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ABSTRACT 

During t h e  summers of  1963, 1964, a n d  1965, ove r  200 

a t t e m p t s  were made  a t  S t an fo rd  U n i v e r s i t y  t o  o b t a i n  r a d a r  

r e f l e c t i o n s  from t h e  s o l a r  corona.  

was used w i t h  a 300 kW transmitter and a n  an tenna  o f  25 d B  

g a i n .  The s i g n a l  was produced by t r a n s m i t t i n g  a s i n e  wave 

on o n e  o r  t h e  o t h e r  of two d i s t i n c t  f r e q u e n c i e s  f o r  4 s e e  a t  

a t i m e .  The s p a c i n g  of t h e  two  f r e q u e n c i e s  was 16, 40, and 

50 kHz f o r  s u c c e s s i v e  y e a r s .  Fo r  unambiguous range  r e s o l u -  

t i o n ,  a s p e c i a l  coding  scheme (maximum-length sequence )  was 

employed t o  de t e rmine  the  t r a n s m i t t e r  f r equency  f o r  each  

4 s e e  i n t e r v a l .  

needed f o r  the  radar  s i g n a l  t o  t r a v e l  t o  t h e  sun and r e t u r n  

to e a r t h  ( a b o u t  1000 s e e ) .  

o f  t r a n s m i s s i o n  a n d  cont inued  for t he  expected d u r a t i o n  of  

t h e  r e f l e c t e d  s i g n a l  w i t h  r e c e i v e r s  tuned t o  t h e  two trans- 

m i t t e d  f r e q u e n c i e s .  S i g n a l  p r o c e s s i n g  inc luded  square- law 

d e t e c t i o n  a n d  e x t e n s i v e  use  of a d i g i t a l  computer to s e a r c h  

t h e  r e c e i v e d  data  f o r  t he  t r a n s m i t t e d  s i g n a l ,  u s i n g  t h e  

t e c h n i q u e  of c r o s s c o r r e l a t i o n ,  

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

n o n s t a t i o n a r y  n o i s e  f r o m  the sun and our  g a l a x y .  

A f r equency  n e a r  25 MHz 

Transmiss ion  was f o r  t h e  approximate  t ime 

Recept ion fol lowed t h e  c e s s a t i o n  

A dua l - f requency  system was 

P o s i t i v e  i n d i c a t i o n s  of  echo r e t u r n s  were n o t  ob ta ined  

f o r  any of  t h e  i n d i v i d u a l  r u n s ,  s o  groups  of r u n s  were 

weighted and summed a c c o r d i n g  t o  v a r i o u s  c r i t e r i a  i n  o r d e r  

t o  improve t h e  d e t e c t i o n  c a p a b i l i t y .  These c r i t e r i a  
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i nc luded  s e g r e g a t i o n  a n d  w e i g h t i n g  by y e a r ,  n o i s e  l e v e l ,  

sunspo t  number,  and the  d a i l y  v a l u e s  of so la r  r a d a r  c r o s s -  

s e c t i o n  measured a t  38 MHz by t h e  M . I . T .  Astronomical  Radar 

S t a t i o n  n e a r  E l  Campo, Texas .  These summations i n d i c a t e d  

t h a t  t h e  echoes were t o o  weak for r e l i a b l e  d e t e c t i o n .  

Ex tens ive  ev idence  i s  g iven  t h a t  t he  radar  system 

func t ioned  p r o p e r l y  d u r i n g  t h e  expe r imen t s .  T h i s  was demon- 

s t r a t e d  by use  o f  t h e  p r i n c i p a l  system components i n  e x t e n s i v e  

l u n a r  r a d a r  work, by t e s t  r u n s  i n v o l v i n g  t h e  e n t i r e  sys tem,  

a n d  by r e d u c t i o n  o f  M. I .T .  so l a r  echo d a t a  w i t h  t h e  same 

r e s u l t s  a s  t h e y  o b t a i n e d .  On t h i s  basis,  a s t r o n g  conc lus ion  

may be d r a w n  conce rn ing  t h e  r a d a r  c r o s s  s e c t i o n  o f  t h e  sun 

d u r i n g  t h i s  p e r i o d .  It is shown t h a t  a radar c r o s s  s e c t i o n  

o f  t w i c e  t h e  c r o s s - s e c t i o n a l  a r e a  of t h e  v i s u a l  d i s k  would 

produce a r e a d i l y  d e t e c t a b l e  s i g n a l .  Thus,  f o r  s e v e r a l  

months d u r i n g  1963-1965, t h e  radar c r o s s  s e c t i o n  of  t h e  sun 

a t  '25 MHz was l e s s  t h a n  two u n i t s  o f  d i s k  a r e a .  T h i s  becomes 

v e r y  i n t e r e s t i n g  when compared t o  t h e  1959 S t a n f o r d  r e s u l t s  

a t  t h e  same f r equency .  I n  1959, s i x  s e p a r a t e  measurements 

w i t h  p o s i t i v e  r e s u l t s  i n d i c a t e d  a r a d a r  c r o s s  s e c t i o n  o f  

about  80 t i m e s  t he  v i s u a l  d i s k  area.  S i n c e  1959 was near a 

maximum o f  t h e  11-year  sunspo t  c y c l e  and  t h e  p r e s e n t  data  

c e n t e r e d  around t h e  minimum o f  1964, t h e r e  a p p e a r s  t o  be a 

s t r o n g  c o r r e l a t i o n  between t h e  s u n ' s  r a d a r  c r o s s  s e c t i o n  a t  

25 MHz and its g e n e r a l  a c t i v i t y  as indexed by t h e  sunspo t  

number. A l a r g e  d e c r e a s e  o f  t h e  ave rage  r a d a r  c r o s s  s e c t i o n  
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was observed  a t  38 MHz by the  M.I .T .  g roup  from 1961 t o  1965. 
B 

I This  l e n d s  c redence  t o  t he  p r e s e n t  c o n c l u s i o n .  I n  a d d i t i o n ,  

t h e  p r e s e n t  r e su l t s  show ( a t  l e a s t  d u r i n g  s u n s p o t  minimum) 

tha t  t h e  radar c r o s s  s e c t i o n  a t  25 MHz i s  n o t  s i g n i f i c a n t l y  

g rea te r  t h a n  a t  38 MHz, as has been v a r i o u s l y  suggested. 

