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ABSTRACT 

This  r e p o r t  d i scusses  some of the major problems of making 

measurements on sca l ed  models of antenna systems. A d i s c u s s i o n  of u s ing  

models t h a t  are not  exact l i kenesses  of t h e  f u l l - p i z e  system i s  given ,  

and measured r e s u l t s  are  given which might provide  guidance about  t h e  

e f f e c t s  o f  model inexactness .  

Theore t i ca l  and experimental  s t u d i e s  are d iscussed  concerning the, 

effiect of coqduc t iv i ty  and s u r f a c e  roughness of antenna models. A 

d i scuss ion  on t h e  v a l i d i t y  of t h e  range of freqpency scale f a c t o r  i s  a lso 

g iven . 
F i n a l l y ,  a method of coding t r ansmi t t ed  s i g n a l s  t o  eva lua te ,  and t o  

improve, t h e  performance of an  anechoic chamber f o r  p a t t e r n  measurements 

i s  presented ,  



Chapter 1 

INTRQDUCTI ON 

I n  the experimental  s tudy o f  antennas f o r  missile and a i r p l a n e  use  

it is  almost always necessary t o  use  models of t h e  system r a t h e r  than 

t h e  f u l l - s c a l e  system i t s e l f .  To meet t h i s  need a theory  of modeling 

has been e s t a b l i s h e d  t h a t  accounts  f o r  exact models under optimum condi - .  

t i o n s ,  and procedures f o r  ca r ry ing  o u t  measurements have been developed . 1-4 

P r a c t i c e  has not  followed theory  i n  many cases, however. An exac t  

model of a n  a i r p l a n e  o r  a l a r g e  missile ca r ry ing  many antennas would be 

d i f f i c u l t ,  time-consuming, and expensive t o  conslzruct. 4s a consequence 

most antenna measurements are made on inexac t  models. These are inexact 

i n  vary ing  ways and degrees .  Conduct ivi ty  i n  theory  should be sca l ed  

according t o  t h e  s i z e  and frequency sca l ing ,  bu t  i n  p r a c t i c e  t h i s  cannot 

be gene ra l ly  done. It i s  gene ra l ly  no t  p r a c t i c a b l e  t o  s c a l e  connectors  

or  coaxia l  conductors e x a c t l y .  F i n a l l y ,  it i s  o f t e n  economically i n -  

f e a s i b l e  t o  c o n s t r u c t  a complete model s o  only a n  a r b i t r a r i l y  chosen 

s e c t i o n  of t h e  f u l l - s c a l e  system i s  modeled. 

I n  t h i s  r e p o r t  some of t h e  problems introduced by modeling inexac t -  

ness are considered.  I n  t h e  second chap te r  an experimental  s tudy  of re- 

r a d i a t i n g  o b j e c t s  i n  the primary f i e l d  of  an antenna is repor ted .  An 

elementary theory  concerned wi th  t h e  e f f e c t s  of r e r a d i a t i n g  o b j e c t s  i n  

terms 00 t h e i r  s i z e ,  shape, and d i s t a n c e  from t h e  primary r a d i a t o r  i s  

a l s o  presented .  It is hoped t h a t  t h i s  can provide some guidance when 

ques t ions  arise about t h e  e f f e c t  of f i n s  o r  o t h e r  s t r u c t u r a l  f e a t u r e s  
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on a vehicle. 

I n  Ghapter 3 t h e o r e t i c a l  and experimental  s t u d i e s  are presented  

which are concerned w i t h  t h e  e f f e c t  of conduc t iv i ty  on t h e  frequency 

s c a l i n g  of  a t y p i c a l  antenna i n  t h e  range of 5GHz t o  40 GHz. Th i s  

chap te r  i s  a l s o  concerned wi th  t h e  range of v a l i d i t y  of s c a l i n g  an antenna 

i n  s i z e  and frequency. 

I n  Cbapter 4,  t h e  e f f e c t  of s u r f a c e  roughness on antenna modeling 

i s  d i scussed .  This  s u b j e c t  has p o t  been explored by anyone w i t h  the 

thoroughness needed, bu t  w e  p re sen t  here  t h e  th ink ing  o f  Some of t h e  

prominent i n v e s t i g a t o r s  i n  t h i s  area. 

F i n a l l y ,  Chapter 5 p re sen t s  a technique f o r  us ing  binaryrcoded 

s i g n a l s  f o r  s tudying anfenna pae'terns i n  anechoic rooms o r  on outdoor 

p a t t e r n  ranges.  This  coding process  suppresses  undesired r e f l e c t e d  

s i g n a l s ,  A v a r i a t i o n  of t h e  same process  suppresses  t h e  d i r e c t  r a y  Erom 

transmit ter  t o  receiver qnd a l lows  t h e  r e f l e e t i o n s  i p  an anechoic room 

t o  be measured. 
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Models," Proc,  I R E ,  v o l .  35, no. 12, pp. J451-1462, December 1947. 
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3 .  H. J a s i k ,  "Antenna Engineering Handbook," M c G r a w - H i l l  Book Company, 
New York, 1961, p. 2-51. 

k .  J. A. S t r a t t o n ,  l 'Electromagnetic Theory," McGraw-Hill  Book Company, 
New York, 1961, pp. 488-490. 
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Chapter 2 

PATTERN EFFECT QF RERADIATING OBJECTS 

Jn t roduct  ion 

Consider a r e r a d i a t i n g  o b j e d t  i n  t h e  f i e l d  of a primary r a d i a t o r ,  

as shown i n  F ig ,  2.1. The "object" may be phys ica l ,  such as a conduct-,- 

ing s t r u c t u r e  o r  f i n ,  o r  it may be an abrupt  change i n  t h e  s l o p e  o f  a 

ground plane,  o r  it may be t h e  edge of a ground plane.  

The c p r r e n t  induced i n  the  o b j e c t  by t h e  f i e l d  of t h e  primary r ad i -  

a t o r  w i l l  depend on the  s t r e n g t h  of t h e  primary r a d i a t o r  f i e l d ,  on fhe  

s i z e ,  shape, and composition of t h e  ob jec t ,  and on i t s  d i s t a n c e  from t h e  

primary r a d i a t o r .  I n  p a r t i c u l a r  i f  t h e  o b j e c t  i s  i q  t h e  f a r - f i e l d  of 

the  primary antenna t h e  induced c u r r e n t  w i l l  vary inve r se ly  w i t h  t h e  

d i s t a n c e  from the  source.  The r e r a d i a t e d  f i e l d  Srom t h e  o b j e c t  o r  d i s -  

c o n t i n u i t y  w i l l  then be given by 

where t h e  f a c t o r  K depends on t h e  s i z e ,  shape, o r i e n t a t i o n ,  and composi- 

t i o n  of t h e  o b j e c t ,  and upon i t s  d i r e c t i o n  from t h e  primary r a d i a t o r .  

As a p a r t i c u l a r  ob jec t  i s  moved along a s t r a i g h t  l i n e  drawn from t h e  

primary antenna, K w i l l  be cons tan t .  I n  (2.1) 6 and @ are coord ina te  

angles .  

L e t  t h e  r a d i a t i o n  p a t t e r n  of the primary r a d i a t o r  be E( 8, $1, where 

we, consider  E and Eo t o  be amplitudes.  The t o t a l  f i e l d  w i l l  then be 
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1. Ground  Plane 
/ 

Fig. 2 . 1  

Reradiating Object in Antenna Field 
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given by 

where x is  some phase angle .  

terest t h e  p o l a r i z a t i o n s  of the d i r e c t  aod r e r a d i a t e d  f i e l d s  are sub- 

W e  here assume t h a t  i n  the r eg ion  of in-  

s t a n t i a l l y  t h e  same. 

A t  some p a i n t ,  or po in t s ,  i n  space t h e  f i e l d s  w i l l  add d i r e c t l y  t o  

g ive  a maximum r e s u l t a n t ,  and at  oeher po in t s  they w i l l  s u b t r a c t  t o  give 

a minimum. These a r e  

Now 

where E 

w i t h  l i m i t s  

i s  a maximum f i e l d  and U ( e , + >  i s  a normalized p a t t e r n  f a c t o r  m 

We may then w r i t e  

(2.7) 

where a l l  terms are real, and the magnitude i s  taken i n  (2.8) t o  e l imina te  

poss ib l e  nega t ive  va lues .  



