shown in  F ig .  2 .8  w ith o u t th e  

d ie l e c t r i c  s h e e ts .  No d e te c ta b le  d if fe re n c e s  appeared in  th e  two 

p a t te r n s .  From th e se  measurements and d a ta  on m odulated d iodes in  

w aveguides, i t  i s  ev id en t th a t  th e  echo a re a  o f a modulated d io d e  i s  

c o n s ta n t f o r  a l l  reaso n ab le  le v e ls  o f  r f  power. T hat i s ,  no e r ro rs  

should a r i s e  from th e  n o n lin ear p ro p e r tie s  o f th e  d io d e , a t  l e a s t  fo r  

r f  s ig n a l  le v e ls  below 10 snr d e liv e red  to  th e  d io d e .

C. PROBES FCR MICROWAVE NEAR-FIELD MEASUROCENTS

1 . INTRODUCTION

Although th e  m odulated s c a t te r in g  techn ique d e sc r ib e d  in  S ec tio n  

B has been found to  be w ell s u ite d  fo r  th e  measurement o f f i e ld s  near 

radom es, i t  i s  somewhat more com plicated  th an  d i r e c t  p rob ing  s&ethods. 

T h e re fo re , d i r e c t  p robing may be p re fe r re d  in  some cases where i t  

i s  ad eq u a te . For t h i s  re a so n , an em p irica l com parison o f s c a t t e r e r s  

and probes o f v a rio u s  s iz e s  was made and w i l l  be d esc rib ed  a f t e r  a few 

g en e ra l comments on p ro b es .

A probe f o r  a c c u ra te ly  m easuring the  f i e l d  in te n s i ty  d i s t r ib u t io n  

near a  rad io -freq u e n cy  source must meet the fo llo w in g  req u irem en ts t
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a . Any d is to r t io n  o f th e  f ie ld s  by th e  probe and i t s  cab le  must 

not se r io u s ly  a f f e c t  the  accuracy of th e  measurements.

b .  The a p e rtu re  o f  th e  probe must be sm all enough to  measure 

e s s e n t ia l ly  the  f i e ld  a t  a p o in t.

c . The probe must have the  d e s ire d  p o la r iz a t io n  to  w ith in  

s u f f ic ie n t  accuracy.

d . The probe must d e liv e r  a s ig n a l v o ltag e  la rg e  enough to  

perm it accu ra te  measurement.

The ap e rtu re  s i t e  requirem ent on probes has been analyzed by 

Woonton (? )  idio concluded th a t  a probe should be no lo n g er than  one- 

h a lf  wavelength and no more d ir e c t iv e  than  a half-w ave d ip o le .

I t  i s  apparent th a t  th e  performance o f  any given probe may depend 

on th e  environment in  which i t  is  p laced . A lso, th e  design  of a 

probe may be s im p lif ied  i f  one has a knowledge o f c e r ta in  charac­

t e r i s t i c s  of the f ie ld s  to  be measured. For example, i f  th e  f ie ld s  

a re  known to  have a slow s p a t ia l  v a r ia t io n ,  the probe ap e rtu re  s iz e  

can be in c reased . I f  th e  p o la r iz a tio n  o f the  f i e ld  i s  known, th e  

p o la r iz a t io n  requirem ents on th e  probe can o f te n  be re la x ed . A 

sm aller probe may be fe a s ib le  i f  the  tr a n a s i i t te r  power o r  re c e iv e r  

s e n s i t iv i ty  can be in c reased . In  s h o r t ,  i t  i s  more r e a l i s t i c  to  

s e le c t  th e  probe which is  most s a t is f a c to ry  fo r  th e  p a r t ic u la r  ty p e  

of measurements of in te r e s t  th an  to  seek a u n iv e rsa l probe to  be 

used in  a l l  s i tu a t io n s .

D ipole probes a re  perhaps th e  most popular type fo r n e a r- f ie ld  

measurements, The d ip o le  i s  g en e ra lly  connected to  a co a x ia l l in e
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through a balun . The d ipole and balun m ist be ca re fu lly  designed and 

constructed  to  o b ta in  s a tis fa c to ry  r e s u l t s . Small horns or open- 

ended waveguides may also  be used as probes. These req u ire  no balun 

and are  q u ite  simple to  co n stru c t,

2. MSASURQIENTS

To determine the accuracy of a probe i t  would be d es irab le  to  

use the  probe to  measure a known f i e ld .  Any e rro rs  in  th e  measure­

ments would then  be immediately apparent. However, i t  is  not a simple 

m atter to  s e t  up a su ita b le  known f ie ld .  Known f ie ld s  can be s e t up 

in  waveguides and might provide a su ita b le  t e s t  o f the  accuracy of 

s c a t te re rs .  The waveguide t e s t  would very l ik e ly  prove to  be too 

severe fo r  mwiny probes, and i t  i s  f e l t  th a t a probe should be te s te d  

in  a e i tu a t io n  s im ila r  to  th a t in  which i t  i s  intended to  be used.

Very few antenna f ie ld s  a re  rigo rously  known, A good physical 

model of th e  in f in ite s im a l d ip o le , the f ie ld s  of which are  w ell known, 

might be obtained by in se rtin g  a sh o r t, th in  stub through a hole in  a 

la rg e  conducting ground p lan e . This might provide a standard f ie ld  

fo r  te s t in g  probes, and would be an in te re s t in g  p ro je c t .  However, 

even in  th is  case th e  accuracy would be lim dted by such fac to rs  as the  

f i n i t e  s ize  of th e  ground p lane. Furthermore, a probe which gives 

s u f f ic ie n tly  accura te  measurements of these sim ple f ie ld s  might prove 

to  be inadequate for measurj ng th e  com plicated f ie ld s  near a radome.

Therefore, to  in v e s tig a te  th e  n e a r- f ie ld  measurement problem, 

a f ie ld  was s e t up which was ty p ic a l o f the f ie ld s  near a radome.
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Thia was accomplished by p lacing  a wedge-shaped d ie le c t r i c  s h e l l  in  

f ro n t o f  a horn antenna and choosing a s t r a ig h t  l in e  probing path  

p a r a l l e l  to  the horn ap e rtu re  as in d ic a ted  in  F ig . 2 .8 ,  The horn 

was connected to  a type 1-13 Varian k ly s tro n  tuned to  9375 me, 

corresponding to  a wavelength of 1.26 in ch es. The f i e ld  d i s t r i ­

bu tion  was recorded by autom atic phase (6) and am plitude p lo t t e r s  

as th e  probe was moved along th e  probing path  by a m otor. The phase 

measurements were made w ith  a balanced coheren t d e te c to r  using  type 

1N23 c r y s ta l s .  A Sperry type 821 bolom eter was used as a square- 

law d e te c to r  fo r  the am plitude measurements.

PATH OF P R O B E

KLYSTRON

WAVEGUIDE HORN
ANTENNA

HORN APERTURE =2.45"

PLANE 
POLYSTYRENE 
S H E E T S

F ig . 2 .8 . Experim ental arrangement fo r  in v e s t ig a t in g  p robee.

These measurements were r ^ e a t e d  using  se v e ra l types o f p robes, 

in c lu d in g  a sm all horn and th re e  s iz e s  of open-ended waveguide. The 

o r ie n ta t io n  o f a probe w ith  i t s  waveguide feed i s  in d ic a te d  in  F ig . 2 .9 ,
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A N T E N N A
PRO BE RG 5 2 / U  

WAVEGUIDE

MICROWAVE
A B S O R B E R

P ia-tff lar
F ig , 2 .9* O r ie n ta t io n  of probe 4 and waveguide fe e d . 

Waveguide t r a n s i t i o n  s e c t io n s ,  ta p e re d  i n  b o th  d im ensions, w ere used 

to  coup le  th e  two s m a lle s t  p robes to  s ta n d a rd  X-band waveguide as 

shown I n  F ig ,  2 ,1 0 , The o u ts id e  su rfa c e s  o f  th e  p robes were covered

| e

0 . 1 4 II

RG 9 6 / U  
WAVEGUIDE

RG 5 2 / U  
WAVEGUIDE

FLANGE

T
DIELECTRIC 

2" J
MICROWAVE
ABSORBER

Fig* 2 ,1 0 , Cross s e c t io n  o f  probe 4 showing waveguide 
PUTm. ZT t r a n s i t i o n .
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w ith  microwave abso rber to  reduce d i s to r t io n  of th e  f i e l d s .  I t  was 

necessary  to  f i l l  th e  sm a lle r waveguide probes w ith  d ie l e c t r i c  

m a te r ia ls  to  perm it tran sm iss io n  o f m ergy  through them a t  9375 me. 