An a n a l y s i s  o f  t h e  e n t i r e  system i s  made,  a c c o u n t i n g  for 

b o t h  t ime and f r equency  sp read  o f  t h e  r e t u r n e d  s i g n a l .  An 

a n a l y s i s  i s  a l s o  made  o f  t h e  e f f e c t  o f  f l u c t u a t i o n s  i n  t h e  

r e t u r n e d  s i g n a l  caused by the  t ime-va ry ing  r e f l e c t i v i t y  of 

t h e  co rona  and t o  Faraday f a d i n g  i n  t h e  i o n o s p h e r e  and corona .  
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CHAPTER I 

INTRODUCTION 

I n  1959 t h e  f i r s t  s u c c e s s f u l  a t t e m p t s  t o  o b t a i n  r a d a r  

echoes  f rom t h e  sun were made a t  S t a n f o r d  U n i v e r s i t y  

[Eshleman e t  a l ,  1960; B a r t h l e ,  19601. The f requency  used 

was n e a r  26 MHz and p o s i t i v e  echo i n d i c a t i o n s  were r e c e i v e d  

f o r  s i x  a t t e m p t s  on f i v e  s e p a r a t e  days .  S ince  1961 t h e  Radar 

Ast ronomica l  S t a t i o n  of t h e  Massachuse t t s  I n s t i t u t e  of Tech- 

nology Center  f o r  Space Research l o c a t e d  n e a r  E l  Campo, 

Texas ,  has  i n t e n s i v e l y  s t u d i e d  t h e  r a d a r  p r o p e r t i e s  of t h e  

sun n e a r  38 MHz [Abel e t  a l ,  1961 and 1962; Chisholm e t  a l ,  

1964; James, 1964 and 19661. Over 1000 r u n s  have been made 

and  e x t e n s i v e  a n a l y s i s  has  provided much i n f o r m a t i o n .  Two 

f a c t s  s t a n d  o u t :  (1) The average r a d a r  c r o s s  s e c t i o n  o f  t h e  

sun measured a t  38 MHz has been s m a l l e r  t han  t h e  appa ren t  

c r o s s  s e c t i o n  seen by t h e  1959 S t a n f o r d  group a t  26 MHz; and 

(2) M.I.T. exper ienced  a l a r g e  d e c r e a s e  of  c r o s s  s e c t i o n  a s  

t h e  s u n s p o t  number decreased  between 1961 and 1964-1965. 

A s m a l l  number of runs were made d u r i n g  t h e  summer o f  

1966 a t  t h e  Arecibo Ionospher ic  Observa tory  f a c i l i t y  i n  Puerto 

R i c o .  A f requency  of 40 MHz was used ,  and c r o s s  s e c t i o n  

v a l u e s  s u b s t a n t i a l l y  i n  agreement w i t h  t h e  E l  Campo measure- 

ments were ob ta ined  [Dyce] .  

A t  S t a n f o r d  i n  1962, a t t e m p t s  t o  d e t e c t  t h e  sun were 

begun w i t h  a d i f f e r e n t  and more s e n s i t i v e  system than  was 

used i n  t h e  1959 expe r imen t s .  Equipment problems (and/or 

1 SEL -67 -071 



l a c k  o f  s u f f i c i e n t  s i g n a l )  p reven ted  any  s i g n a l  d e t e c t i o n  i n  

t h a t  series of e x p e r i m e n t s .  By the  summer o f  1963, the  

system was f u l l y  r e a d y  and e x t e n s i v e  data  were t a k e n  t h e n ,  

and a d d i t i o n a l l y  i n  1964 and 1965. 

The purpose of t he  expe r imen t s  was t o  o b t a i n  i n f o r m a t i o n  

on severa l  measurable radar  p a r a m e t e r s  a t  25 MHz and t o  com- 

pare them w i t h  t h e  M.I.T. r e s u l t s  a t  38 MHz and t h e  e a r l i e r  

S t a n f o r d  work a t  26 MHz. The radar  c r o s s  s e c t i o n  o f  t h e  sun 

and i t s  t ime  v a r i a n c e  was the  f i rs t  parameter i n  impor t ance .  

Second was t o  be the  measurement o f  t o t a l  r o u n d - t r i p  t r a v e l  

t ime which would t h e n  g i v e  a measure o f  t h e  dep th  o f  p e n e t r a -  

t i o n  o f  the s i g n a l  i n t o  the  co rona .  Coupled w i t h  these  

measurements would be a n  i n d i c a t i o n  o f  t h e  t ime s p r e a d i n g  o f  

t h e  r e t u r n e d  s i g n a l  due t o  t h e  " s o f t "  c o r o n a l  t a rge t .  T h i s  

would p rov ide  i n f o r m a t i o n  on the  d i s t r i b u t i o n  of e l e c t r o n s  

w i t h i n  t h e  co rona .  I n  a d d i t i o n ,  a spec t r a l  a n a l y s i s  o f  t he  

r e t u r n e d  s i g n a l  would g ive  i n f o r m a t i o n  as t o  t h e  gross motion 

and t u r b u l e n c e  o f  t he  co rona .  

The d e t a i l s ,  a n a l y s i s ,  and r e s u l t s  o f  t h e  S t a n f o r d  s o l a r  

radar  system used i n  1963, 1964, and 1965 are  p r e s e n t e d  i n  

t h i s  r e p o r t .  A model f o r  the  r e f l e c t e d  s i g n a l  i s  e s t ab l i shed  

which i n c o r p o r a t e s  t h e  t ime and f r e q u e n c y  s p r e a d i n g  i n t r o d u c e d  

by  t h e  corona .  The optimum d e t e c t i o n  scheme f o r  a s o f t  t a r g e t  

w i t h  c e r t a i n  r e s t r i c t i o n s  upon t h e  ta rge t  Is s c a t t e r i n g  f u n c t i o n  

i s  t h e n  e s t a b l i s h e d .  Two s t a t i s t i c a l  models o f  the  f a d i n g  

phenomenon due t o  Faraday r o t a t i o n  are  proposed and e v a l u a t e d .  