L e t  u s  d e f i n e  p a t t e r n  d i s t u r b a n c e  f a c t o r s  b y  r a t i o s  o f  r e r a d i a t e d  

t o  d l r e c  t f i e l d s  

A t  p o i n t s  i n  space  where t h e  f i e l d s  add d i r e c t l y  (2.9) e f f e c t i v e l y  

g i v e s  t h e  d i s t u r b a n c e  t o  t h e  p a t t e r n  caused  b y  t h e  r e r a d i a t i n g  o b j e c t  or '  

d i s c o n t i n u i t y ,  Where t h e  f i e l d s  s u b t r a c t  (2 .10)  g i v e s  t h e  d i s t u r b a n c e .  

S u p e r f i c i a l  s t u d y  o f  (2 .9)  o r  (2.10)  t w u l d  a p p r e a r  t o  i n d i c a t e  t h a t  

t h e  d i s t u r b a n c e  f a c t o r s  w i l l  be improved (dec reased )  i f  TI i s  i nc reased .  

However, f u r t h e r  t hough t  w i l l  show t h a t  a change i n  D may change t h e  

v a l u e s  o f  8 ,Q and e-,$-, where t h e  f i e l d s  add  o r  s u b t r a c t ,  because  

t h e  r e l a t i v e  phase  o f  E depends on I). Thus t h e  obv ious  c o n c l u s i o n  can-  

mot b e  made. 

+ +  

0 

C o n s i d e r ,  however, a s p e c i a l i z a t i o n  v a l i d  i f  t h e  p a t t e r n  o€ t h e  d i s -  

t u r b i n g  o b j e c t  i s  s u b s t a n t i a l l y  i s o t r o p i c  i n  t h e  r e g i o n  o f  i n t e r e s t .  

Then we have 

(2.12)  

w i t h  K c o n s t a n t ,  We t h e n  see t h a t  t h e  d i s t u r b a n c e  o f  t h e  o r i g i n a l  

p a t t e r n  w i l l  be g r e a t e s t  wherever  U ( 0  ,Q ) or U(€l-,Q-) i s  smallest, 

S i n c e  U i s  a normal ized  p a t t e r n  i t  f o l l o w s  t h a t  r e r a d i a t i o n  b y  an o b s t a c l e  

+ +  
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n e a r  a p r imary  s o u r c e  w i l l  have i t s  g r e a t e s t  e f f e c t  i f  t h e  p r imary  s o u r c e  

has  a h i g h l y  d i r e c t i v e  p a t t e r n ,  and t h i s  e f f e c t  w i l l  b e  most s i g n i f i c a n t  

i n  r e g i o n s  where t h e  pr imary  f i e l d  i s  sma l l .  T h i s  o f  c o u r s e  conf i rms  

o u r  i n t u i t i v e  f e e l i n g s  about  t h e  s i t u a t i o n .  

Next ,  l e t  u s  s p e c i a l i z e  f u r t h e r  t o  t h e  c a s e  where b o t h  t h e  pr imary  

r a d i a t o r  and t h e  d i s t u r b i n g  o b j e c t  a r e  s u b s t a n t i a l l y  i s o t r O p i c  r a d i a $ o r s  

i n  t h e  r e g i o e  o f  in te res t .  Then 

uce*,($+> =: TJ(e-,$-> 1 (2.13)  

and 

(2 .14)  

The p o s i t i o n  o f  t h e  maximum and minimum f i e l d s  may change as D i s  

v a r i e d ,  b u t  n e v e r t h e l e s s  w e  see t h a t  t h e  p a t t e r n  d i s t u r b a n c e  v a r i e s  i n -  

v e r s e l y  w i t h  D, t h e  d i s t a n c e  o f  t h e  d i s t u r b i n g  o b j e c t  from t h e  sou rce .  

P a t t e r n  Mea suremen t s 

I P a t t e r n  measurements o f  a s l o t  an tenna  i n  a ground phase  w i t h  a 

d i s t u r b i n g  p o s t  mounted on  t h e  ground p lane% have been  made i n  o r d e r  t o  

v e r i f y  t h e  r e su l t s  o f  t h e  p r e c e d i n g  a n a l y s i s  and to  g i v e  e x p e r i e n c e  i n  

t h e  magnitude o f  t h e  d i s t u r b a n c e  e f f e c t  f o r  t y p i c a l  p a t t e r n - d i s t u r b i n g  
.. 

o b j e c t s . \  These measurerpents were c a r r i e d  o u t  a t  a f r equency  o f  10.975 GHz. 

The ground p l a n e  was 3' x 3' copper  wi th  an X-band waveguide s l o t  open- 

i n g  i n t o  i t .  E-plane p a t t e r n s  o n l y  were made, The c o n d u c t i n g  c y l i n d r i c a l  

p o s t s  ranged i n  s i z e  from a diamet 'kr of  0.0625" t o  0.1875" and a h e i g h t  

oE 0.269" to  0.975". The p o s t s  were mounted a l o n g  a l i n e  p e r p e n d i c u l a r  

t o  t h e  l o n g  edge o f  t h e  s l o t  and p a s s i n g  through t h e  c e n t e r  o f  t h e  s l o t  
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( i n  t h e  E p l a n e ) .  D i s t ance  from t h e  c e n t e r  of t h e  p o s t  t o  t h e  n e a r e s t  

edge o f  t h e  s l o t  ranged  from 0,370" to  5.75". The d i s t a n c e  from t r a n s -  

mit ter  t o  ground p l a n e  was 20 ' .  

The measured p a t t e r n s  a r e  shown i n  F igs .  2.2 through 2,60. Each 

f i g u r e  i s  marked w i t h  p o s t  d i ame te r ,  h e i g h t ,  and d i s t a n c e  from edge o f  

s l o t .  Re fe rence  f o r  a n g l e  o f  r o t a t i o n  8 i s  8 = 0 when t h e  p o s t  i s  l o c a t e d  

between t h e  s l o t  and t h e  t r a n s m i t t i n g  horn.  Those f i g u r e s  marked "No 

P o s t "  were made a s  c o n t r o l  p a t t e r n s  f o r  t h o s e  p a t t e r n s  immedia te ly  

f o l l o w i n g  and were made d u r i n g  t h e  same p e r i o d  o f  t i m e  and under  t h e  

same c o n d i t i o n e  a s  t h e  f o l l o w i n g  p a t t e r n s ,  Three  c a l i b r a t i o n  p o i n t s  f o r  

each p a t t e r n  a r e  a l s o  shown, 

The p a t t e r n  r i p p l e s  o c c u r r i n g  w i t h  an approximate  ave rage  p e r i o d  of  

5' were caused  by edge  e f f e c t s  o f  the  ground p lane .  A s t u d y  o f  t h e  

p a t t e r n s  most a f f e c t e d  b y  t h e  conduc t ing  p o s t s  ( t h o s e  p a t t e r n s  w i t h  l a r g e  

p o s t s  c l o s e  t o  t h e  slot) show a p e r i o d i c i t y  w i t h  a much l o n g e r  p e r i o d ,  

t y p i o a l l y  two p e r i o d s  i n  t h e  p a t t e r n .  

From (2 .7)  and (2 .8)  we see t h a t  i f  t h e  p r imary  source  p a t t e r n  and 

t h e  d i s t u r b i n g  o b j e c t  p a t t e r n  a r e  bo th  i s o t r o p i c ,  t hen  

= 2K/D E~ max - E~ min (2.15) 

The measured p a t t e r n s  were s t u d i e d  i n  a n  a t t e m p t  t o  v e r i f y  t h i s  r e l a t i o n .  

Th i s  a n a l y s i s  was handicapped by t h e  p r e s e n c e  o f  t h e  e d g e - e f f e c t  r i p p l e s  

which made i t  d i f f i c u l t  to measure a c c u r a t e l y  t h e  d i f f e r e n c e  between 

'T max and E~ m i n  

r e a s o n a b l y  i s o t r o p i c ,  t h e  p a t t e r n  o f  t h e  v e r t i c a l  c o n d u c t i n g  p o s t  i n  t h e  

same p l a n e ,  p a r t i c u l a r l y  f o r  t h e  t h i n n e r  p o s t s ,  i s  d e f i n i t e l y  n o t  i s o t r o p i c .  