P e r t in e n t  in fo rm ation  on each probe i s  l i s t e d  i n  Table I I .

TABL£ I I  

Probes Which Were Compared 

Probe D esc rip tio n  A perture s iz e  ( in ch es) D ie le c t r ic
Number S-plane H-plane Constant

1 horn 1.13 0.90 1

2 open-ended
waveguide

0.40 0.90 1

3 II 0 .18 O j 4 2 4

4 n 0.14 0 .2 8 11

The measurements were rep ea ted  w ith  th e  s c a t te r in g  tech n iq u e , 

u sing  s c a t te r e r s  o f two d if f e r e n t  le n g th s . The dimensions o f th e  

s c a t te r e r s  a re  l i s t e d  in  Table I I I .

TABUS I I I  

S c a t te re r s  Which Were Compared 

S c a t te re r  Number Length (in ch es) D iam eter (in ch es)

1 0 .5  0.005

2 0 .3  0 .050

I t  w i l l  be noted th a t  a la rg e r  d iam eter o f  w ire  was used fo r  th e  

sh o r te r  s c a t t e r e r .  T his was necessary  i n  o rder to  o b ta in  a  s ig n a l 

la rg e  enough to  record  a c c u ra te ly , s in ce  th e  modulated s c a t te r in g
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method had not y e t been developed. Aa the p o la r iz a tio n  o f th e  f i e ld  

was e e a e n tia l ly  l in e a r  and th e  s c a t te r e r  was o rie n te d  alm ost p a r a l le l  

w ith th e  e l e c t r ic  f ie ld  in te n s i ty  v e c to r , no lo s s  o f accuracy was 

a n tic ip a te d  due to  th e  increased  d iam eter. U seful measurements could 

not be made w ith s c a t te re r s  le e s  than  0 .3  inch long w ith the equip­

ment in  u se , although th e  len g th  could be reduced i f  the tra n s m itte r  

power o r  re ce iv e r  s e n s i t iv i ty  were in c re ased .

F ig . 2.11 shows the  f ie ld  d is t r ib u t io n  as measured by th e  

s c a t te r in g  method. I t  i s  noted th a t  th e  s h o r te r  s c a t te r e r  gave th e
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F ig . 2 .1 1 . R e la tiv e  phase and am plitude d is t r ib u t io n s  
as measured w ith  s c a t t e r e r s .

h igher peaks and deeper n u l l s .  Presumably th e  s h o r te r  s c a t te r e r  i s

th e  more accu ra te  one, and hence th e  r e s u l t s  ob ta ined  w ith  i t  a r e
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re p lo tte d  in  F ig , 2.12 fo r  comparison w ith th e  probes.

The averaging e f f e c t  which tak es  p lace  in  th e  ap e rtu re  of probe 1 

(th e  sm all horn) i s  obvious in  both  th e  asip litude and phase p a tte rn s  

of F ig . 2 .1 2 . O therw ise, the phase p a tte rn s  a re  in  good agreement.

The am plitude p a tte rn s  show q u ite  s t r ik in g ly  th e  steady in c re a se  in  

re so lu tio n  as th e  probe a p e rtu re  dimensions a re  reduced. The s h o r te s t  

s c a t te r e r  which could be used had an B-plane dimension tw ice th a t  

o f th e  sm alle st probe. As a r e s u l t ,  the s c a t t e r e r  reduced th e  peaks 

by 3 db and increased  th e  le v e l a t  th e  n u lls  by 2 db as compared with 

probe 4 . Although probe U has a much sm aller a p e rtu re  than  probe 3 , 

th e se  two probes y ie ld ed  p a tte rn s  which a re  i n  c lo se  agreem ent. I t  

i s  th e re fo re  f e l t  th a t  no a d d itio n a l improvement in  accuracy would 

be obtained  by fu r th e r  red u c tio n  in  th e  ap e rtu re  s iz e .
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F ig . 2 .12 . R e la tiv e  phase and am plitude d is t r ib u t io n s  as 
measured w ith various probes and s c a t te r e r  2 .



32

In  o rd er to  fu r th e r  t e s t  the accuracy  of probe 4 , I t  was used 

to  measure th e  f ie ld s  on a path  s ix  inches from the a p e r tu re  o f th e  

horn shoim in  F ig , 3 .2 . For convenience, th e  r e a l  and im aginary 

components of th e  f ie ld  d i s t r ib u t io n  were recorded using  a coheren t 

d e te c to r .  The measured f i e l d s ,  shown in  F ig . 3 .3 ,  were used to  p re ­

d ic t  th e  H-plane f a r - f i e l d  p a t te rn  o f  th e  h o rn . Good agreement was 

ob ta ined  w ith th e  measured f a r  f ie ld s  as i s  ev id en t i n  F ig . 3 .4 . 

Equally  good r e s u l t s  were ob ta ined  in  f a r - f i e l d  c a lc u la tio n s  based 

on th e  f ie ld s  measured on a p a th  only 1 .2  inches from the horn ap e r­

tu r e  w ith  probe 4 .

By u sing  probe 4 to  measure th e  f i e ld  o f a ro ta ta b le  d ip o le  i t  

was found th a t  th e  probe d isc rim in a te d  between c ro ss  l in e a r ly  

p o la r iz e d  waves by a t  l e a s t  38 db.
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I I I .  SIMPLIFIED CALCULATION OF ANTENNA FAR-FIELD PATTERNS

1 . INTRODUCTION

The a n a ly s la  o f fa r-fieX d  d i s to r t io n  produced by a radome is  

u su a lly  d iv ided  in to  two s te p s .  F i r s t ,  the f i e ld s  on a su rface  

ju s t  o u ts id e  th e  radome a re  c a lc u la te d  by u sin g  approxim ate methods 

o f d e sc rib in g  th e  t r a n s f e r  of energy from th e  an tenna th rough th e  

radome. N ext, th e  f i e ld s  on th e  re fe re n c e  su rfa ce  a r e  in te g ra te d  

to  determ ine th e  f a r - f i e l d  p a t te r n .  In  th i s  c h a p te r , th e  su rfa ce  

in te g ra t io n  involved  in  th e  f a r - f i e l d  a n a ly s is  i s  considered  w ith  

th e  o b je c tiv e  of s im p lify in g  th e  num erical com putations. The r e ­

s u l t s  w i l l  be found ap p lic a b le  to  s im ila r  in te g ra ls  which a r i s e  i n  

the  fo rm u la tio n  used in  Chapter IV.

Given th e  e l e c t r i c  and m agnetic f i e ld  in te n s i ty  d is t r ib u t io n s  

B and H on some su rfa c e  S en c lo sin g  a tra n sm ittin g  a n te m a , i t  i s  

d e s ire d  to  determ ine th e  f a r - f i e l d  p a t te rn  of th e  a n te m a . While 

th e  s o lu t io n  may be sim ple in  p r in c ip le ,  in  p r a c t ic e  th e  num erical 

com putation i s  leng thy  and miay re q u ire  th e  u se  o f la rg e  com puters. 

The antenna may be rep laced  by eq u iv a len t e l e c t r i c  and magnetic 

c u rre n ts  J  and K flow ing on S, where

J  -  n X H, (3 .1 a )

and K -  E x n , (3 .1b )

where n i s  a u n i t  v ec to r  in  th e  d i r e c t io n  o f th e  outward drawn normal 

to  S. Two v ec to r p o te n t ia ls  A and F may be defined  in  th e  usual 

manner (1 ) :

34
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k •  yi r r  J e ' j k r  (3 .2 a)
JJcyg 4*r

and F -  c /T  K e-Jkr da , (3 .2b )
4*r

where k i s  th e  p ropagation  c o n s ta n t, p. ia  th e  p e rm e a b ility , and e i s

th e  d ie l e c t r i c  co n s tan t o f th e  homogeneous medium which la  assumed to

occupy a l l  space o u ts id e  of S , and r  ia  th e  d is ta n c e  from a p o in t on

S to  th e  o b se rv a tio n  p o in t .  The e l e c t r i c  f i e ld  in te n s i ty  everywhere

on th e  so u rc e -fre e  s id e  of S is  given (1) by

B •  -  V X F -  .1 v x  V X A. (3 .3 )
e wpe

where w i s  th e  angu lar frequency o f th e  so u rce .