SEL-67-071 2 



, 

P I n  a d d i t i o n ,  a q u a s i - S t a t i o n a r y  model f o r  t h e  t ime-vary ing  

r e f l e c t i v i t y  of t h e  corona i s  proposed.  The e f f e c t s  o f  

f a d i n g  and a v a r i a b l e  c o r o n a l  r e f l e c t i v i t y  upon t h e  measure- 

ment o f  t h e  s o l a r  ci?oss s e c t i o n  are  t h e n  eva lua ted  and 

d i s c u s s e d .  
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CHAPTER I1 

RADAR CHARACTERISTICS OF THE SUN 

A s  opposed t o  a i r p l a n e s ,  b u i l d i n g s ,  and p l a n e t s  which 

p o s s e s s  p h y s i c a l l y  s t ab le  f e a t u r e s  a n d  a r e  c a l l e d  "hard" 

t a r g e t s ,  t h e  sun p r e s e n t s  a " s o f t "  t a r g e t .  O p t i c a l l y ,  t h e  

sun appea r s  t o  be r e s t r i c t e d  t o  t h e  d i s k  which sub tends  one- 

ha l f  degree  of a r c  from the  e a r t h .  T h i s  i s  known a s  t he  

pho tosphe re ,  b u t  t h e  r e g i o n  c a l l e d  t h e  corona ,  which i s  

e s s e n t i a l l y  f u l l y  i o n i z e d  hydrogen,  a c t u a l l y  ex tends  many 

s o l a r  r a d i i  outward from t h e  v i s u a l  sun. It i s  i n  t h i s  

r e g i o n  t h a t  radar s i g n a l s  are  r e f l e c t e d .  That t h i s  r e g i o n  

e x i s t s  can be seen from examinat ion  o f  any photograph  of  t h e  

sun taken  d u r i n g  a s o l a r  e c l i p s e .  T h i s  r e g i o n  a p p a r e n t l y  

p o s s e s s e s  t u r b u l e n c e  as wel l  as g r o s s  outward motion ( s o l a r  

w i n d ) .  

t h e  sun. Within t h e  c o r o n a l  r e g i o n ,  a n  e l e c t r o m a g n e t i c  wave 

may p ropaga te ,  p r o v i d i n g  the  index  o f  r e f r a c t i o n  i s  g r e a t e r  

t h a n  z e r o .  I f  we assume a n e g l i g i b l e  magnet ic  f i e l d ,  t h i s  

q u a n t i t y ,  n ,  i s  g iven  by 

The e l e c t r o n  d e n s i t y  f a l l s  w i t h  d i s t a n c e  away from 

where N i s  t h e  e l e c t r o n  d e n s i t y ,  v i s  t h e  c o l l i s i o n  

f requency ,  w i s  the  r a d i a n  f r e q u e n c y ,  e a n d  m r e p r e s e n t  

t h e  charge  and mass o f  t h e  e l e c t r o n ,  a n d  

P e r m i t t i v i t y .  When an e l e c t r o m a g n e t i c  wave r e a c h e s  a s u r f a c e  

c0 i s  f r e e  space  
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c of n = 0, i t  can no l o n g e r  propagate  and i s  t h e r e f o r e  

r e f l e c t e d .  

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

tor o f  v a r y i n g  s h a p e .  The r e s u l t a n t  r e t u r n e d  r a d a r  s i g n a l  i s  

t h u s  smeared i n  t ime  due t o  r e f l e c t i o n  from v a r i o u s  dep ths  i n  

t h e  co rona .  It i s  a l s o  smeared i n  f requency  due t o  c o r o n a l  

t u r b u l e n c e  which produces doppler  s p r e a d i n g .  

The corona i s  n o t  symmetric a n d  v a r i e s  w i t h  t ime ,  

A t t e n u a t i o n  of t h e  s i g n a l  due t o  a b s o r p t i o n ,  a s  w e l l  a s  

g roup  p a t h  t ime  d e l a y ,  w i l l  a l s o  o c c u r .  S i n c e  a h i g h e r  f r e -  

quency s i g n a l  w i l l  p e n e t r a t e  f u r t h e r  i n t o  t h e  corona b e f o r e  

b e i n g  r e f l e c t e d ,  t h e  a t t e n u a t i o n  w i l l  be l a r g e r  as w e l l .  

However, h i g h  a n t e n n a  g a i n s  a r e  more r e a d i l y  ob ta ined  as t h e  

wavelength  becomes s m a l l e r .  Overa l l  q u a n t i t a t i v e  c o n s i d e r -  

a t i o n s  [Ker r ,  1952; Bass a n d  Braude, 19571 have i n d i c a t e d  

t ha t  a f requency  i n  t h e  20 t o  50 MHz r a n g e  i s  probably  optimum 

f o r  radar  d e t e c t i o n ,  w i t h  t h e  lower l i m i t  b e i n g  imposed by 

t h e  ear th ls  i o n o s p h e r e .  A number o f  measurements were made 

a t  t he  J icamarca R a d a r  Observatory i n  Peru  i n  1963 a n d  1964 

a t  50 MHz [Klemperer]  . No echoes were d e t e c t e d ,  a l t h o u g h  t h e  

sys t em s e n s i t i v i t y  was such t h a t  i f  t h e  r a d a r  c r o s s  s e c t i o n  

were comparable a t  38 and 50 MHz, p o s i t i v e  r e s u l t s  would have 

been o b t a i n e d .  T h i s  i n d i c a t e s  t h a t  50 MHz i s  probably  above 

t h e  optimum f requency  r ange .  