. I n  a d d i t i o n ,  wh i l e  t h e  E-plane p a t t e r n  of t h e  s l o t  i s  
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There fo re ,  o n l y  rough agreement between measurement and t h e o r y  c o u l d  b e  

expec ted .  T h i s  agreement  was no ted  i n  an examina t ion  of t h e  p a t t e r n s ,  

p a r t i c u l a r l y  t h o s e  p a t t e r n s  f o r  t h e  l a r g e r  p o s t s .  

I t  wa6 a l s o  no ted  t h a t  d i s t u r b a n c e  e f f e c t s  became v e r y  n o t i c e a b l e  

o n l y  f o r  r e l a t i v e l y  l a r g e  p o s t s  c l o s e  t o  t h e  s lot .  The p r e v i o u s  de-  

velopment h e r e  i n d i c a t e d  t h a t  t h e  d i s t u r b a n c e  e f f e c t  i s  g e n e r a l l y  most 

s i g n i f i c a n t  f o r  d i r e c t i v e  a n t e n n a s  and i s  l ess  impor t an t  f o r  omni- 

d i r e c t i o n a l  an tennas .  While p a t t e r n s  f o r  h i g h l y  d i r e c t i v e  an tennas  were 

n o t  made h e r e ,  o u r  measurements appea r  t o  conf i rm t h e  p r e d i c t i o n  t h a t  

i s o t r o p i c  an tennae  a r e  l e s s  a f f e c t e d  b y  d i s t u r b i n g  o b j e c t s .  
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C h a p t e r  3 

T'HE EFFECT O F  CONDUCTIVITY ON FREQUENCY SCALING 

I n t r o d u c t i o n  - 
A requi rement  on s c a l i n g  a n t e n n a s  i n  o r d e r  t o  c a r r y  o u t  measure- 

ments  on a model s a t h e r  t h a n  on t h e  f u l l - s i z e  an tenna  i s  t h a t  t h e  

f r equency  be s c a l e d  by t h e  same f ac to r  a s  t h e  l e n g t h  dimensions.  Thus 

i f  

P = r  
m 

(3.1) 

d e f f n e s  a s c a l e  f a c t o r  where L i s  a l e n g t h  of t h e  f u l l - s i z e  an tenna  and 

L i s  a c o r r e s p o n d i n g  l e n g t h  of the  model ,  t h e n  we must have a l s o  m 

f m  
P a -  (3.2) 

f 

where f aqd fm a r e ,  r e s p e c t i v e l y ,  t h e  f r e q u e n c i e s  used f o r  f u l l - s i z e  and 

model an tennas .  

A second requi rement  i s  t h a t  c o n d u c t i v i t i e s ,  i n c l u d i n g  t h a t  of a i r  

apd metal l ic  s t r u c t u r e s ,  must b e  s c a l e d  a c c o r d i n g  t o  

( 3 . 3 )  

Thus i f  t h e  made1 i s  smaller t h a n  t h e  f u l l - s i z e  an tenna  and a h i g h e r  

f r equency  i s  Used i n  making t h e  model measurements t h e n  t h e  c o n d u c t i v i t y  

of t h e  model should  be h i g h e r  t h a n  t h a t  o f  t h e  f u l l - s i z e  an tenna .  

However, i f  CJ f o r  t h e  metal s t r u c t u r e  i s  h i g h  enough, t h e  m e t a l  may 

be c o n s i d e r e d  t o  b e  a p e r f e c t  c o n d u c t o r ,  and t h e  c o n d u c t i v i t y  need n o t  be 
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1 sca led .  

I t  i s  necessary  i n  frequency s c a l i n g  t o  determine i f  t h e  antenna 

s t ruc tu re  c o n d u c t i v i t y  i s  "high enough" so t h a t  i t  need n o t  be  sca l ed .  

Various s tandards  can be used to  make t h i s  determinat ion.  One such 

c r i t e r i o n  a r i s e s  n a t u r a l l y  i f  w e  c o n s i d e r  an antenna imaged i n  a ground 

plane,  such a s  a d i p o l e  above a ground plane,  o r  a s l o t  i n  a ground 

plane.  We can reasonably assume t h a t  c o n d u c t i v i t y  i s  s u f f i c i e n t l y  high 

a s  long  a s  image theory  i s  a p p l i c a b l e  a t  t h e  design frequency. Another 

t e s t  of t h e  c o n d u c t i v i t y  e f f e c t s  m u l d  be  an examination o f  t h e  s u r f a c e  

impedance o f  t h e  metal s t r u c t u r e  a t  t h e  design frequency. I f  t h e  power 

l o s s  from a wave which s t r i k e s  t h e  s u r f a c e  i s  n e g l i g i b l e ,  w e  would f e e l  

j u s t i f i e d  i n  n e g l e c t i n g  any c o n d u c t i v i t y  e f f e c t s ,  We examine these  t w o  

c r i t e r i a  f o r  a s c a l i n g  problem o f  i n t e r e s t ,  for which experimental  

measurements a r e  d i s c u s s e d  l a t e r .  The antennas a r e  of copper and aluminum. 

The lowest  frequency used i s  5 GHz and the  h i g h e s t  41.786 GHa. 

Relaxat ion Time E f f e c t s  

For  an antenna with a m e t a l l i c  s t r u c t u r e  a c t i n g  mainly a s  a ground 

p lane  i n  which t h e  r a d i a t i n g  s t r u c t u r e  i s  imaged, image theory  r e q u i r e s  

an e l e c t r o n  charge w i t h i n  t h e  metal ,  o r  on i t s  s u r f a c e ,  t o  complement 

t h e  charge on t h e  r a d i a t i n g  s t r u c t u r e ;  t h a t  i s ,  a p o s i t i v e  charge on t h e  

r a d i a t i n g  s t r u c t u r e  above t h e  ground p lane  on t h e  r a d i a t i n g  s t r u c t u r e  

above t h e  ground p lane  i s  imaged by a nega t ive  charge below t h e  ground 

plane su r face .  The resul t  i s  a zero t a n g e n t i a l  e l e c t r i c  f i e l d  on t h e  

conductor. The physical  process  which occurs  when a charge i s  placed 

above a conductor i s  a movement of e l e c t r o n s  on t h e  conductor s u r f a c e  

i n  such a way a s  t o  cancel  t h e  t a n g e n t i a l  e l e c t r i c  f i e l d  which i s  i n i t i a l l y  
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set  up a t  t h e  conductor s u r f a c e  by t h e  charge placed above i t .  

I f  t h e  charge above t h e  conductor s u r f a c e  i s  t i m e  vary ing  the  elec- 

t r o n  charge on t h e  s u r f a c e  m u s t  a l s o  vary with t i m e  i n  o r d e r  t o  meet t h e  

s u r f a c e  boundary condi t i o w .  I f  t h e  s u r f a c e  e l e c t r o n  charge cannot 

change r a p i d l y  enough wi th  t i m e  w e  would expect  image t h e o r y  t o  f a i l  and 

c o n d u c t i v i t y  t o  a f f e c t  the antenna p a t t e r n  appreciably.  

I n  a conduct ing m a t e r i a l ,  i f  an i n i t i a l  charge d i s t r i b u t i o n  p i s  
0 

e s t a b l i s h e d  i n  some fash ion  i t  w i l l  r e d i s t r i b u t e  i t s e l f  i n  some fash ion  

according t o  2 

t U - -  
p = PO& E (3.4) 

The r e l a x a t i o n  t i m e  o f  t h i s  d i s t r i b u t i o n  i s  def ined  by 

I f  7; i s  small compared t o  a per iod of t h e  wave o f  i n t e r e s t ,  w e  would ex- 

pec t  t h a t  any s u r f a c e  charge d i s t r i b u t i o n  can change r a p i d l y  enough with 

t i m e  t o  meet t h e  necessary  boundary c o n d i t i o n  on t a n g e n t i a l  e l e c t r i c  

f i e l d .  Therefore ,  t h e  t a n g e n t i a l  f i e l d  w i l l  be  n e g l i g i b l y  small and t h e  

conductor a c t s  a s  a p e r f e c t  conductor.  

The l o n g e s t  r e l a x a t i o n  t i m e  involved i n  our  problem i s  f o r  t h e  

aluminum, f o r  which 

-9 

3 . 5 4 ~ 1  O 

-1 9 - lo, /36n zz 2 . 5 0 ~ 1 0  sec T -  
7 a 

A t  41.786 GHz, t h e  wave per iod 
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Since  the r e l a x a t i o n  t i m e  i s  much sma l l e r  than t h e  wave pe r iod  w e  

expect  t h a t  c o n d u c t i v i t y  o f  t h e  metal s t r u c t u r e  w i l l  no t  a f f e c t  an 

antenna s c a l i n g  problem a t  t h i s  frequency. 