The problem is  s im p lif ie d  i f  S Is chosen to  be an in f in i t e  

p la n e , in  which case a knowledge of th e  ta n g e n tia l  e l e c t r i c  o r mag­

n e tic  f i e ld  on th e  p lan e  i s  s u f f ic ie n t  to  determ ine th e  f i e ld s  in  

th e  h a lf-sp a c e  no t in c lu d in g  th e  so u rce . T his has been shown by 

Rumsey (2) by co n sid erin g  th e  r a d ia t io n  produced by J  and K when S 

i s  l in e d  w ith  a p e r fe c t  conducto r. lauge th eo ry  i s  a p p lied  to  show 

th a t  th e  f i e ld s  w i l l  be ju s t  tw ice th o se  produced by J  o r  K alone 

r a d ia t in g  in  f r e e  space. Thus, i f  S i s  a p la n e ,

E -  - 2 V X  F -  -  2.i vx Vx A. (3 .4 )
e wpe

This r e s u l t  has been v e r i f ie d  by th e  au th o r by an o th er approach

which, however, i s  more leng thy  and need not be p resen ted  h ere .

Using th e  co o rd in a te  system shown in  F ig . 3 .1 ,  the  f i r s t  p a r t  of

eq . 3*4 y ie ld s  th e  fo llow ing  E-plane and H-plane ( 0 ■ 0 and 9 ■ 90^

p la n es)  f a r - f i e l d  p a t te rn s  a s so c ia te d  w ith  th e  z -p o la riz ed  component
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B g(y,z) of th e  near f ie ld *

% (e )  -  j ^ E , ( y ,* ) e J ^ *  dy d a , (3 .5 a)

and E^(0) ■ cos0 j^^E g (y ,a )e jk y  dy dz , (3 .5b)

Since only th e  r e l a t iv e  f a r - f i e l d  p a tte rn s  a re  of in te r e s t  h ere , the 

co n s tan ts  of p ro p o r tio n a li ty  have been om itted  in  th e se  ex p ress io n s . 

This w i l l  a ls o  be done elsewhere in  th i s  chap ter w ith no f u r th e r  

comment •
G E N E R A T O R

T R A N S ­
MI T T I N G
A N T E N N A

X

P U T t  ZZZT

F ig . 3 .1 . C oordinates used in  f a r - f i e l d  c a lc u la t io n s .  

Expressions s im ila r  to  eq s . 3 .5  g ive th e  p a t te rn s  a s so c ia te d  

w ith  a y—p o la riz e d  near f i e l d .  By su p e rp o s itio n  o f  the  f a r  f ie ld s
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a s so c ia te d  w ith  th e se  two n e a r - f ie ld  coiqponents, th e  r e s u l ta n t  f a r -  

f i e l d  p a t te rn  i s  ob ta ined  even fo r  e l l i p t i c a l l y  p o la riz e d  an ten n as . 

Hence, i t  w i l l  be s u f f ic ie n t  to  co n s id e r only l in e a r ly  p o la riz ed  

f i e l d s .

Equations 3 .5  stay be co n tra s ted  w ith  th e  approxim ate ejqoressions 

in  cosnon use fo r  f a r - f i e l d  c a lc u la tio n s  ( 3 ) .  The exact expressions 

(e q s , 3 .5 ) a re  no more com plicated th an  th e  approxim ate ones gener­

a l ly  used . In  c e r ta in  cases th e  d if fe re n c e  between the exact and 

approxim ate expressions is  a p p rec iab le .

Unless E g(y,z) i s  a p a r t ic u la r ly  sim ple fu n c tio n , th e  su rface  

in te g ra t io n s  in  eqs. 3 .5  a re  q u ite  tim e consuming. A s im p lif ic a t io n  

can be achieved in  c e r ta in  p r a c t ic a l  cases where the  near f i e ld  

i s ,  to  a good approxim ation , se p a rab le , i . e . ,

E g(y ,z) -  T(y) z(z). (3.6)
In  t h i s  ev en t, eq s . 3 .5  reduce to

]^ ( e )  -  J  Z(z)eJk* cose (3 .7a)

and ^ ( 0 )  •  COS0 J  d y . (3 .7b )

The s e p a ra b i l i ty  assum ption has been found to  y ie ld  s a t i s f a c to r y  

r e s u l t s  in  th e  case  o f pyram idal horns and sm all p a rab o lo id  an tennas. 

This i s  to  be expected w ith  h o rn s , s in c e  i t  i s  w e ll known (!») th a t  

th e  B-plane p a t te rn  of a horn i s  s u b s ta n t ia l ly  independent o f th e  

a p e rtu re  w idth in  th e  H -plane, and v ic e  v e rs a .

A common method o f ev a lu a tin g  th e  in te g ra ls  in  eq s . 3 .7  i s  to  

approxim ate th e  f ie ld s  Z(z) and T(y) w ith sim ple fu n c tio n s  fo r  which

th e  corresponding  f a r  f ie ld s  a re  known. For examqale, T(y) sdght be
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approxim ated by th e  f i r s t  few term e o f i t s  power a e r ie s  expansion  

o r F o u rie r  s e r ie s  expansion . However, a good approx im ation  o f te n  

re q u ire s  s e v e ra l  te rm s , and th e  p ro ced u re  fo r  f in d in g  th e  c o e f f ic ie n ts  

i s  le n g th y . Even when t h i s  has been accooqplished i t  s t i l l  rem ains 

to  superim pose th e  r a th e r  com plicated  f a r - f i e l d  c o n tr ib u t io n s  c o r re ­

sponding to  each te rm .

I f  th e  n o ta t io n  T(y) i s  rep la ce d  w ith  E ^ (y ) , eq , 3 .7b  can be 

w r i t te n

E^(0) ■ E^(y)cos(kysin(^) dy

COS0 (3 .8 )+ j  J  K*(y) 8 in (k y  s ln ^ )  dy 

A sy s tem a tic  p rocedure fo r  e v a lu a tin g  th e  f i r s t  in t e g r a l  in  eq , 3 .8  

w i l l  nex t be d e s c r ib e d . The method can im m ediately  be a p p lie d  to  th e  

second in t e g r a l  a l s o ,  and hence to  th e  in te g r a ls  i n  e q s . 3 .7 .

2 . SIMPLIFIED APPROXIMATE CALCULATIONS

As shown, in te g ra ls  o f  th e  fo llo w in g  form appear in  th e  f a r -  

f i e l d  ex p re ss io n ss

^ ( 0 )  -  COS0 Eg(y) cosCky s in 0 )  d y . (3 .9 )

Many an tennas s e t  up n ea r f i e l d s  which a r e  sy m m etrica l. In  t h i s  

c a s e , eq . 3 ,9  g iv e s  th e  H -plane f a r - f i e l d  p a t t e r n .  I f  a  d en o tes  th e  

phase o f B ^(y ), th e  near f i e l d  can  be re so lv e d  in to  r e a l  and is iag in a ry  

cosponents as fo llo w s :

E^(y) -  (EgI (cos a  + j  s in  a ) -  R(Eg) + j  I (E ^ ) .  (3 .1 0 )

Now th e  cosqalex in t e g r a l  in  eq . 3 .9  can be re so lv e d  in to  two r e a l  

in te g r a l s  and can be approxim ated by th e  r e a l  summations :
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1^(0)~CO80 ^  (R[E^(my^) ] + j l [  K^(iny^)] } cosCMy^ =1«0). ( 3 .U )
m -1 ,3 ,5*••