Because o f  the  large t i m e  a n d  f r equency  s p r e a d i n g  of t h e  

r e f l e c t e d  s i g n a l  i n  t h e  corona,  normal r a d a r  t e c h n i q u e s  f o r  

hard t a r g e t s  a r e  q u i t e  i m p r a c t i c a l .  The f requency  spread  
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r e q u i r e s  t h a t  a wide b a n d w i d t h  be used ,  b u t  t h i s  then  p e r m i t s  

a g r e a t  amount o f  n o i s e  t o  e n t e r  t h e  sys tem.  Because o f  t h e  

t ime s p r e a d i n g ,  c o h e r e n t  s i g n a l  d e t e c t i o n  cannot  be achieved  

a n d  d e t e c t i o n  can o n l y  be performed on t h e  basis o f  r e c e i v e d  

ene rgy .  However, i t  i s  p r e c i s e l y  because  o f  t h e s e  e f f e c t s  

t h a t  t h e  n a t u r e  o f  t h e  sun may be i n v e s t i g a t e d .  Because of  

t h e  dynamic n a t u r e  o f  t h e  sun, it  c e r t a i n l y  i s  t h e  most 

i n t e r e s t i n g  t a r g e t  p r e s e n t l y  capab le  o f  b e i n g  s t u d i e d  by 

ea r th -based  r a d a r .  

6 



CHAPTER I11 

THE STANFORD SOLAR RADAR 

F i g u r e  1 i s  a b lock  diagram of  t h e  S t a n f o r d  s o l a r  radar .  

The a n t e n n a  i s  d e s c r i b e d  elsewhere [Howard, 19651; but 

b r i e f l y ,  it i s  a phased a r r a y  o f  48 l o g - p e r i o d i c  e lements  

a r r a n g e d  i n  two p a r a l l e l  1150 f t  rows of  24 e lements  each .  

ANTENNA Y 
FREQUENCY 
SELECTOR 

A 
T 

RECEIVER 
FREQUENCY 

IF I 

FREQUENCY 

1 t 
wwv 

SIGNAL 

CLOCK 

F i g .  1. STANFORD SOLAR RADAR BLOCK DIAGRAM. 

The a n t e n n a  was des igned  f o r  r a d a r  as t ronomy purposes  and 

has a f a n  beam w i t h  a t h i c k n e s s  o f  approx ima te ly  2' n o r t h  t o  

s o u t h  and a w i d t h  o f  abou t  30' east  t o  west.  

g a i n  i s  25 .3  dB. 

The measured 

The t r a n s m i t t e r  i s  a l i n e a r  a m p l i f i e r  capab le  o f  300 kW 
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average  power o u t p u t .  The t r a n s m i t t e d  s igna l  i s  a f r equency-  

sh i f t -keyed  s i n u s o i d  w i t h  b a s i c  P u l s e  l e n g t h  of 4 s e e .  The 

f requency  was n e a r  25 MHz f o r  a l l  t h r e e  years ,  w h i l e  t h e  f r e -  

quency s h i f t  was 16 kHz, 40 kHz, a n d  50 kHz f o r  1963, 1964, 

a n d  1965, r e s p e c t i v e l y .  The  key ing  i s  d e r i v e d  from a seven-  

s t a g e  feedback s h i f t  r e g i s t e r  [Golomb, 19641. A s h i f t  r e g i s -  

t e r  o f  n s t a g e s  w i t h  p r o p e r  feedback produces  a p e r i o d i c  

b i n a r y  sequence o f  p e r i o d  

l e n g t h  i s  127.  It i s  r e p e a t e d  n e a r l y  t w i c e  t o  p r o v i d e  a 

t o t a l  s i g n a l  l e n g t h  of abou t  1000 s e e ,  which i s  t h e  nominal 

r o u n d - t r i p  t r a v e l  time f o r  s i g n a l s  r e f l e c t e d  f rom t h e  sun. 

(Chapter  IV w i l l  d i s c u s s  the  s i g n a l  i n  more d e t a i l . )  

2n - 1. Thus t h e  b a s i c  sequence 

The key ing  sequence i s  recorded  on a s t r i p  c h a r t  f o r  

l a t e r  v e r i f i c a t i o n .  The c o n t r o l  c i r c u i t s  p r o v i d e  t h e  neces-  

sary t iming  a n d  c o u n t i n g  t o  g u a r a n t e e  t i m i n g  knowledge i n  t h e  

r e d u c t i o n  of t h e  r eco rded  da ta .  The t a p e  r e c o r d e r  was t u r n e d  

on 30 see b e f o r e  t h e  t r a n s m i t  sequence ended.  A f t e r  t h e  

t ransmit ter  was t u r n e d  o f f  a n d  t he  r e c e i v e r s  were connected,  

t h e  1 see c l o c k  was r eco rded  on t h e  s t r i p  c h a r t  a n d  magnet ic  

t a p e .  T h i s  began a t  an i n t e g r a l  number o f  seconds  from t r ans -  

m i t  beg inning  a n d  cont inued  th roughou t  t h e  r e c e p t i o n  p e r i o d .  

The R-390 r e c e i v e r s  (one  f o r  each  t r a n s m i t t e d  f r e q u e n c y )  

were t u n e d  s l i g h t l y  h i g h e r  t han  the  t r a n s m i t t e d  f r e q u e n c i e s  

i n  a n t i c i p a t i o n  of  d o p p l e r  s h i f t .  The r e c e i v e r  b a n d w i d t h s  

were nominal ly  16 kHz. The r e c e i v e r s '  a u t o m a t i c  g a i n  c o n t r o l s  

were l e f t  o f f  a n d  t he  i n t e r m e d i a t e  f r equency  s i g n a l  was 
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t r a n s l a t e d  down t o  t h e  a u d i o  range  and r e c o r d e d .  Tab le  1 

l i s t s  t h e  v a r i o u s  f r e q u e n c i e s  i n v o l v e d .  

c e n t e r  f r equency  co r re sponds  t o  t h a t  f requency  t o  which t h e  

I F  c e n t e r  f requency  (455 kHz) i s  s h i f t e d .  

ze ro -dopp le r  f requency  i s  t h e  f r equency  where r e t u r n e d  s i g n a l  

would be found i f  no d o p p l e r  spread o r  s h i f t  were expe r i enced .  