Sur face  Impedance - 
The s u r f a c e  impedance o f  a conductor ,  f o r  a wave propagat ing  normally 

3 
i n t o  t h e  conductor ,  i s  given by 

and t h e  s u r f a c e  r e s i s t a n c e  by 

R = R e (  (3.7) 
%I 

The power l o s s  p e r  square meter o f  a wave i n c i d e n t  normally on the  

conductor  i s  

pd = R I H ~ J ~  (3.8) 

w h e r e  H i s  t h e  magnetic f i e l d  s t r eng th .  Now t h e  power contained i n  t h e  

wave i n  a i r ,  p e r  square  meter, i s  

0 

Then t h e  r a t i o  o f  d i s s i p a t e d  power t o  i n c i d e n t  power i s  

, r \  

'd 
P 
3_ 

R - 

(3 .9)  

(3.10) 

W e  might expec t  i n  antenna measurements t h a t  i f  t h i s  r a t i o  i s  

neg l igb ly  small t h e  metal s t r u c t u r e  can be considered a "per fec t  conductor." 
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I n  modeling, i f  t h e  r a t i o  i s  n e g l i g i b l y  small f o r  a l l  f requencies  used, 

t h e  m e t a l  c o n d u c t i v i t y  w i l l  n o t  apprec iab ly  a f f e c t  t h e  modeling problem. 

Table 3.1 g ives  v a l u e s  o f  R and P /P f o r  t w o  metals ,  copper and aluminum, 

and two f requencies ,  5 and 41.786 GHz, which w e r e  t h e  lowest  and h ighes t  

f requencies  u s e d  i n  measurements t o  be d iscussed  l a t e r .  

d 

f ,  GHz cu A1 cu A I  

5 0.0185 0.0236 4 . 9 0 ~ 1 0 - ~  6 . 2 6 ~ 1 0 ~ ~  

41.786 0.0533 0.0684 1 . 4 1 ~ 1 0 - ~  1 . 8 2 ~ 1 0 - ~  

Table 3.1 

Surface  Res is tance  and Power Dissipated 

Table 3.1 shows c l e a r l y  t h a t  f o r  the h ighes t  frequency and t h e  lowest  

c o n d u c t i v i t y  used i n  t h i s  antenna s c a l i n g  problem t h e  r a t i o  of power l o s t  

t o  power i n c i d e n t ,  i n  a plane wave normally i n c i d e n t  on t h e  conductor,  is 

n e g l i g i b l e .  While t h i s  c a s e  does no t  f i t  our  antenna problem e x a c t l y  i t  

n e v e r t h e l e s s  i n d i c a t e s  t h a t  w e  can cons ider  t h e s e  conductors t o  be "perfect" ,  

t h a t  i s  t o  have no l o s s e s  and t h e r e f o r e  i n f i n i t e  conduct iv i ty .  W e  then 

can reasonably expect  t h a t  c o n d u c t i v i t y  w i l l  no t  a f f e c t  t h e  frequency 

s c a l i n g  o f  antennas u n t i l  t h e  frequency becomes much g r e a t e r  than t h e  

41,786 MHz used i n  o u r  measurements. 

P a t t e r n  Measurements o f  Scaled Antennas 

A program o f  measurements has  been c a r r i e d  o u t  t o  determine ex- 

per imenta l ly  i f  antenna c o n d u c t i v i t y  a f f e c t s  p a t t e r n s  i n  t y p i c a l  frequency 
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s c a l i n g  problems. It w a s  d e s i r e d  t o  use  antenna s t r u c t u r e s  having 

d i f f e r e n t  c o n d u c t i v i t i e s ,  t o  scale by a r e l a t i v e l y  l a r g e  f a c t o r ,  and t o  

have t h e  h ighes t  frequency a t  least 40 GHz.  

cons t ruc t ing  seve ra l  antennas a simple antenna was chosen, c o n s i s t i n g  of 

a s l o t  i n  a ground plane.  

S ince  t h i s  would involve 

Three antennas w e r e  b u i l t  of 0.190'' aluminum and t h r e e  of 0.190'' 

aluminum covered on t h e  f r o n t  su r f ace  w i t h  16 0 2 .  copper (approximately 

1/32") bonded t o  t h e  aluminum w i t h  a non-conducting cement. 

depth  of t h e  copper w a s  f a r  less than  1/32", and t h e  aluminum served 

merely as a s t i f f e n e r .  Each aluminum antenna had a corresponding copper 

antenna of t h e  same s i z e ,  except  f o r  t h e  n e g l i g i b l e  added th i ckness  of 

t h e  copper. The ground p lane  f o r  each antenna w a s  s l o t t e d  i n  t h e  cen te r  

t o  accept  t h e  e x t e r i o r  dimensions of a s tandard  waveguide. The wave- 

guide w a s  c leaned of p a i n t ,  coated wi th  Eccobond 56C Liquid Solder ,  a 

conducting cement, and pushed through t h e  ground plane from t h e  back 

u n t i l  it w a s  f l u s h  wi th  t h e  f r o n t  su r f ace  of t h e  ground p lane .  For added 

s t r e n g t h  and r i g i d i t y  a f l ange  on t h e  waveguide w a s  pressed a g a i n s t  t h e  

back of t h e  ground p lane  and cemented. i n  p lace .  The fronh su r face  of 

t h e  ground p lane ,  inc luding  t h e  waveguide-ground p lane  j o i n t ,  w a s  po l i shed  

w i t h  jeweller's rouge. 

The s k i n  

The guide  s izes  s e l e c t e d  are given i n  Table 3.2. 
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Guide Designat ion 

Inne r  Dimension 
Inches RG-97/U RG-S3/U RG-49/U 

0,112 0.170 0.872 Narrow 

Broad 0.224 0 -420 1.872 

Table 3.2 

I n t e r i o r  Waveguide Dimensions 

The largest  convenient ground p lane  s i z e  a v a i l a b l e  w a s  36" x 36", 

s o  t h i s  w a s  used wi th  t h e  l a r g e s t  waveguide. 

t h i s  t o  t h e  smaller s i z e s  needed wi th  t h e  smaller guides  s i n c e  f o r  s tandard  

waveguide s izes  t h e  narrow and broad dimensions do no t  have t h e  same scale 

f q c t o r .  

A problem e x i s t s  i n  s c a l i n g  

For example, i f  w e  compare RG-53fl and RG-49fl w e  see that 

0.872 1,872 
0.170 

Now w e  know t h a t  t h e  E-plane p a t t e r n  of a s l o t t e d  ground p lane  w i l l  be 

most a f f e c t e d  by t h e  narrow dimension of t h e  s l o t  and not  very much by 

t h e  broad dimension. S i m i l a r l y  it w i l l  be a f f e c t e d  most by t h e  ground 

plane dimension measured i n  t h e  p a t t e r n  plane,  t h a t  i s  t h e  dimension 

measured p a r a l l e l  t o  t he  narrow dimension of t h e  s l o t .  

not  be g r e a t l y  a feec ted  by t h e  ground p lane  dimension measured p a r a l l e l  

t o  t h e  broad dimension of t h e  s l o t .  The converse i s  t r u e  f o r  t h e  H- 

p lane p a t t e r n s .  It w a s  t h e r e f o r e  decided t o  scale t h e  ground p lane  s i z e s  

i n  t h e  same r a t i o  as t h e  appropa r i a t e  s l o t  dimension. Thus t h e  "height" 

of t h e  ground p lane ,  measured along t h e  same l i n e  as a measurement of 

t h e  narrow guide  dimension, w a s  s c a l e d  by t h e  same f a c t o r  used t o  scale 

t h e  narrow s l o t  dimension, The "width" of t h e  ground p lane  w a s  s ca l ed  

The p a t t e r n  w i l l  
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by t h e  broad s l o t  dimension f a c t o r .  The g r a n d  p lane  sizes are given by 

Table  3.3. 