Any d e s ire d  degree of approxim ation can be ob ta ined  by choosing y^ 

sm all enough; ho#ever, th e  labo r In creases  as  y^ I s  decreased . I f  

th e  va lue  chosen fo r  y^ Is  g re a te r  th an  about 0 .1  w avelength, a 

b e t t e r  approxim ation to  eq, 3 .9  1* g iven by

% 2^ ( R[ + j  I [B .(*% ,)]} * ,( ! ( ) ,  (3 .12)
m *l,3 ,5*• ‘

where R and 1 denote th e  average values of th e  r e a l  and im aginary 

coiqïonents over th e  in te rv a l  (m-l)yQ < y  < (m+l)y^, and

.  (m+Dy^
A ( 0 )  -  C O S 0  / coe(ky sin0) 4y . (3 .13)

^ (m -l)y ^

I f  eq. 3 .12  is  used, th e  continuous n e a r - f ie ld  d is t r ib u t io n  Eg(y) i s  

in  e f f e c t  approximated by an a rray  o f uniform ly exc ited  l in e  so u rces , 

each o f len g th  2y^ and of th e  proper s tr e n g th . The r e la t iv e  f a r -  

f ie ld  p a t te rn s  o f th ese  l in e  sources a re  th e  A ^(0), and eq . 3,12 

ai^>erimposes th e  in d iv id u a l f a r - f i e l d  c o n tr ib u tio n s  in  t h e i r  proper 

s tre n g th s . The summation must be extended along th e  y -ax is  to  a 

p o in t where th e  f ie ld  am plitude becomes and remains n e g lig ib le . 

S a tis fa c to ry  r e s u l t s  have been obtained  by ca rry in g  th e  stsomation 

out to  a p o in t where becomes le s s  than  1 per cent of i t s  maximisa 

am plitude.

The f a r - f i e ld  c a lc u la tio n  method was te s te d  a t  9kC0 me on th e  

horn antenna shown in  F ig , 3 .2 .  The near f i e l d  was measured with th e



40

E •

HORN

PROBING 
PATH

k
puT^s. j u j r

F ig . 3 .2 .  Pyram idal horn antenna uaed to  t e s t  th e  f a r - f i e l d  
c a lc u la t io n  method.

aa&all open-ended waveguide probe (probe 4 ) d esc rib ed  in  Chapter I I .

The probing p ath  was a s t r a ig h t  l i n e  6 inches from the horn  a p e r tu re . 

For convenience in  perform ing the  c a lc u la t io n s , th e  r e a l  and im aginary 

CQo^onents of were measured d i r e c t ly  r a th e r  th an  th e  a s ^ ll tu d e  

and phase. This was acconqalished by u sing  the balanced coheren t de tec ­

t o r  d escrib ed  in  Chapter I I ,  The measured f i e ld s  a r e  reproduced in  

F ig . 3 .3 .  Using th e  measured near f i e ld s ,  th e  H-plane f a r - f i e l d

p a t te rn  o f th e  horn was c a lc u la te d  from e q . 3 .1 1  w ith y ■ 0 .1  incho
and from eq . 3 .1 2  w ith y •  0 .25  in ch  and 0 .5  in c h . The measuredo
p a t te rn  and th e  th re e  c a lc u la te d  p a t te rn s  a re  compared in  F ig . 3 .4 .

The measurements and c a lc u la tio n s  w ere c a r r ie d  out only th rough 

th e  main lo b e  o f th e  f a r - f i e l d  p a t te rn  s in c e  only  t h i s  reg io n  was 

o f in t e r e s t  in  th e  radome problem being co n sid ered .

Of cou rse , th e  l a r g e s t  value o f y^ which w i l l  g iv e  a c c u ra te  f a r -  

f ie ld  c a lc u la tio n s  depends on the n a tu re  o f  th e  p a r t ic u la r  n e a r - f ie ld s



41

1.0

0.8

I  0.6 
*- 
o

UJ
0 .4

\  0.2 
(/)
! ]  0  
o  
>

- 0.2

- 0 . 4

- 0.6

--------- R C e , D
----------I [ E , ]
f = 9 4 0 0  me

/
/

» ̂
jr  y\

\
\

/
f /

\
\

V
//

J

I 2 3 4  5 6 7
y ( I NCHES )

P /« . r «  % 3T

F ig , 3 .3 .  F ie ld s  of horn shown in  F ig . 3 .2 .

in v o lv ed . I t  may be p r a c t ic a l  t o  use a la rg e r  v a lu e  of when 

working w ith  f i e ld s  which vary more slow ly w ith  y . In  th e  example

shown in  F ig . 3*4, when y i s  reduced to  0 ,1  inch  (about 0 .08  wave-
o

len g th s)  th e  e r ro r  a r is in g  from replacem ent o f th e  in te g r a l  in  eq, 

3 .9  w ith  th e  summation in  eq. 3 .1 1  d im in ishes to  the same o rder o f 

magnitude as th e  experim ental e r ro rs  involved in  measuring th e  near 

and f a r  f i e l d s .
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P lg . 3 .4 .  Measured and c a lc u la te d  H-plane f a r - f i e l d  p a t te rn s  o f  horn 
shown in  F ig , 3 .2 .

3 . EXAMPLES

To in d ic a te  the  u se fu ln e ss  and accuracy o f th e  s im p lif ie d  c a l­

c u la t io n s , s e v e ra l examples a re  p re se n te d . F igure  3 .5  shows th e  

measured and c a lc u la te d  B -plane f a r - f i e l d  p a t te rn s  o f th e  hom  of 

F ig . 3 .2 .  The c a lc u la tio n s  were based on th e  n ea r f i e l d s  Eg(z) 

measured on a l in e  6 inches Trom th e  horn a p e r tu re .  A form ula s im ila r  

to  eq. 3 .11  was derived  from eq. 3 .7 a  and was used f o r  the  E-plane 

c a lc u la t io n s .
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Equation 3,12  was used to  c a lc u la te  th e  H—plane f a r - f i e l d  p a t te r n  

o f  th e  sm all p arab o lo id  antenna shown in  F ig . 3 .6 ,  The measured and 

c a lc u la te d  p a t te rn s  a re  shown in  F ig . 3 .7 ,

P R O B I N G  
P A T H

P A R A B O L A  
2 "  F O C A L  
L E N G T H

8 "

F/*.re.

F ig . 3 .6 ,  P arabo lo id  antenna used to  t e s t  the  f a r - f i e l d  
c a lc u la t io n s .
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F in a l ly ,  a hollow d ie le c t r i c  wedge wae p laced  over th e  horn 

as ahown in  F ig . 3 .6 .  The measured and c a lc u la te d  (eq . 3 .12) f a r  

f i e ld s  a re  shown in  F ig . 3 .9 .  The f a r - f i e l d  p a t te rn  o f th e  horn 

a lone  i s  a lso  shown fo r  com parison.

P R O B IN G  
P A T H  —

3 0

H O R N

0 . 3 8 5 "  F I B E R G L A S  ( €  = 4 )

P i9 , Tc. jz:x
F ig . 3 .8 .  Horn w ith  hollow d i e l e c t r i c  wedge used to  t e s t  th e  

f a r - f i e l d  c a lc u la t io n s .
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without wedge.

4 . USE OF AN INCLINED RSFüRSNCE FLANE

In Chapter IV i t  w il l  be found d e s ira b le  to  make f a r - f ie ld  

c a lcu la tio n s  based on near f ie ld s  which a re  given on an in f in i t e  

plane su rface  inc lined  a t  some angle from th e  antenna ap e rtu re .