The t a p e  r e c o r d e r  

The t a p e  r e c o r d e r  

TABLE 1. SUMMARY OF OPERATING FREQUENCIES 

T r a n s m i t t e r  

1963 

1964 

1965 

24.900 
24.916 

24.901 

24.941 

24.825 

24.875 

Receiver  

24.901 
24.917 

24.903 
24.943 

24.827 

24.877 

Tape 
Recorder  Tape Recorder  

C e n t e r  Zero-Doppler 
Frequency Fr e quen cy 

(kHz 1 

12.4 

12.4 

9.0 

11.4 

10.4 

A b lock  diagram of  t h e  s i g n a l  p r o c e s s o r  i s  shown i n  

F i g .  2. The s i g n a l  p a s s e s  through a f i l t e r  t o  e l i m i n a t e  

n o i s e  o u t s i d e  t h e  data  bandwidth ( p r i n c i p a l l y  60 Hz a n d  t a p e  

n o i s e ) ;  i t  i s  l i m i t e d  t o  e l i m i n a t e  impu l s ive  n o i s e  and i n t e r -  

f e r e n c e ,  a n d  then  squared  to o b t a i n  t h e  power. 

t h e n  i n t e g r a t e d  f o r  1 s e c  p e r i o d s  and sampled. 

t o - f r e q u e n c y  c o n v e r t e r  produces a p u l s e  t r a i n  whose f requency  

The power i s  

The v o l t a g e -  
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VOLTAGE 
TO 

FILTER FREQUENCY 
RECORDER CONVERTER 

* LAW 

- - 

IBM 7090 
COMPUTER 

i 
OUTPUT 

F i g .  2 .  SIGNAL PROCESSOR BLOCK DIAGRAM.  

i s  p r o p o r t i o n a l  t o  i t s  i n p u t  v o l t a g e  l e v e l .  By c o u n t i n g  t h e  

p u l s e s  f o r  1 see ,  t h e  i n t e g r a l  o f  power f o r  t h a t  i n t e r v a l  i s  

o b t a i n e d .  G a t i n g ,  sampl ing ,  and r e s e t t i n g  o f  t h e  c o u n t e r  i s  

r e f e r e n c e d  t o  t h e  1 see  c l o c k  p u l s e s  r eco rded  on t h e  magnet ic  

t a p e  d u r i n g  r e c e p t i o n .  The numbers o b t a i n e d  a re  a u t o m a t i c a l l y  

punched on c a r d s .  Each of t h e  two c h a n n e l s  o f  data  i s  reduced  

w i t h  t h i s  scheme. The cards  a re  f e d  i n t o  an  IBM 7090 computer 

where t h e  da t a  a re  normalized t o  a c c o u n t  f o r  d i f f e r e n t  g a i n s  

i n  equipment a t  t h e  two f r e q u e n c i e s .  S u b t r a c t i o n  o f  t h e  two 

se t s  of  da ta  p o i n t s  f o r  co r re spond ing  samples  i n  t ime i s  per -  

formed.  T h i s  d i f f e r e n c e  i s  t h e n  d i g i t a l l y  c o r r e l a t e d  a g a i n s t  

t h e  o r i g i n a l  t r a n s m i t t e d  sequence .  

A g r e a t  s i m p l i f i c a t i o n  o f  t h e  e n t i r e  sys tem a p p e a r s  i n  
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F i g .  3. That t h i s  a c c u r a t e l y  r e p r e s e n t s  the  p h y s i c a l  system 

will b e  s1-1o-m l a t e r .  A sho r t  d i s c u s s i o n  of o p e r a t i o n  wi th  

r e f e r e n c e  t o  F i g .  3 w i l l  now be g i v e n .  The t r a n s m i t t e r  t rans-  

mits a s i n e  wave a t  e i t h e r  f requency  f l  o r  f 2 .  The coding  

i s  a c c o r d i n g  t o  t h e  maximum-length sequence s i g n a l  s ( t )  . I n  

t h e  r e c e i v e r ,  t h e  o u t p u t s  o f  t he  square- law d e t e c t o r s  g i v e  

the  powers a t  t h e  two f r e q u e n c i e s  a n d  t h e i r  d i f f e r e n c e  g i v e s  

a r e p l i c a  of t h e  o r i g i n a l  t r a n s m i t  sequence ( p l u s  n o i s e ) .  

C r o s s c o r r e l a t i o n  of  t h i s  d i f f e r e n c e  w i t h  t h e  t r a n s m i t  sequence 

i s  the  optimum d e t e c t o r  f o r  small t ime  sp read  of  t h e  r e t u r n e d  

s i g n a l .  

... -l -I 

The c h o i c e  of  t h i s  system w a s  made  by c o n s i d e r i n g  many 

a s p e c t s  o f  t he  t o t a l  problem. The c h o i c e s  of  25 MHz as t h e  

o p e r a t i n g  f r equency  and use of t h e  l o g - p e r i o d i c  a r r a y  i n s t e a d  

of t h e  Stanford/SRI 150 f t  s t e e r a b l e  p a r a b o l i c - d i s h  an tenna  

were made a f t e r  a n  i n v e s t i g a t i o n  of t he  e f f e c t  o f  f requency  

and equipment upon s i g n a l - t o - n o i s e  r a t i o  showed these c h o i c e s  

t o  be b e s t  [Yoh, 19611. 

The c h o i c e  of  a f r e q u e n c y - s h i f t i n g  t r a n s m i t  scheme was 

made upon c o n s i d e r a t i o n  of  t h e  improvement i n  s i g n a l - t o - n o i s e  

r a t i o  o b t a i n e d  by B a r t h l e  [1960] a n d  the s u c c e s s f u l  use  o f  

such  a system a t  E l  Campo. Much o f  t he  background n o i s e  i s  

n o n s t a t i o n a r y  a n d  c o n t r i b u t e s  power a t  b o t h  f r e q u e n c i e s .  