Guide Designat ion 
Ground Plane  
S i z e ,  Inches RG-974 RG-53/11 RG-49A-J 

P a r a l l e l  t o  Narrow 
S 1 o t  Dimension 4.624 7.018 36 

P a r a l l e l  t o  Broad 
5 1 o t  D i m e  n s  ion 4,308 8.055 36 

Table  3 . 3  

Ground Plane  Dimensions 

I n  c a r r y i n g  o u t  t h e  s c a l i n g  it i s  a l s o  clear t h a t  f requencies  must 

be sca l ed  d i f f e r e n t l y .  I n  agreement w i t h  t h e  preceding d i scuss ion ,  s i n c e  

E-plane p a t t e r n s  are most a f f e c t e d  by t h e  narrow s l o t  dimension, t h e  

f requencies  f o r  E-plane measurements w e r e  s ca l ed  by t h e  narrow-slot-  

dimension f a c t o r s ,  and t h e  H-plane measurements according t o  t h e  bqoad- 

dimension sca l ing .  The f requencies  used are g iven  i n  Table  3.4. 

Guide DesignafioQ 

Frequency, MHz RG-97RI KG-53A RG1349A-J 

E-@lane P a t t e r n  38 .?29 25.647 5 

H-plane P a t t e r n  41.786 22.286 5 

Table  3.4 

Frequencies Used i n  P a t t e r n  Measurements 

The an tennas  descr ibed  above w e r e  cons t ruc ted  on t h e  Univers i ty  of 

Alabgma campus and t r anspor t ed  t o  Huntsv i l le .  Radia t ion  p a t t e r n s  w e r e  

made us ing  t h e  anechoic chamber and t h e  f a c i l i t i e s  of t h e  As t r ion ic s  
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Laboratory of t he  Marshall  Space F l i g h t  Centar. P r i n c i p a l  E- and H-plane 

p a t t e r n s  w e r e  made f o r  each of t h e  s i x  antennas.  

F igs .  3.1 t h o u g h  3,12. 

These a r e  shown i n  

The antenna p a t t e r n s  are arranged i n  p a i r s ,  t h e  p a t t e r n  f o r  t h e  

qluminum ground plane followed by t h a t  f o r  t h e  copper having t h e  same 

frequency and same p a t t e r n  plane.  

f o r  aluminum and copper,  t h a t  is  3.1 and 3.2, e t c .  it is  apparent  t h a t  

grovnd p lane  conduct iv i ty  does not  a f f e c t  t h e  p a t t e r n  apprec iab ly  f o r  

any frequency used o r  f o r  e i t h e r  p a t t e r n  plane.  The p q t t e r n s  3.9 and 

3.10 seem d i s s i m i l a r  i n  one r e spec t .  Rapid o s c i l l a t i o n s  occur near 0' 

i n  one p a t t e r n  and near  180' in t h e  o the r .  However, both p a t t e r n s  are 

asymmetrical, and t h i s  asymmetry could not be caused by conduct iv i ty  

eEfec ts .  It i s  thought t h a t  t h e s e  r ap id  o s c i l l a t i o n s  w e r e  caused by 

energy feeding d i r e c t l y  t o  t h e  mixer o r  d i f f r a c t e d  from t h e  ground plane 

edge aqd leaking i n t o  t h e  mixer. Such a p a t t e r n  could e a s i l y  be non- 

symmetric and a l s o  could be d i f f e r e n t  near t h e  edges f o r  two d i f f e r e Q t  

antennas.  The more s i g n i f i c a n t  po r t ions  of p a t t e r n s  3.9 and 3.10 show 

t h a t  they  are nea r ly  i d e n t i c a l .  

When one compares t h e s e  p a t t e r n  p a i r s  

I n  a d d i t i o n  t o  t h e  necessary s i m i l a r i t y  of t h e s e  p a t t e r n s  pair-by- 

p a i r  j u s t  descr ibed ,  a l l  t h e  E-plane p a t t e r n s  f o r  t h e  d i f f e r e n t  f requencies  

shoqld be t h e  same and a l l  H-plane p a t t e r n s  should be t h e  same. A com- 

pa r i son  of t h e  s i x  E-plane p a t t e r v s ,  F igs .  3.1 through 3.6, shows t h a t  

t h i s  i s  s u b s t a n t i a l l y  t rue ,  and a comparison of t h e  H-plane p a t t e r n s ,  

Figs.  3.7 through 3.12, shows the same th ing .  

These conclus ions  w e r e  reached, w i th  a high degree of confidence i n  

t h e  results, by overlaying p a t t e r n s  and comparing them. I n  a d d i t i o n  a 
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F i g .  3 .2  
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MATERIAL copper 

E-PLANE PATTERN 

FREQUENCY, GHr 38.929 

c 

F i g .  3.6 
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relative d i r e c t i v i t y  w a s  ob ta ined  f o r  a l l  p a t t e r n s  by i n t e g r a t i n g  t o  

o b t a i n  the area under each o f  t h e  twelve p a t t e r n s ,  

fe rences  i n  d i r e c % i v i t y  among t h e  s i x  E-plane p a t t e r n s ,  o r  among t h e  s ix  

No s i g n i f i c a n t  d i f -  

H-plane p a t t e r n s ,  were noted,  

It appear9 q u i t e  safe t o  conclude. froq the, t h e o r e t i c a l  developments 

and t h e  measurements descr ibed  i n  t h i s  chapter  t h a t  one is  Safe  i n  

frequency s c a l i n g  antennas,  certaipzly up t o  40 GHz and probably even t o  

much h igher  f requencies ,  i n  p a t t e r n  measurements. It a l s o  appears  t h a t  

aluminum or copper may be used as d e s i r e d  without  a f f e c t i n g  t h e  r e s u l t i n g  

p a t t e r n s .  
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Chapter 4 

THE EFFECT OF SURFACE ROUGHNESS ON PATTERNS 

In t roduc t ion  

It w a s  shown t h e o r e t i c a l l y  and exper imenta l ly  i n  Chapter 3 t h a t  

conduct iv i ty  e f f e c t s  i n  frequency s c a l i n g  are n o t  s i g n i f i c a n t  f o r  the 

S l o t t e d  ground p lane  antenna us ing  e i ther  copper o r  aluminum ground 

p lanes ,  f requencies  up t o  kO GHz, and frequency s c a l i n g  f a c t o r s  up t o  8 ;  

and probably,  from t h e  f h e o r e t i c a l  development, we can make t h e  same 

s ta tement  f o r  most antenna types wi th  even higher  f requencies  and 

scale f a c t o r s ,  

xn t h i s  chapter  we  wish t o  cons ider  b r i e f l y  s u r f a c e  roughness e f f e c t s  

on p a t t e r n s .  Beckmann and Spi8zichino i n  d i scuss ing  sca t te r ing  from 

ob jec t s  assert t h a t  “it i s  a well-known f a c t  t h a t  t h e  roughness of a 

s u r f a c e  modif ies  t h e  s c a t t e r e d  f i e l d  f o r  more than  i t s  e l e c t r i c a l  pro- 

perties.”l 

f a c e  roughness e f f e c t s .  Much of t h e  t h e o r e t i c a l  and experimental  work 

on roughness descr jbed  i n  Che l i t e r a t u r e  i s  aoncerned w i t h  s c a t t e r i n g  

from rough o b j e c t s  o r  rough terraip, o r  propagat ion over rough terrain.  

I n  an e x t e n s i v e  b ib l iography g iven  by Beckmann and Spizz ich ino  

r e f e r e n c e  w a s  discovered dea l ing  wi th  p a t t e r n s  r a d i a t e d  by antennas wi th  

rough s u r f a c e s .  W e  are t h u s  forced  t o  make t h e  reasonable  assumption i n  

t h i s  chap te r  t h a t  a degree of roughness t h a t  wQuld produce a s i g n i f i -  

can t  e f f e c t  i n  t h e  s c a t t e r e d  f i e l d  p a t t e r n  of an  o b j e c t  would a l s o  pro- 

duce a s i g n i f i c a n t  e f f e c t  i n  t h e  t o t a l  f i e l d  i f  a primary r a d i a t o r  ( such  

This b r ings  o u t  a problem which e x i s t s  i n  connect ion w i t h  sur -  

1 no 
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as a s l o t )  w e r e  l oca t ed  near  o r  on t h e  same su r face .  

Sur face  Roughness 

Surface  roughness i s  measured as an average d e v i a t i o n  from a mean 

c e n t e r  l i n e  a t  t h e  su r face .  I t  is  commonly measured i n  microinches.  