This problem a r ise s  in  the an a ly sis  o f transm ission  through a plane 

d ie le c t r ic  sh e e t. I t  i s  a ls o  encountered in  radorne an a ly s is  when 

the f ie ld s  on th e  radome su rface  have been ca lcu la ted  and i t  is
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d e s ire d  to  u se  th e s e  f i e l d s  to  d e te rm in e  th e  f a r - f i e l d  p a t te r n .  I t  

i s  custom ary to  f i r s t  p r o je c t  th e  radome su rfa c e  f i e l d s  t o  a p la n e  

su r fa c e  p a r a l l e l  w ith  th e  an tenna a p e r tu r e .  While t h i s  s im p l i f ie s  

th e  c a lc u la t io n s ,  i t  in tro d u c e s  a source o f  e r ro r  s in c e  an ap p ro x i­

m ate method o f p r o je c t io n  i s  u s u a lly  em ployed. S t r a ig h t  l i n e s ,  

p a r a l l e l  w ith  th e  an tenna a x i s , a re  drawn from each p o in t  on th e  

radome s u r fa c e  to  th e  re fe re n c e  p la n e . The f i e l d  a t  each p o in t on 

th e  re fe re n c e  p la n e  i s  tak en  to  have th e  same am p litu d e  a s  th e  f i e l d  

a t  th e  co rresp o n d in g  p ro je c te d  p o in t on th e  radome s u r fa c e .  A phase 

d e lay  Is  in s e r te d  in  each of th e  p a r a l l e l  ra y s  a c c o rd in g  to  th e  le n g th  

o f th e  p r o je c t io n  l i n e .  W hile t h i s  o p t i c a l  ap p ro x im atio n  aiay b e  

q u i te  s a t i s f a c to r y  fo r  l a r g e ,  d i r e c t iv e  a n te n n a s , i t  i s  l i k e ly  t o  

in tro d u c e  ex cess iv e  e r r o r  w ith  sm a ll a n te n n a s .

I f  th e  f i e l d s  a re  g iven  on an in c l in e d  p la n e  (p erh ap s a p lan e  

which i s  ta n g e n t ia l  to  th e  radome s u r fa c e )  th e  f a r - f i e l d  p a t te r n  

can be c a lc u la te d  by an  in te g r a t io n  over t h i s  p lan e  d i r e c t l y  w ith o u t 

an undue in c re a s e  in  cooqplexity as conqpared w ith  a  p re lim in a ry  

p r o je c t io n  to  an o th e r  re fe re n c e  p la n e . In  t h i s  way th e  p r o je c t io n  

e r r o r s  a re  av o id ed . F i r s t ,  ex p ress th e  f i e l d s  E ^ (y ,z )  on th e  in c l in e d  

re fe re n c e  p lan e  in  term s o f the am p litu d e  and p h ase , th u s ;

-  | Eg |  e ^ ,  (3 .1 4 )

I f  th e  f i e l d s  a re  assumed to  be  s e p a ra b le  as b e fo re , th e  H -p lane f a r -

f i e l d  p a t te r n  a s s o c ia te d  w ith  E^ i s  g iven  by eq, 3 ,7b which can now 

be w r i t te n  as
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-  COS0J  | a ^ ( y ) |  « j ( *  + ky 6 ln 0 )  d y .  ( 3 .1 5 )

For num erical ev a lu a tio n , th i s  in te g ra l  i s  approximated by a summa­

t io n  as b e fo re , using  in te rv a ls  o f len g th  2y^ and using  the  d is c re te

s e t  o f  f i e ld  measurements S ( m y . )  where m i s  r e s t r i c t e d  to  in te g ra l% o
v a lu e s , A ta b le  of kmy^sin0 i s  f i r s t  ta b u la te d  fo r  th e  d e s ire d  

v a lu es o f  0 and fo r  an adequate range o f m. The phase d i s t r ib u t io n  

a(my^) i s  added to  th e  ta b u la te d  values of kmy^sin0, a f t e r  which 

th e  sumnation is  c a r r ie d  ou t by re so lv in g  each term  in to  r e a l  and 

im aginary components and u sing  r e a l  a d d i t io n . Thus, once th e  fu n c tio n  

kmy^sin0 has been ta b u la te d , any given am plitude and phase d i s t r i ­

b u tio n  may be used w ith  th i s  com putation procedure to  determ ine th e  

corresponding f a r - f i e l d  p a t te r n .

F ig , 3 .10  i l l u s t r a t e s  th e  r e s u l t s  ob ta ined  w ith th e  above pro­

cedure using  a re fe re n c e  p lane  t i l t e d  40° from th e  a p e r tu re  of th e  

horn shown in  F ig , 3 ,2 .  The f i e ld s  o f th e  horn  were measured on th e  

re fe re n c e  p lan e  w ith  a d ip o le  p robe , A va lue  of 0 .25  inch was s e le c te d

fo r  y in  th e  c a lc u la t io n s .  S im ila r c a lc u la tio n s  using  re fe re n c e  o
p lanes more n ea rly  p a r a l le l  w ith  th e  a p e rtu re  y ie ld ed  b e t te r  r e s u l t s . 

This may in d ic a te  th a t  th e  s e p a ra b i l i ty  assum ption i s  le s s  v a lid  on 

p lanes which a re  t i l t e d  more from th e  a p e r tu re .

The procedure o u tlin e d  above i s  u se fu l even w ith  re fe ren c e  p lanes 

p a r a l l e l  to  th e  antenna a p e r tu re . In  th e  case o f asym m etrical antennas 

i t  may be p re fe rre d  to  the method d escrib ed  in  S ection  I I I , 2 which 

i s  most conven ien tly  used w ith  sym m etrical f i e l d s .
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IV, ANTENNA PATTffiN DISTCRTIOK BY DIELECTRIC SHEETS

1, INTRODUCTION

In the  deelgn of radomee i t  i s  o ften  necessary to  c a lc u la te  th e  

f a r - f i e ld  p a t te rn  o f an antenna covered w ith a radome. While con­

v en tio n a l c a lc u la tio n  methods may be adequate mhen ap p lied  to  la rg e , 

well-rounded radomes, b e t te r  approximations and new techniques a re  

needed fo r  use w ith m a l l  streasilioed  radomes.

In  s e e in g  a b e t te r  form ulation fo r  th e  problem, one might 

choose a re fe ren ce  surface in s id e  the radome. I t  w i l l  be shown 

th a t  in  th is  case a knowledge of the unperturbed antenna f ie ld s  

to g e th er w ith a plane-eiave so lu tio n  fo r  th e  f ie ld s  in s id e  the radome 

are  s u f f ic ie n t  to  determine the ra d ia tio n  p a t te rn . The antenna 

f ie ld s  in  th e  absence of a radome a re  g en era lly  a v a ila b le  by 

d ire c t measurement. Thus, i f  the reference su rface  is  chosen to  l i e  

in s id e  th e  radome i t  i s  necessary to  analyze transm ission  through the 

radome only fo r plane waves ra th e r  than  the  com plicated waves em itted 

by the antenna, I f  th e  radome and antenna were a v a ila b le , the de­

s ired  p a tte rn s  could most re a d ily  be obtained  by d ire c t  measurement. 

However, i t  i s  assumed th a t  the  radome i s  In  the  design  stage and i s  

not av a ila b le  fo r  measurements.

2. THEORY

Consider th e  problem of determ ining the  f a r - f ie ld  p a t te rn  o f 

antenna 1 shown in  F ig . 4 .1 .  Let and denote th e  f ie ld s  o f

52
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y I

PluTc. x m r
F ïg . 4 .1 . C oordinates used in  ra d ia t io n  p a t te rn  a n a ly s is .

antenna 1 when i t  i s  fu nc tion ing  as a tra n sm ittin g  an tenna. Choose 

a re fe ren ce  su rface  S which may be e i th e r  an i n f i n i t e  p lans or a 

su rface  which com pletely encloses antenna 1 . In  computing th e  f ie ld s  

o f antenna 1 on th e  so u rc e -fre e  s id e  of S, antenna 1 can be rep laced

by i t s  eq u iv a len t e le c t r ic  and magnetic cu rren t d is t r ib u t io n s  and

on S, where

*̂ 1 "  " l  *  *^1' (4 .1 a)

and X n^, (4 ,1b)

where n^ i s  a u n it  v ec to r in  the d ire c tio n  of th e  outward drawn normal

on S, Two v ec to r p o te n tia ls  A and F can now be defined  in  term s o f J .
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and K^, and th e  f i e ld  in te n s i ty  can be expreseed In  terme o f  A and F, 

I f  th e  e n t i r e  reg io n  on th e  eo n rc e -fre e  s id e  o f  S i s  occupied by a 

homogeneous medium, th e  p o te n t ia ls  and th e  e l e c t r i c  f ie ld  in te n s i ty  

a re  g iven  by eqe . 3 ,2  and 3 ,3 .  These exp ressions become much au>ra 

com plicated fo r th e  case o f an inhomogeneous re g io n . T h ere fo re , 

radome c a lc u la tio n s  a re  u su a lly  d iv id ed  in to  two e t ^ s .  F i r s t ,  an 

a u x i l ia ry  re fe ren c e  p lane S” i s  chosen to  pass between an tenna 1 and 

th e  radome. The f i e ld s  o f antenna 1 on S" a re  operated  on in  some 

fa sh io n  to  o b ta in  an approxim ation fo r th e  f i e ld s  on su rfa c e  S which 

i s  o u ts id e  th e  radome, Eqs. 3 .2  and 3,3 a re  th e n  used to  compute 

the  f a r - f i e l d  p a t te r n .  This type of a n a ly s is ,  which may be c a l le d  

th e  conven tiona l approach to  th e  radome problem a t  p re s e n t,  re q u ire s  

a m athem atical d e s c r ip tio n  o f th e  tran sm iss io n  of energy from antenna

1 through th e  radome to  th e  ex te rn a l re fe re n c e  s u r fa c e .