With a two-frequency sys tem,  t h i s  component t e n d s  t o  c a n c e l  

o u t  due t o  t h e  s u b t r a c t i o n  of t h e  powers a t  t h e  t w o  f r equen-  

c i e s .  T h i s  g i v e s  a system which i s  c o n s i d e r a b l y  more s e n s i -  

t i v e  t h a n  if o n l y  a s i n g l e  f requency were used .  
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S i n c e  t h e  sun was i n  the f a n  beam o f  t h e  a n t e n n a  for 

2 h o u r s  each d a y ,  i t  was p o s s i b l e  t o  make t w o  rims per  day 

w i t h  t h e  sun i n  t h e  h ighes t  gain p o r t i o n  o f  t he  beam. T r a n s -  

m i s s i o n  was for approx ima te ly  the c a l c u l a t e d  r o u n d - t r i p  t ime 

e a c h  day  ( a b o u t  1000 s e c ) ,  w i t h  a r e c e p t i o n  p e r i o d  of t h e  

same l e n g t h .  

The n o i s e  i s  p r i n c i p a l l y  g a l a c t i c  s k y  n o i s e  p l u s  i n t e r -  

f e r e n c e .  S o l a r  n o i s e  a t  t h i s  f r equency  i s  c a l c u l a t e d  t o  be 

o n l y  a few p e r c e n t  o f  t h e  g a l a c t i c  n o i s e ,  and t h e  sun i s  n o t  

" v i s i b l e "  when it p a s s e s  through t h e  a n t e n n a  beam u n l e s s  i t  

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

f r e q u e n c y .  The summer months were chosen for t h e  expe r imen t s  

because  t h e n  the  an tenna  g a i n  i s  h i g h e s t  at t he  high summer 

e l e v a t i o n  a n g l e  o f  the sun. I n  a d d i t i o n ,  t h e  background 

n o i s e  l e v e l  i s  m i n i m u m  for t h a t  area o f  t h e  sky in which t h e  

sun i s  l o c a t e d  d u r i n g  t ransi t .  The minimum e f f e c t i v e  a n t e n n a  

t e m p e r a t u r e ,  c o r r e c t e d  f o r  l i n e  l o s s e s ,  o c c u r s  i n  August and  

was t y p i c a l l y  measured t o  be 24,000°K. 
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CHAPTER IV 

SYSTEM ANALYSIS 

The s o l a r  radar sys tem d e s c r i b e d  p r e v i o u s l y  w i l l  be a n a -  

l yzed  i n  t h i s  c h a p t e r .  The e f f e c t s  o f  time s p r e a d ,  d o p p l e r  

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

Faraday  r o t a t i o n ,  and a g a u s s i a n  n o i s e  background w i l l  be 

d i s c u s s e d .  

The radar  c r o s s  s e c t i o n  o f  a t a r g e t  i s  d e f i n e d  as t h a t  

area normal to t h e  s i g n a l  p a t h  which would produce t h e  a c t u a l  

r e c e i v e d  power l e v e l  i f  t h e  power it i n t e r c e p t e d  from t h e  

t r a n s m i t t e r  were r e r a d i a t e d  i s o t r o p i c a l l y .  Accord ingly ,  t h e  

s t a n d a r d  radar e q u a t i o n  i s  

where Pr = r e c e i v e d  power 

Pt = t r a n s m i t t e d  power 

Gt  = t r a n s m i t t i n g  a n t e n n a  g a i n  

0 = t a rge t  r a d a r  c r o s s  s e c t i o n  

A = r e c e i v i n g  an tenna  e f f e c t i v e  area 

R = t a r g e t  r a n g e  

The f a c t o r  of  one-ha l f  a c c o u n t s  f o r  t h e  f a c t  t h a t  a l i n e a r l y  

p o l a r i z e d  an tenna  can i n t e r c e p t  o n l y  ha l f  o f  t h e  ene rgy  o f  a 

s i g n a l  whose p o l a r i z a t i o n  goes  t h r o u g h  s e v e r a l  r o t a t i o n s  

d u r i n g  r e c e p t i o n .  I n  James [1966] expe r imen t s  a t  38 MHz a r e  
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' r e p o r t e d  which showed t h a t  t h e  r e c e i v e d  s i g n a l  d i d  indeed go 

through a s u f f i c i e n t  number of p o l a r i z a t i o n  c y c l e s  such t h a t  

t h e  s i g n a l  e n e r g i e s  i n  two q u a d r a t u r e  l i n e a r  p o l a r i z a t i o n s  

were approx ima te ly  t he  same. Whether t h i s  was p r i n c i p a l l y  

due to changes i n  c o r o n a l  or i o n o s p h e r i c  Faraday r o t a t i o n  i s  

n o t  known. 

At 25 MHz the  number o f  r o t a t i o n s  i n  1000 s e e  due on ly  

to changes i n  the ionosphe re  i s  p robab ly  s u f f i c i e n t  t o  make 

u s e  o f  t h i s  f a c t o r  r e a s o n a b l e  for a n  i n d i v i d u a l  r u n ,  w h i l e  

for t he  sum of many runs t h e r e  i s  no doub t  a s  to i t s  v a l i d i t y .  

I f  p o l a r i z a t i o n  changes caused by e i t h e r  t h e  corona o r  t h e  

i o n o s p h e r e  cause  f a d i n g  which i s  f a s t  compared t o  t h e  l e n g t h  

o f  t h e  s i g n a l ,  t h e n  t h e i r  e f f e c t  may be inc luded  q u i t e  accu-  

r a t e l y  by t h e  f a c t o r  o f  one-ha l f .  The q u a n t i t a t i v e  e f f e c t  o f  

F a r a d a y - r o t a t i o n  s i g n a l  modulation w i l l  be cons ide red  l a t e r  

i n  d e t a i l .  