It is  a func t ion  o f  machining methods and materials used. Table  4.1 

gives t y p i c a l  values of roughness which might be expected f o r  va r ious  

2 machining methods. 

Operat i on  

Saw c u t ,  Torch c u t  

Turning, Shaping, Mi l l i ng ,  Boring 

D r  ill ing  

Reaming 

Grinding 

Honing 

Lapping, Pp l i sh ing  

Roughness (microinches) ,  Range 

1000 3 250 

500 - 16 

350 - 40 

250 - 1% 

175 - 5 

40 - 2.5 

3 0  - 0.5 

Table b.1 

'~ , I 

One c r i t e r i o n  which can be app l i ed  t o  an antenna s u r f a c e  i s  t h a t  

t h e  s u r f a c e  roughness should be less than  t h e  s k i n  depth.  Tablo 4.2 

g ives  t h e  s k i n  dep th  i n  microinches f o r  copper and aluminum a t  10 G'Hz 

and 40 GHz. 
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10 GHz 49 GHz 

Aluminum 33.4 16 .7  

It 

f i n d  it 

3 
ported 

Copper 26 13 

Table  4.2 

Skin Depth (microinches) 

may be seen  t h a t  t o  m e e t  t h i s  c r i t e r i o n  even a t  10 GHF one might 

necessary  t o  l a p  and p o l i s h  antenna su r faces .  

t h a t  i n  England t h e  Defence Research Telecommunicatjons Es tab l i sb-  

X t  has been re- 

ment has requi red  t h e  s u r f a c e  roughness of models t a  be b e t t e r  than 1 2  

microinches,  and similar requirements  have been used by the Roay Radar 

Establishment and Royal A i r c r a f t  Establishment.  A t  a l a t e r  t i m e  t h i s  

requirement was re laxed  t o  30 microinches a t  X-band by t h e  RAE. 

i n  t h i s  choice seems t o  Rave been t h e  d e s i r e  t o  keep the  r m s  s u r f a c e  

roughness amplitude smal le r  than t h e  s k i n  depth.  

A f a c t o r  

Back-Scattering of Rough Objects 

It i s  repor ted  by Senior3 t h a t  Dawson of t h e  Defence Research T e l e -  

communications Establishment has s t a t e d  t h a t  i f  model s u r f a c e  roughnesses 

exceeded 20 o r  30 microinches a change i n  echoing area could be de t ec t ed .  

On the  o t h e r  hand S e n i ~ r , ~  and H i a t t ,  Senior ,  and Weston' found i n  

measurements of rough spheres  and cone-spheres t h a t  g r e a t e r  roughvesses 

can be used without s i g n i f i c a n t l y  a f f e c t i n g  t h e  back-sca t te r ing  c r o s s  

sec t ions .  

4 
H i a t t ,  et a l ,  measured t h e  back-sca t te r ing  from a q u i t e  rough 25 c m  

sphere,  having a su r face  roughness of t h a  order  of 9000 microinches and 

a roughness width of about 3 nun, as a func t ion  of r o t a t i o n  angle  of t h e  
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sphere.  They found t h a t  a t  2.87 GHz t h e  roughness had no apprec iab le  

e f f e c t  on c ros s - sec t ion ;  a t  9.70 GHz devia t ion9  from smooth-sphere va lues  

w e r e  as g r e a t  as 1.5 dB; a t  22.97 GHz as g r e a t  as 3 , 9  dB; and a t  31.97 

GHz as g r e a t  as 6.4 dB . A t  t h e  h ighes t  frequency t h e  r a t i o  of s u r f a c e  3 

roughness t o  wavelength i s  

5 - =: 0.024 
h 

3 I n  later measurements Seniov used a rough cone te rmina ted  by a 

po r t ion  of a rough sphere.  

cap sphere a r a d i u s  of about  4.5 cm. These meaqurements w e r e  made more 

d i f f i c u l t  t o  i n t e r p r e t  by f a u l t y  cons t ruc t ion  which r e s u l t e d  i n  a s i g n i f i -  

c a n t  degree of asymmgtry i n  t h e  model, and Senior  a l s o  s t a t e d  t h a t  t h e i r  

d a t a  w e r e  no t  analyTed as completely as might be des i r ed .  Senior  con- 

cluded t h a t  a t  X-band t h e  bqck-scat ter ing c ros s - sec t ion  measured as a 

fupc t ion  of cone a spec t  angle  changed by qn average va lue  of about  2 dB 

when compared t o  t h e  smooth body curve ,  The va lue  of t h e s e  measurements 

w a s  f u r t h e r  decreased by a f a i l u r e  t o  g i v e  t h e  va lue  of s u r f a c e  rough- 

ness  used i n  t h e  measurements. 

The cone Rad a half-angle  of 12.59 and t h e  

I n  summing up the maasurements r epor t ed  i n  Reference 3 and us ing  

4 t h e  exper ience  gained i n  previous measurements , Senior  suggested tha t  

a h igh  degree  of su r face  f i n i s h  i s  not e s s e n t i a l  f o r  model s c a t t e r i n g  

work. I n  h i s  op in ion  a su r face  f i n i s h  of t h e  order  of 10 

should a f f e c t  t h e  dominant back-sca t te r ing  p a t t e r n  (with t h e  model 

o r i en ted  t o  produce maximum back-scat tered energy) by less than  Qne dB, 

and the  minimum of t h e  back-scat ter  p a t t e r n  Cmodel o r i e n t e d  t o  produce 

m i n i m u m  back-scat tered energy) by no more than  one o r  two dB. 

-3 wavelengths 
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Tn Sen io r ' s  op in ion  a similar t o l e r a n c e  on l e n g t h  dimensions of t h e  

model (10T3X> should be more than  adequate.  

S i g n i f i c a n t  f e a t u r e s  of t h e  measurements r epor t ed  by H i a t t  an4 by 

Senior  are t h a t  they  are back-sca t te r ing  as a func t ion  of model aspect, 

and t h e  c ross -sec t ion  as a func t ion  of a spec t  angle  f o r  t h e  bQdies used 

does no t  vary  by more than  a few dB. One might w e l l  f i n d  t h a t  b i s t a t i c  

c ross -sec t ions  are s e r i o u s l y  a f f e c t e d  by su r face  roughness, p a r t i c u l a r l y  

in deep p a t t e r n  minima. One might a l s o  f i n 4  t h a t  antenna r a d i a t i o n  

p a t t e r n s  are a f f e c t e d  s e r i o u s l y  by su r face  roughness,  aga in  perhaps most 

s e r i o u s l y  a t  p a t t e r n  minima. 

It appears  most appropr i a t e  t o  conclude from t h e  preceding d i s -  

cuss ion  t h a t  t h e  e f f e c t  of s u r f a c e  roughness on antenna p a t t e r n s  i s  a t  

p re sen t  no t  known very  w e l l .  The safe course t o  fo l low i n  cons t ruc t ing  

antennas thus  i s  t o  t r y  t o  ob ta in  t h e  b e s t  su r f ace  f i n i s h  p o s s i b l e  

w i t h i n  reasooable  economic and t i m e  l i m i b s .  
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In t roduc t ion  

S t  i s  w e l l  

antenna p a t t e r n  

Chapter 5 

EVALUATION AND USE OF ANECHOIC ROOMS 

known t h a t  i f  it is  d e s i r e d  t o  measure deep n u l l s  i n  an  

t h e  undesired r e f l e c t i o n s  i n  an anechoic room must be 

kept  extremely s m a l l  when compared t o  t h e  d i r e c t  r a d i a t i o n  from t h e  

transmitter. Buckley p o i n t s  ou t ,  f o r  example, t h a t  r e f l e c t i o n s  must be 

50 dB below t h e  d i r ec t - r ay  l e v e l  t o  a l low -30 dB mulls  t o  be measured t o  

w i t h i n  + 1.4 dB. Considerat ion of such examples quickly makes it clear 

t h a t  measurement of  t h e  q u a l i t y  of an anechoic room, which, would in-  

vo lve  measurements of -50 dB r e f l e c t i o n s  (or  smaller) i n  t h e  presence 

1 

e 

of t h e  d i r e c t  r ay ,  i s  exceedingly d i f f i c u l t  f Q r  high-qual i ty  rooms. 