The problem may be refo rm ulated  by in tro d u c in g  a d i s ta n t  t r a n s ­

m it t in g  an tenna, antenna 2 , as in  F ig . 4 ,1 .  The f a r - f i e l d  p a t te r n  of 

an tenna 1 i s  g iven  by th e  v o lta g e  V induced a t  i t s  te rm in a ls  a s  an­

tenna 2 i s  moved in  a c i r c u la r  path  cen tered  a t  antenna 1 . Antenna

2 i s  always aimed a t  antenna 1 du ring  th i s  c i r c u la r  m otion. Let 

and Hg denote th e  e l e c t r i c  and m agnetic f i e ld  i n t e n s i t i e s  on S due 

to  antenna 2 tra n sm ittin g  in  th e  p resence  of antenna 1 . Antenna 2 

can be rep laced  by i t s  equ ivalen t e l e c t r i c  and m agnetic cu rre n t d is ­

t r ib u t io n s  Jg and Kg on S, where

Jg ■  ng X  Hg, (4 .2 a )

and Kg •  E2 X ng, (4 .2b)
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where ng l e  th e  u n i t  v e c to r  normal to  S In  th e  d ir e c t io n  o f th e  reg io n  

occiqxled by antenna 1 . By an a p p l ic a t io n  o f  th e  L orents r e c ip ro c a l 

theorem , Kouyoumjlan ( l )  haa shown th a t

V -  c j j  ( J g 'E i  -  Kg+Hi) d a , (4 .3 )
' S

where C la  a co n s tan t which may be om itted  In  th e  c a lc u la t io n  o f r e la ­

t iv e  f a r - f i e l d  p a t te r n a .  As w i l l  be ahown, th e  a d d it io n a l  In form ation  

In troduced  by th e  a p p lic a tio n  of th e  r e c ip ro c i ty  theorem  makes I t  

p o s s ib le  to  s im p lify  th e  radome a n a ly s is  by s t r a te g ic  use o f eq . 4 .3  

In  p la c e  o f th e  conven tional approach.

I f  S la  chosen to  be a p la n s , eq . 3 .4  may be used to  reduce eq. 

4 .3  to

V -  j l  Jg 'E ^ da -  -  /J K2 "Hi (4 .4 )
s s

The co n s tan t m u ltip ly in g  f a c to r s  have been om itted  In  eq. 4 .4 ,  and 

th i s  w i l l  a ls o  be done In  th e  rem ainder o f t h i s  ch ap te r w ithou t fu r ­

th e r  comment, when such fa c to rs  a re  of no I n te r e s t  In  th e  problem 

being co n sid ered .

In  f a r - f i e l d  c a lc u la t io n s ,  an tenna 2 I s  lo c a te d  a t  a g re a t d is ­

tan ce  from antenna 1 . Then th e  f i e ld s  on S due to  antenna 2 a re  

p lan e  waves and eq. 4 .3  reduces t o  th e  usual ex p ressio n  fo r th e  f a r -  

f i e ld  p a t te rn  o f  antenna 1 In  term s o f  I t s  a p e r tu re  f i e l d s .  For 

example. I f  S i s  chosen to  be a p lane  and I f  an tennas 1 and 2 a re  

l in e a r ly  p o la riz e d  In  th e  s -d l r e c t lo n ,  eq, 4 .3  y ie ld s  th e  H-plane 

p a t te rn  expression  g iven  by eq. 3 .5 b .

To I l l u s t r a t e  th e  a p p lic a tio n  o f  eq , 4 .3  to  th e  radome problem.
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co n sid er th e  f a r - f i e l d  p a t te r n  o f an tem a  1 in  th e  p resence o f an  

i n f i n i t e  p lane  d ie l e c t r i c  sh ee t as in  F ig . 4 ,2 .  Choose as a re fe ren c e

A4

0\EUECTR'C
S H E E T

Plc^te. 2 X H
F ig , 4 .2 ,  T ransm ission through an i n f i n i t e  p lane  d i e l e c t r i c  

sh e e t.

th e  su rfa c e  o f  th e  d ie le c t r i c  sh ee t fac in g  an tenna 1 . N eg lecting  

r e f le c te d  waves bouncing back and fo r th  between antenna 1 and th e  

d i e l e c t r i c  s h e e t, th e  f ie ld s  of an tenna 2 on S a re  found by employing 

th e  plane-wave p la n e -sh ee t tran sm iss io n  c o e f f ic ie n t  I .  Using primes 

to  denote q u a n t i t ie s  in  th e  p resence of the  d ie l e c t r i c  sh ee t and th e  

absence o f primes to  denote th e  corresponding q u a n t i t ie s  w ithou t th e  

d ie le c t r i c  s h e e t .
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Hg "  T H^, (4 .5 a )

and Jg ■ T Jg . (4 .5 b )

From aq. UJ*,

V* -  J j  Jg*Ej^ d a . (4 .6 )

I t  should  be s ta te d  th a t  th e  unpertu rbed  f i e l d s  o f  antenne 1 a re  

c o r r e c t ly  employed in  eq . 4 .6 .  As a consequence o f choosing  su rfa c e  

S t o  pass between an tenna 1 and th e  d i e l e c t r i c  sh e e t i t  i s  unnecessary  

to  know th e  f i e ld s  o f an tenna 1 in  th e  p resence  o f th e  d i e l e c t r i c  

s h e e t .  From eqs. 4 .5  and 4 .6 ,  s in c e  T i s  independent o f p o s i t io n  on S,

V' -  T j J  J g 'E i  ds -  TV. (4 .7 )
S

That i s ,  knowing th e  unpertu rbed  f a r - f i e l d  p a t te r n  V o f an tenna 1 , 

i t s  p a t te r n  V* in  th e  p resen ce  of an  i n f i n i t e  p lan e  d i e l e c t r i c  sh e e t 

i s  found m erely by m u lt ip l ic a t io n  by th e  plane-w ave p la n e -sh e e t 

tra n sm iss io n  c o e f f ic ie n t  fo r  th e  p o la r iz a t io n  and ang le  of a r r i v a l  o f  

th e  p lane  waves coming from antenna 2 . T h is c o n t r a s ts  w ith  th e  

u su a l o p t ic a l  approxim ations in  which th e  tra n s m is s io n  c o e f f ic ie n t  

f o r  th e  ang le  o f  in c id en ce  o f ray s  from an tenna 1 i s  employed.

Suppose th e  d i e l e c t r i c  su rfa c e  fa c in g  an tenna 2 had been chosen 

as th e  re fe re n c e  s u r fa c e . The d ie l e c t r i c  sh e e t would th en  be con­

s id e re d  a  p a r t  o f  antenna 1 and i t  would be n ecessa ry  to  know th e  

f i e ld s  o f  antenna I  on t h i s  su rfa c e  in  th e  p resen ce  of th e  d i e l e c t r i c  

s h e e t .  Thus, a su rfa c e  p ass in g  between th e  radome and an tenna 1 , o r 

perhaps co in c id in g  w ith  th e  d i e l e c t r i c  su rfa c e  fac in g  an tenna 1 i s  

p re fe r re d  s in c e  tra n sm iss io n  through a d i e l e c t r i c  body is  most e a s i ly
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c a lc u la te d  f o r  p lan e  w ares.