If t ime  sp read  of t h e  r e t u r n e d  s i g n a l  becomes comparable 

to t h e  b a s i c  p u l s e  l e n g t h ,  then t h e  e q u a t i o n  must be c o r r e c t e d  

f o r  t h e  r e s u l t a n t  l o s s  o f  power. 

The two-dimensional d i s t r i b u t i o n  i n  t ime  a n d  f r equency  

f o r  t h e  energy  o f  a r e t u r n e d  r a d a r  s i g n a l  of  s h o r t  d u r a t i o n  

i s  known as t h e  s c a t t e r i n g  f u n c t i o n  of a radar t a r g e t  [Green, 

19621 . Two one-dimensional  f u n c t i o n s  a r e  s a t i s f a c t o r y  t o  

d e s c r i b e  t h e  p r e s e n t  radar system. These a r e  t h e  echo power 

spec t rum G ( f )  a n d  t h e  power impulse  r e sponse  h ( t ) .  The 

f i r s t  i s  t h e  power spectrum of t h e  r e t u r n e d  s i g n a l  i f  a 



con t inuous  s i n u s o i d  were the  t r a n s m i t t e d  s i g n a l .  F i g u r e  4 

shows a p o s s i b l e  echo power spec t rum.  The second i s  t h e  

power r e c e i v e d  as a f u n c t i o n  of r e l a t i v e  d e l a y  i f  a s h o r t  

r a d i o  f requency  pulse were t r a n s m i t t e d .  F i g u r e  5 shows a 

p o s s i b l e  h ( t ) .  The power impu l se  r e s p o n s e  r e p r e s e n t s  a 

l i n e a r  f i l t e r  i n  terms of power. Thus, r e t u r n e d  s i g n a l  power 

0 RELATIVE FREOUENCY 

F i g .  4 .  A POSSIBLE ECHO SPECTRUM. 

0 RELATIVE DELAY 

F i g .  5 .  A POSSIBLE POWER IMPULSE RESPONSE. 

i s  s imply  a c o n v o l u t i o n  o f  t h e  power i n  t h e  t r a n s m i t t e d  

s i g n a l  with t h e  h ( t )  for t he  t a r g e t .  G e n e r a l l y ,  b o t h  o f  

these  f u n c t i o n s  v a r y  w i t h  time. Also it must be no ted  t h a t  

s i n c e  a g e n e r a l  s o f t  t a r g e t  could  produce f r e q u e n c y  s p r e a d i n g  

and t ime s p r e a d i n g  q u i t e  i n d e p e n d e n t l y  o f  each o t h e r ,  t h e  

r e d u c t i o n  o f  t he  s c a t t e r i n g  f u n c t i o n  t o  two one-dimensional  

SEL -67 -071 16 



d i s t r i b u t i o n s  i s  e q u i v a l e n t  t o  s t u d y i n g  a t a r g e t  w i th  a 

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

p r o d u c t  of  G ( f )  a n d  h ( t ) .  When knowledge o f  t h e  s c a t t e r -  

i n g  f u n c t i o n  can o n l y  be c rude ly  e s t i m a t e d ,  t h i s  t e c h n i q u e  

i s  e n t i r e l y  r e a s o n a b l e .  

The coding sequence s ( t )  i s  e i t h e r  plus o r  minus one 

f o r  4 s e e  a t  a time a c c o r d i n g  t o  t h e  s h i f t  r e g i s t e r  o u t p u t .  

T ransmiss ion  a t  f r equency  f l  occur s  for +1 a n d  f 2  for -1. 

The normal ized  a n a l o g  a u t o c o r r e l a t i o n  o f  s ( t )  (as  de r ived  

from t h e  p e r i o d i c  o u t p u t  o f  t h e  s h i f t  r e g i s t e r )  i s  

The d i g i t a l  form o f  t h e  s igna l  sequence i s  d e f i n e d  by 

Sk = s ( t )  t E (k-1,  k )  (4) 

The normal ized  d i g i t a l  a u t o c o r r e l a t i o n  of the  s igna l  i s  

1000 ~~ 

P j  1000 
k=l 

(5) 

T h i s  i s  shown i n  F i g .  6 f o r  j between +lo0 s e e .  Each - 
p l a t e a u "  r e p r c s e n t s  a p o i n t  o f  t h e  d i g i t a l  a u t o c o r r e l a t i o n  I t  

which i s  a sampl ing  of t h e  ana log  a u t o c o r r e l a t i o n  f u n c t i o n  

which i n  t u r n  i s  a c t u a l l y  con t inuous .  T h i s  f o r m a t  f o r  c o r r e -  

l a t i o n  p l o t t i n g  w i l l  be used h e n c e f o r t h .  There  a r e  s i d e l o b e s  

17 SEL -6 7 -0 7 1 



- 100 0 

TIME DELAY j (sec) 

100 

F i g .  6 .  SIGNAL AUTOCORRELATION. 

w i t h  about  h a l f  t h e  ampl i tude  o f  t h e  c e n t r a l  peak a t  2508 and 

t524 see  due t o  r e p e t i t i o n  of  t h e  sequence n e a r l y  t w i c e .  The 

s i g n a l  a r r i v a l  t ime ambigui ty  i s  o n l y  a few seconds s o  confu-  

s i o n  cannot r e s u l t .  