Various methods of eva lua t ing  anechaic  room performance have been devised 

and presented  i n  r e p o r t s  and i n  t h e  l i terature.  A good d i scuss ion  of 

t h e s e  measurements has been given by Buckley 1 9 2 9 3  and w i l l  no t  be rep 

peated h e r e s  

I n s t e a d  we p re sen t  i n  t h i s  chapter  a method, involv ing  coding of the 

t r ansmi t t ed  s i g n a l ,  which can be used f o r  two purposes: (1) eva lua t ing  

t h e  q u a l i t y  o f  an anechoic  room, and (2) decreas ing  t h e  e f f e c t  of 

undesired r e f l e c t i o n s  wh i l e  ca r ry ing  o u t  p a t t e r n  measurements. 

I n  t h i s  method the  t r ansmi t t ed  c a r r i e r  i s  modulated w i t h  3 binary  

sequence. The l o c a l  o s c i l l a t o r  s i g n a l  i s  s i m i l a r l y  modulated wi th  the  

same b ina ry  sequence and delayed by an  appropr i a t e  t i m e .  The coded 

carrier and l o c a l  o s c i l l a t o r  s i g n a l s  are then mixed a t  t h e  r e c e i v i n g  
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antenna (whose p a t t e r n  i s  being measured). 

l o c a l  o s c i l l a t o r  p a t h  i s  chosen c o r r e c t l y  the d i r ec t - r ay  s i g n a l  and t h e  

l o c a l  o s c i l l a t o r  s i g n a l  w i l l  mix proper ly  t o  g i v e  gn output  1F. However, 

s i g n a l s  r e f l e c t e d  from t h e  chamber w a l l s ,  a r r iving a t  a d i f f e r e n t  t i m e  

and hence ou t  of b inary  code phase (no$ RP phase) w i t h  t h e  l o c a l  o s c i l l a -  

t o r  s i g n a l ,  w i l l  be suppressed by t h e  mixing a c t i o q .  

choice of l o c a l  o s c i l l a t o r  pa th  de l ay  would l ead  t o  emphasis of t h e  re- 

f l e c t e d  waves i n  t h e  chamber and suppress ion  of t h e  d i r e c t  r a y ,  This  

would al low measuremepts of t h e  r e f l e c t i o n s .  

I f  t h e  t i m e  de lay  i n  t h e  

S i m i l a r l y  a d i f f e r e n t  

Consider t h e  system of Fig ,  5.1. With t h e  except ion  of t h e  code 

genera tor  and modulators t h i s  i s  a common system f o r  measuring antenna 

p q t t e r n s  i n  an anechoic chamber. A CW s igna l  i s  t r ansmi t t ed  toward t h e  

rece iv ing  antenna whose p a t t e r n  i s  being measured. The local  o $ c i l l a t o r  

i s  suppl ied t o  a mixer immediately fol lowing t h e  r ece iv ing  antenna, and 

t h e  r e s u l t i n g  1F s i g n a l  i s  amplif ied and de tec t ed .  I n  t h e  system of 

F i g ,  5.1 t h e  CW and &O s i g n a l s  are modulated by a binary sequence, and 

t h e  LO s i g n a l  i s  delayed i n  a c o n t r o l l e d  manner. 

I f  t h e  modulating s i g n a l  produced by t h e  code gene ra to r  i s  

t h e  output  of t h e  upper balanced modulator i s  

M ( t )  cos  w c t  
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and t h e  output  of t h e  lower modulator i s  

M ( t )  cos wLot 

where we neg lec t  any phase angles  in the CW and $0 s i g n a l s  and any amp- 

l i t u d e  d i f f e r e n c e s  i n  t h e  modulated s i g n a l s .  

Af te r  t h e  t i m e  de lays  i n  t h e  CW and LO paths  the s i g n a l s  appl ied  t o  

t h e  f i n a l  mixer a r e  

M f t )  cos w c t  

and 

and t h e  outpu-l; i s  

This  i s  t h e  modulated ZF output  of Fig .  5.1 

Envelope d e t e c t i o n  and i n t e g r a t i o n  of t h i s  IF s i g n a l  w i th  a conqonly 

used envelope d e t e c t o r  such as would be a v a i l a b l e  i n  any s tandard micro- 

wave r e c e i v e r  g ives  an output  

Now Eq. (5.1) i s  t h e  a u t o c o r r e l a t i o n  func t ion  of t h e  modulating 

Waveform, and thus  has a peak q t  T = 0, o r  i f  t h e  modulating wave is  

pe r iod ic ,  peaks w i l l  occur f o r  T equal t o  a mul t ip l e  of t h e  per iod.  The 

i d e a l  choice of a modulating waveform i s  one which would have a very h igh  

peqk i n  i t s  a u t o c o r r e l a t i o n  func t ion  a t  7; = 0 and low va lues  €or a l l  o the r  
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values  of z. Then t h e  d i r e c t  wave from t h e  t ransmi tg ing  antenna, a r r i v i n g  

a t  the  same t i m e  as t h e  LO s i g n a l ,  would g ive  a r e c e i v e r  output .  

o ther  hand, waves r e f l e c t e d  from the w a l l s  of the, anechoic chambcr, and 

thus  delayed i n  t i m e  from t h e  d i r e c t  wave, would g ive  a non-zero va lue  

of T i n  Eq. (5.1) and thus  a very small r e c e i v e r  output .  

On t h e  

An example w i l l  i l l u s t r a t a  t h i s .  Cansider t h a t  t h e  modulation of 

Fig.  5.1 i s  a rec tangular  pulse .  For a properly chosen LO s i g n a l  de lay  

a pulse  of t h e  c a r r i e r  a r r i v e s  a t  t h e  f i n a l  miver a t  t he  Same t i m e  as 

a pulse  of t h e  LO, and an 1F output  i s  obtained.  I f  t h e  times of a r r i v a l  

d i f f e r  by one pulse  width o r  g r e a t e r ,  a s  would be t r u e  For some waves 

r e f l e c t e d  from chamber w a l l s ,  t h e  IF  output  i s  zero.  Pu l se  modulation 

has t h e  disadvantage of low average power, and a b e t t e r  modulation 

waveform is  d iscussed  i n  the next  s ec t ion .  

Two disadvantages of $ h i s  system qusC be mentioned. One i s  t h e  in-  

c reased  bandwidth requi red  f o r  %he antennas,  o f  t h e  order  of hundreds 

of megacycles. The o t h e r  is l o s s  i n  t h e  balanced modulators,  perhaps 

6 dB, which w i l l  decrease t h e  S / N  r a t i o  a t  t h e  r ece ive r .  I f  t h i s  i s  

s i g n i f i c a n t  t h e  modulation can be c a r r i e d  out  before  a f i n a l  TWT 

amp1 i f  ier . 
The Pseudo-Random Binary Sequence 

A t y p i c a l  modulating waveform s u i t a b l e  f o r  our purposes is  shown i n  

F ig .  5.2. This  i s  a pe r iod ic  b ina ry  wavefQrm wi th  t h e  example shown 

having a per iod of 7 b i t - t imes ,  The au tocor re l a t ion  func t ion  f p r  t h e  

example waveform of F ig .  5.2 i s  shown i n  Fig. 5.3, assuming t h e  amplitudes 

i n  Fig.  5.2 are 21. 

waveform changes only the  c a r r i e r  phase and thus  does not decrease  

It i s  obvious t h a t  modulation of a c a r r i e r  by t h i s  
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I I I 

Fig .  5 . 2  

B i n a r y  Modula t ing  Sequence 

I 
Fig.  5 . 3  

A u t o c o r r e l a t i o n  Func t ion  of  m ( t >  
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average power of t h e  c a r r i e r ,  except  f o r  t he  modulator l o s s e s  d iscussed  

ear 1 ier . 
The waveform of Big,  5.2 i s  a time waveform coSresponding t o  a 

b inary  sequence of 1's and Of$, a l s o  given i n  F ig .  5.2. It is  a 7-b i t  

example of a maximum-length l i n e a r  s h i f t  r e g i s t e r  sequence and becausq 

4 of vqr ious  p r o p e r t i e s  has been c a l l e d  a pseudo-noise cpde o r  a pseudo- 

random code . H'ghly s i g n i f i c a n t  p rope r t i e s  of t h e  t i m e  waveform 5 

corresponding t o  such a code are t h a t  t h e  a u t o c o r r e l a t i o n  f u n c t i o n  of an 

n-bi t  code has a peak va lue  of n, r epea t ing  a t  'c = nT, and a minimum 

va lue  of -1 f i r s t  reached a t  1; = T and maintained u n t i l  t h e  nex$ peak 

begins.  Th i s  is i l l u s t r a t e d  i n  Fig.  5.3. 