Although no a c tu a l  radome c a lc u la t io n s  have y e t  been attm qpted 

u sin g  th e se  m ethods, se v e ra l examples o f tra n sm iss io n  through in ­

f i n i t e  p lane  sh e e ts  and f i n i t e  p lan e  sh e e ts  w i l l  now be p re se n te d .

3 .  EXAMPLES

F ig , 4 .3  shows th e  measured f a r - f i e l d  H-plane p a t te rn s  o f th e  

pyram idal horn o f F ig , 3 .2  a t  9400 me w ith  a p o ly s ty re n e  (e«2 ,53) 

p lan e  sh e e t he ld  a t  an angle o f 40^ a c ro ss  th e  horn a p e r tu re . The 

unpertu rbed  p a t te r n  i s  a ls o  shown fo r  r e fe re n c e . The c a lc u la te d  

p o in ts  shown In  th e  f ig u re  were o b ta in ed  u sing  eq . 4 .7*  The d i e l e c t r i c  

sh e e t was 0 .5 1  in ch  th ic k  and was la rg e  enough so t h a t  i t s  edges were 

w e ll o u ts id e  th e  re g io n  illu m in a te d  by th e  h o rn . The horn  has a 

beam w idth  o f  23° to  th e  half-pow er p o in ts .  The waves a r r iv in g  from 

antenna 2 were p o la r iz e d  p e rp en d ic u la r  to  th e  p lane o f in c id en ce  on 

th e  d i e l e c t r i c  s h e e t .  Hence, th e  tra n sm iss io n  c o e f f ic ie n t  fo r  p e r ­

p e n d ic u la r  p o la r i s a t io n  was employed in  th e  c a lc u la t io n s .

F ig . 4 .4  shows s im ila r  r e s u l t s  fo r  th e  p a rab o lo id  o f F ig . 3 .6  

w ith  th e  same p o ly s ty re n e  sh e e t a t  45^ . The p arab o lo id  has a beam 

w idth o f 23®

One more example u sin g  th e  horn  i s  shown in  F ig . 4 .5  fo r  a 

f ib e r g la s  sh e e t having a th ic k n e ss  o f 0 .382 inch  and a d i e l e c t r i c  

c o n s ta n t o f 4 .0 .  This sh e e t had a low er tra n sm iss io n  c o e f f ic ie n t  

than  th e  p o ly s ty re n e  sh e e t and th e re fo re  produced a more pronounced 

re d u c tio n  in  th e  f a r - f i e l d  am p litude . The f ib e r g la s  and p o ly s ty re n e
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s h e e ts  w ere each a l i t t l e  over o n e -h a lf  w avelength  th ic k  i n  term s of 

th e  w avelength  i n  th e  d i e l e c t r i c .  Any r e f l e c t e d  waves bouncing back 

and f o r th  between th e  an tenna and th e  d i e l e c t r i c  sh e e t were n eg lec ted  

i n  th e  c a lc u la t io n s .  In  many cases  t h i s  i s  j u s t i f i e d ,  s in c e  radosies 

u s u a l ly  employ w a lls  o f low r e f l e c t i o n  c o e f f i c i e n t .

To g e t  c lo s e r  to  th e  radome problem , c a lc u la t io n s  w ere a l s o  

c a r r ie d  o u t fo r  p la n e  d i e l e c t r i c  sh e e ts  co v e rin g  on ly  a  p a r t  o f  th e  

an tenna a p e r tu r e . A r e fe re n c e  su rfa c e  S was chosen on an  i n f i n i t e  

p lan e  c o in c id in g  w ith  th e  d i e l e c t r i c  s u r fa c e  fa c in g  an tenna 1 . The 

f i e l d s  o f  an tenna 1 were m easured on S i n  th e  absence o f th e  d ie le c ­

t r i c  s h e e t .  Eq. 4 .3  re q u ire s  a  knowledge o f  th e  f i e ld s  on S due t o  

an tenna 2 r a d ia t in g  in  th e  p resen ce  o f  th e  d i e l e c t r i c .  A lthough a t  

p o in ts  rem ote from th e  edge o f  th e  sh e e t th e  f i e l d s  a re  g iv en  by 

p lane-w ave p la n e -s h e e t th e o ry , th e  f i e l d s  near th e  edge a r e  more 

co m p lica ted . I t  i s  p o s s ib le  t h a t  th e  f i e l d s  n ea r th e  edge can be 

w e ll approxim ated in  te r s u  o f an  e q u iv a le n t so u rce  lo c a te d  a t  th e  edge.

As a f i r s t  approx im ation  th e  f i e l d s  were assumed to  be th e  in ­

c id e n t p la n e  wave up to  th e  edge o f th e  d i e l e c t r i c  s h e e t ,  and were 

assumed to  be g iven  by p lane-w ave p la n e -s h e e t  th e o ry  on th e  p o r t io n  

o f S covered  w ith  d i e l e c t r i c . The num erical in te g r a t io n  was c a r r ie d  

ou t u s in g  th e  method d e sc r ib e d  in  S e c tio n  I I I . 4 .  The r e s u l t s  f<ar 

t h i s  approxim ate c a lc u la t io n  a re  shown i n  F ig s .  4 .6  and 4 .7  fo r  a 

p o ly s ty re n e  sh e e t 0 .51  inch  t h i d t  co v erin g  o n e -h a lf  of th e  horn  

a p e r tu re  a t  an g le s  o f  40® and 0®, r e s p e c t iv e ly .  I t  i s  f e l t  t h a t  th e  

agreem ent betw een th e  c a lc u la t io n s  and m easurem ents i s  s u r p r is in g ly
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good in  view of th e  si]t^>lifying approxim atione in v o lv ed . The c a l­

c u la tio n s  were c a rr ie d  out on an o rd inary  desk c a lc u la to r  and req u ired  

le s s  than  one man-day fo r  each f a r - f i e l d  p a t te rn .
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V, CONCLUSIONS

The p ro p ertie s  of th e  balanced coherent detec to r are  found to  

be u sefu l in  the measurement of microwave f ie ld s  near a tra n sm ittir^  

antenna w ith and w ithout radome. The s e n s i t iv j ty  of such a d e tec to r 

employing bolometers has been measured a t  %00 me and was found to 

be -125 dbw. This may be con trasted  w ith  th e  s e n s i t iv i ty  of dbw 

which has been measured w ith a bolometer used as a square-law  d e te c to r . 

C rysta ls perform equally w ell in  the balanced coherent d e tec to r, 

and may be p referred  since they req u ire  less reference  signal power.

The high s e n s i t iv i ty  av a ilab le  with coherent d e tec tio n  perm its the 

use of sm aller, more accurate probes and s c a t te re rs  in  the measure­

ment of f ie ld  d is tr ib u tio n s . Balanced coherent d e tec tio n  perm its 

the  d ire c t measurement of the  tim e-quadrature components o f micro­

wave f ie ld s  which a re  found to  be convenient in  the f a r - f ie ld  c a l­

cu la tio n s described in  Chapter I I I .

E lec tr ic  f ie ld  d is tr ib u tio n s  can be measured accu ra te ly  by 

passing a short metal dipole through the f ie ld  and recording the 

wave sca tte red  by the d ip o le . O rd inarily  th e  method i s  d i f f i c u l t  to 

apply to  radome measurements since the sc a tte re d  signal i s  sm all, 

c r i t i c a l  tuning adjustments are  requ ired , and ca re fu l a t te n t io n  to 

s ta b i l i ty  is  necessary. However, by placing a nonlinear impedance 

a t the cen ter of the dipolo and applying an audio voltage through 

s lig h tly  conducting th reads, the sca tte red  wave can be modulated.

I t  is  shown th a t th is  technique, together with th e  use of a balanced

65
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coherent d e te c to r , nakee 1*. poealble to  re la x  the tun ing  and a t a b i l l ty  

requlrem enta and a t  the aame time to  increaae th e  a e n a i t iv i ty  o f 

the ac& ttering meaaurementa. Aa a by-product, th ia  adapta the ayatem 

to  th e  autom atic p lo tt in g  of phaae d ia tr ib u tio n a .

Although the modulated a c a tta r in g  technique haa been found to  

be w e ll au ited  fo r  radome f ie ld  meaaurementa, i t a  in stru m en ta tio n  la  

aomewhat more complex than  th a t  of d ir e c t  probing methoda. Hence, 

d ir e c t  probing may be p re fe rre d  in  caaea where i t  ia  adequate. The 

f ie ld  d ia tr ib u tio n  re a r  a radome waa meaaured w ith  s c a t te re ra  of 

various leng ths and w ith  sev e ra l p robes, Aa expected , i t  was found 

th a t  the la rg e r  probes and s c a t te re rs  had le ss  r e s o lu t io n  and were 

unable to  measure the f in e  s tru c tu re  in  th e  f i e ld  d ia t r ib u t io n .  An 

open-ended waveguide probe waa developed which i s  simple in  con­

s tru c t io n , has an ap e rtu re  sm all an o u ^  to  measure com plicated f i e ld  

d is t r ib u t io n s ,  and has been found to  be s u f f ic ie n t ly  accu ra te  fo r  

many radome n e a r- f ie ld  meaaurementa.

In  radome design I t  ia  freq u en tly  necessary to  c a lc u la te  th e  

f a r - f ie ld  p a t te rn  o f an antenna covered w ith a radome, using meaaured 

or c a lc u la te d  f i e ld s  on a su rface  ju s t  o u ts id e  th e  radome. Such c a l­

c u la tio n s  a re  lengthy and o fte n  re q u ire  the  use of a la rg e  coaqauter. 

The problem i s  s im p lif ied  by choosing a plane re fe re n ce  su rfa c e . In  

th ia  case a knowledge of the ta n g e n tia l  e le c t r ic  or magnetic f ie ld s  

on th e  plane la  s u f f ic ie n t  to  determ ine the  f a r  f i e ld s .  The c a l­

c u la tio n s  a re  fu r th e r  s in y l i f ie d  fo r c e r ta in  antennas having a p e rtu re  

f ie ld s  which a re , to  a good approxim ation, se p a rab le  in  re c tan g u la r
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c o o rd in a te s . This perm its the su rfa ce  in te g ra l  appearing in  th e  f a r -  

f i e ld  expression  to  be rep laced  w ith  a l i n e  in te g ra t io n . In  th e  

num erical work the l in e  in te g ra t io n  i s  approximated w ith a summation.

I t  was found t h a t ,  fo r  th e  examples which were worked o u t, th e  con­

tin u o u s n e a r - f ie ld  d is t r ib u t io n  could be rep laced  w ith an a rray  o f  

p o in t sources spaced nearly  o n e-h a lf  wavelength sqpart w ith  l i t t l e  

lo s s  in  accuracy .

In  cases where the near f ie ld s  a re  sym m etrical i t  i s  convenient 

to  re so lv e  th e  complex sumsiatlon in to  two r e a l  summations, thus 

m inim izing th e  amount of v ec to r ad d itio n  invo lved . The time—quadratu re  

components o f th e  near f ie ld s  may be measured d i r e c t ly  w ith  a balanced 

coherent d e te c to r ,  thus reducing th e  num erical work as conpared w ith 

th e  usua l procedure In  which th e  phase and am plitude d is t r ib u t io n s  

a re  measured. Using th e se  s im p lif ic a t io n s ,  f a r - f i e l d  p a tte rn s  can 

be determ ined ra p id ly  on a desk c a lc u la tin g  machine. Both E-plane 

and H-plane c a lc u la tio n s  ag ree  s a t i s f a c to r i ly  w ith  measured p a tte rn s  

fo r  sm all horns and parabo lo id  an tennas, as w e ll as fo r  a horn covered 

w ith  a hollow d ie le c t r i c  wedge. A fe a tu re  of the method which is  

im portan t in  radome a n a ly s is  i s  th a t  i t  perm its rap id  ev a lu a tio n  of 

th e  f a r - f i e l d  d is to r t io n  asso c ia ted  w ith  any g iven  n e a r - f ie ld  d i s to r ­

t io n  in  any sm all reg ion  in  the  near f i e l d .

A system atic  procedure is  described  fo r th e  c a lc u la tio n  o f f a r -  

f i e ld  p a t te rn s  based on given n e a r - f ie ld s  when th e  re fe ren ce  su rface  

i s  a p lane t i l t e d  away from the antenna a p e r tu re . In  such problesis 

i t  i s  common to  f i r s t  p ro je c t the  given f ie ld s  to  a plane which i s
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p a r a l l e l  w ith  th e  a p e r tu re , and th en  to  compute th e  f a r - f i e l d  p a t te r n  

by an in te g ra t io n  over th e  new re fe re n c e  p la n e . The e r ro r s  in t r o ­

duced by th e  use o f approxim ate p ro je c t io n  methods may be  e lim in a ted  

w ith o u t undue e x tra  e f f o r t  by d i r e c t  in te g ra t io n  over th e  t i l t e d  

re fe re n c e  p la n e , u sin g  th e  procedure d esc rib ed  in  C hapter I I I .

C onventional methods o f radome f a r - f i e l d  e r ro r  c a lc u la t io n  a r e  

based on o p t ic a l  approx im ations. I t  i s  n ecessary  to  m athem atica lly  

d e sc r ib e  th e  tran sm iss io n  o f th e  com plicated an tenna f i e ld s  th rough 

th e  radome to  a re fe re n c e  su rfa c e  o u ts id e  th e  radome. An in te g ra t io n  

over th i s  su rfa c e  y ie ld s  th e  f a r - f i e l d  p a t te rn  o f  th e  antenna w ith  

radome. The problem may be re fo rm u la ted  by an  a p p l ic a t io n  o f th e  

r e c ip ro c i ty  theorem  to  express th e  f a r —f i e l d  p a t te r n  in  te rm s o f an 

in te g ra t io n  over a su rfa c e  irtiich i s  most co n v en ien tly  chosen to  

pass between th e  radome and th e  an ten n a . In  t h i s  ca se  th e  only  

re q u ire d  d a ta  a re

( 1 ) .  th e  unpertu rbed  f i e ld s  of th e  an ten n a , and

( 2 ) .  th e  f i e ld s  on th e  re fe re n c e  su rfa c e  produced by a p la n e  

wave in c id e n t on th e  radome from an e x te rn a l so u rce . T his s im p lif ie s  

th e  problem , s in c e  tra n sm iss io n  th rough  a radome i s  more e a s i ly  

analyzed  fo r  a p lan e  wave th an  fo r  th e  com plicated  waves em itted  by 

th e  an ten n a .

A p a r t i c u la r ly  sim ple r e s u l t  i s  ob ta in ed  by th i s  approach f o r  

tra n sm iss io n  through an i n f i n i t e  p lane d i e l e c t r i c  sh e e t in c lin e d  

a t  some ang le  from th e  antenna a p e r tu re .  I f  in te r a c t io n  between th e  

an tenna and th e  sh e e t i s  n e g l ig ib le ,  i t  i s  shown t h a t  th e  f a r - f i e l d
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p a t te r n  w ith  th e  sh ee t i s  m erely th e  unperturbed p a t te r n  m u ltip lie d  

by th e  a p p ro p ria te  p lane-eave p la n e -sh ee t tran sm iss io n  c o e f f ic ie n t .  

S ev era l examples which a re  included show th a t  t h j s  th eo ry  I s  v e r i f ie d  

by experim ental m easurements. The theo ry  i s  a ls o  ap p lied  to  t r a n s ­

m issio n  through a f i n i t e  p lane s h e e t.  In  th i s  c a se , th e  a n a ly s is  

re q u ire s  a knowledge of th e  d i f f r a c t io n  f i e ld  near th e  edge o f  th e  

d i e l e c t r i c  sheet due to  an in c id e n t pJane wave. Using a sim ple 

approxim ation fo r  th e  d i f f r a c t io n  f i e l d ,  examples a re  p resen ted  

which show s a t is f a c to ry  agreement between th e  th eo ry  and experim ental 

m easurem ents. I t  i s  f e l t  th a t  th e se  r e s u l t s  j u s t i f y  fu tu re  a ttem p ts  

to  apply th e  theo ry  and techn iques to  th e  problems of tran sm iss io n  

th rough  curved d ie le c t r i c  sh e e ts  and radomes.
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