Consider a longer  code than  t h e  7-bi t  code of Fig. 5.2 a s  an ex- 

ample. L e t  t h i s  be a 127-bit  code wi th  a b i t  t i m e  of 10 nsec,  co r re -  

ponding t o  a b i t  r a t e  of 100 MYz. Such a code i s  q u i t e  f e a s i b l e .  If 

w e  neglec t  t h e  small  nega t ive  va lue  of t h e  a u t o c o r r e l a t i o n  func t ion  w e  

f i n d  t h a t  t h e  vo l t age  emphasis given t o  s i g n a l s  a t  t h e  au tocor re l a t ion  

peak, compare6 t o  off-peak s i g n a l s  i s  

20 log 127 2 42, l  dB 

Table  5.1 shows t h e  off-peak sqppression f o r  var ious  va lues  of T. 

These 7 values  are a l s o  r e l a t e d  t o  path- length d i f f e r e n c e s  i n  a i r .  
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T, nsec 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

p a t h  d i t f e r e n c e ,  f t .  

0 
0.99 
1.97 
2.96 
3.94 
4.92 
5.91 
6 -89 
7.88 
8.87 
9.85 

Table 5.1 

Suppress ion  of Undesired 

0 
.9 

1.9 
3.1 
4.5 
6.1 
8.1 

10.6 
14.2 
20.6 
42.1 

S igna l s  

Table  5.1 i s  c a l c u l a t e d  from t h e  a u t o c o r r e l a t i o n  equat ion  e q s i l y  

obtained from a g e n e r a l i z a t i o n  of F ig .  5 . 3 .  

V(,> = 20 log  (1 
7 N + l  ---) 
T N  

where N is t h e  number of b i t s  i n  t h e  b inary  sequence, z i s  t h e  t i m e  de- 

lay  i n  nanoseconds, and T i s  one b i t  t i m e  i n  nanoseconds. 

W e  can see from Table 5.1 t h a t  i f  t h e  LQ s i g n a l  time de lay  i s  set 

proper ly  t o  emphasize t h e  d i r e c t  r a y  from t r q n s m i t t e r  t o  r e c e i v i n g  

antenna a s i g n a l  r e f l e c t e d  from a chamber w a l l  and a r r i v i n g ,  f o r  example, 

8 nanosecands later than  t h e  d i r e c t  s i g n a l  w i l l  be suppressed by '19.2 dB. 

Consider an  anechoic chamber which i s  100 f t  long and 40 f t  wide. 

A single-bounce ray  r e f l e c t e d  f ro@ a s i d e  w a l l  a t  t h e  mid-way po in t  of 

t h e  chamber w i l l  have a p a t h  l eng th  of 

Table  5.1 shows tha t  t h i s  single-bovnce ray  w i l l  be suppressed by an  
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amount between 14 and 20 dB. 

Anechoic Chamber Evaluat ion 

The preceding d i scuss ion  w a s  mainly concerned w i t h  t h e  u s e  of 

coded s i g n a l s  t o  emphasize t h e  d i r e c t  rqy from t r a n s m i t t e r  t o  r e c e i v e r  

qnd suppress  wa l l - r a f l ec t ed  rays .  However, one qould obviously change 

t h e  de lay  intraduced i n t o  t h e  LO l i n e  and thereby sqppress  $he d i r e c t  

ray.  Th i s  would l ead  t o  a knowledge of chamber r e f l e c t i o n s  as a func- 

t i o n  of time delay.  I f  t h i s  i s  combined wi th  d i r e c t i o n a l  information 

obfa inqble  from a d i r e c t i v e  rece iv ing  aqtenna it appears t o  o f f e r  a 

very powerful method f o r  eva lua t ing  anechoic ehqmbers, 

Generqtion of Maxjmum-Length Binary Sequences 

Not a l l  binary modulating sequences lead t o  waveforms having t h e  

d e s i r a b l e  a u t o c o r r e l a t i o n  func t ion  t y p i f i e d  by Fig .  5.3. Howewer, a s  

pointed out ,  such a u t o c o r r e l a t i o n  func t ions  gre p r o p e r t i e s  of t i m e  wave- 

forms descr ibed  by maximum-length l i n e a r  s h i f t  register sequences, 

allowing a b jnary  1 t o  r ep resen t  a u n i t  nagqt ive vo l t aga  and a 0 t o  

r ep resen t  a u n i t  p o s i t i v e  vol tage .  Such sequences have t h e  p r Q p e r t i e s  

t h a t  (1) i n  each  per iod of t h e  sequence t h e  number of 1 's  d i f f e r s  from 

the  number of 0's by a t  m Q s t  1, (2) among t h e  runs of 1's and 0 ' s  i n  a 

per iod ,  one-half %he runs  of each kind are of l eng th  one, one-fourth a r e  

of l eng th  two, one-eight of l eng th  t h r e e ,  e t c . ,  and (e> i f  a per iod  of 

the Sequence i s  compared, tern by term, with any c y l i c  s h i f t  o f  i t p e l f ,  

t h e  number: of agreemeqgs d i f f e r s  f r o m t h e  number of disagreements by a t  

most 1. 4 
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Fig .  5.4 shows a s h i f t  r e g i s t e r  capable  of gene ra t ing  a 15 b i t  

sequence 

Each of t h e  four  s t ages  of t h e  s h i f t  register c a n t a i n s  a 1 o r  a 0 apd 

t r a n s f e r s  t h i s  t o  $he next  stage a t  each c lock  pulse .  The half-adder 

s t a g e  has an output  according t o  the l o g i c  

0 0 0 
0 1 1 
1 0 1 
1 1 0 

An n-stage s h i f t  r e g i s t e r  can genera te  a maximym leng th  sequence of 

n p = 2 - 1  

b i t s .  

The requiremeqts of a sequence genera tor  f o r  anechoic chamber evaluq- 

tion, a r e  q u i t e  severe  f o r  commonly a v a i l a b l e  s h i f t  r e g i s t e r s  and h a l f  

adders.  I n  our l abora tq ry  an asynchronous v a r i a t i o n  of t h e  system of 

Fig.  5.4 has been b u i l t  and t e s t e d .  

r e g i s t e r  was replaced by a TWT a m p l i f i e r  and de lay  l i n e .  

&he u s e  of 3 c a r r i e r  ( i n  aur  case  a t  X-band) i n s e r t e d  by a mixer p r i o r  

t o  t h e  f i r s t  "stage." 

The synclqo~ou$ly-cqera t ing  s h i f t  

Th i s  requi red  

The half-adder of Fig.  5.4 was rep laced  by a mixer. 

This  system gene ra t e s  a 127-bit  code wi th  a b i t - t ime of about 7 

nanoseconds. This  code i s  wel l - sv i ted  f o r  chamber e v a l u a t i m  o r  f o r  

syppression of r e f l e c t e d  r ays  i n  a chamber. 
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Fig. 5.4 

Shift-Register Sequence Generator 
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Another code gene ra to r ,  which has been considered (and exper i -  

mental ly  developed f o r  a % b i t  code) u t i l i z e s  a repetitive p u l s e  and, a 

tqpped de lay  l i n e ,  as ind ica t ed  by Fig .  5.5. It  appears  f e a s i b l e  t o  

b u i l d  such a de lay  l i n e  code generatoq f o r  t h e  sequence l eng ths  necessary 

t o r  anecho i c  chamber eva lua t ion .  

CQnclusions 

The foregoing  d i scuss ions  hqve shown t h e  g r e a t  advantages Qf us ing  

a pseudolrandom binary  modulating s i g n a l  i n  us ing  an anechoic chamber 

f o r  p a t t e r n  measurewents and i n  e v a l u a ~ i n g  the chamber r e f l e c t i o n s .  

major advantage i s  i n  supprqssing w a l l  r e f l e a t l o n s  whep t h e  system i s  

being used t o  measure p a t t e r n s  and i n  suppressing t h e  d i r e c t  transmitter- 

receiver r a y  when t@e system i s  used t o  evalua$e chanber r e f l e c t i o n s ,  

This  system i s  use fu l  f o r  both indoor and outdoor ranges.  

The 
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Delay L i n e  

I 

F i g .  5 . 5  

R e l a y - L i n e  S e q u e n c e  G e n e r a t o r  