The t r a n s m i t t e d  s i g n a l ,  g iven  a s  v o l t a g e  on an e q u i v a l e n t  

1R t r a n s m i s s i o n  l i n e ,  i s  

+ d F s , ( t )  cos (2nf2t + @,) 

where P i s  t h e  average  t r a n s m i t t e r  power, f l  and f 2  a r e  

t h e  t r a n s m i t t i n g  f r e q u e n c i e s ,  q1 and 9, a r e  random phase 
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a n g l e s ,  wh i l e  s l ( t )  and s ( t )  a r e  t h e  channel  s i g n a l  

cod ings  g iven  by 
2 

r ( t )  

The r e c e i v e r  model i s  shown i n  F i g .  7. For  s i m p l i c i t y ,  

t h e  a n a l o g  s i g n a l s  i n  t h e  p r o c e s s o r  a r e  cons idered  t o  be a t  

t h e  a c t u a l  r e c e i v e d  f r e q u e n c i e s ,  i n s t e a d  of i n  t h e  aud io  

k 
(C 

BANDPASS 
FILTER SOUARER -C /(.Id, 

Hl(f) k- I 
5 - 

lo00 

k= I 
1 -ci 

f l  CHANNEL r(t) 

f2 CHANNEL At) 

k BANDPASS 

ANTENNA w 

- 

SIGNAL POWER POWER 
SEPARATION DETECTOR INTEGRATOR NORMALIZATION 
r--- 

FILTER - SQUARER -- I ( . ) d t  -c 

H d f )  k- I 
K2 - 

CROSSCORRELATION 
r 

I . 
\ J 

ANALOG SIGNALS DIGITAL SIGNALS 

F i g .  7. RECEIVER MODEL. 

r a n g e  a s  was t h e  a c t u a l  c a s e ,  s i n c e  a t r a n s l a t i o n  i n  f r e -  

quency does n o t  change t h e  e s s e n t i a l  c h a r a c t e r  o f  t h e  s i g n a l s .  

K1 a n d  K2 r e p r e s e n t  t h e  (unknown) g a i n s  o f  t h e  two 

19 SEL-67 -071 



c h a n n e l s .  Norma l i za t ion  of the  d L g L L L  daLa  p U . L K l L S  i n  eacn  

channe l  i s  done by d i v i d i n g  by t h e  mean o f  each  channe l .  

T h i s  r e s o l v e s  t h e  v a l u e s  o f  K1 a n d  K2 and a c c u r a t e l y  

b a l a n c e s  t h e  e f f e c t i v e  channe l  g a i n s .  The t ime index  k i s  

an  i n t e g r a l  number o f  seconds  from some conven ien t  r e f e r e n c e .  

Bandpass f i l t e r s  H l ( f )  and H 2 ( f )  have  t h e  same shape  

H ( f )  r e l a t i v e  t o  t h e  t r a n s m i t t e d  f r e q u e n c y  each  i s  t o  r e c e i v e .  

They i n c o r p o r a t e  all the  f r equency  c h a r a c t e r i s t i c s  o f  t he  

sys t em.  

Let  us assume t e m p o r a r i l y  tha t  there i s  no t ime sp read  

o r  f a d i n g  of t h e  s i g n a l .  L e t  t h e  n o i s e  be a d d i t i v e ,  s t a t i o n -  

a r y ,  g a u s s i a n ,  z e r o  mean, and w i t h  a f l a t  two-sided power 

spectrum, N ( f ) ,  o f  No/2 w a t t s h z  o v e r  a l l  frequencies o f  

i n t e r e s t .  Thus the  n o i s e ,  s i n c e  i t  i s  gaussian, i s  indepen-  

d e n t  i n  the  two c h a n n e l s .  I n  a c t u a l i t y ,  t he  n o i s e  i s  n o t  

gaussian as i s  a p p a r e n t  from the  high c o r r e l a t i o n  expe r i enced  

between the  v a l u e s  o f  xk and yk.  However, the  e x p e r i m e n t a l  

s t a t i s t i c s  o f  t h e  d i f f e r e n c e  dk  between t h e  channe l s  are  

n e a r l y  what i s  expec ted  for t h e  assumpt ion  of  g a u s s i a n  n o i s e  

a t  t he  i n p u t .  Hence much of  the  nongauss i an  n o i s e  does c a n c e l  

o u t  and t h e  i n i t i a l  assumpt ion  o f  gaussian n o i s e  is r e a s o n a b l e .  

The r e t u r n e d  s i g n a l  i s  modeled as a keyed,  narrowband,  random 

s i g n a l  n e a r  each o f  t h e  t r a n s m i t t e d  f r e q u e n c i e s .  The key ing  

o f  t h e s e  "random c a r r i e r  waves" i s  t o  cor respond t o  t h e  

o r i g i n a l  t r a n s m i t t e r  encoding  s i n c e  w e  are  t e m p o r a r i l y  
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9 
n e g l e c t i n g  t ime s p r e a d .  More p r e c i s e l y ,  t h e  r e c e i v e d  s i g n a l  

i s  assumed t o  be o f  the  form 

where s1 a n d  s2  a re  t h e  channel  codings  ( t - l ) ,  n i s  t h e  

background n o i s e ,  and  R i s  the  total power i n  t h e  r e t u r n e d  

s i g n a l .  The t ime f u n c t i o n s  gl a n d  g2 a r e  assumed t o  be 

i n d e p e n d e n t ,  s t a t i o n a r y ,  zero-mean, g a u s s i a n ,  nar rowband 

random p r o c e s s e s  w i t h  u n i t y  average power, which represent  

- 

the  d o p p l e r  e f f e c t s  produced by t h e  t a r g e t .  When G i ( f )  i s  

d e f i n e d  as t h e  power spectrum o f  g i ( t ) ,  then  

03 

where E [ * ]  d e n o t e s  s t a t i s t i c a l  e x p e c t a t i o n .  G l ( f )  a n d  

G 2 ( f )  

r e s p e c t i v e  o r i g i n a l  t r a n s m i t t e d  f r e q u e n c i e s  s i n c e  t h e  t r a n s -  

a re  d e f i n e d  t o  have t h e  same shape  r e l a t i v e  t o  t h e i r  

m i t t e d  f r e q u e n c i e s  are  c l o s e l y  spaced a n d  t h e  dopper  s p r e a d i n g  

a t  each  f r equency  w i l l  be  n e a r l y  i d e n t i c a l .  A p o s s i b l e  con- 

f i g u r a t i o n  i s  shown i n  F i g .  8. The p a i r s  o f  f r equency  func-  

t i o n s ,  G1 and G 2 ,  GI  and H2, G 2  and H1, H1 and H2, 

a r e  a l l  assumed to be d i s j o i n t .  T h i s  co r re sponds  t o  assuming 

t h a t  no energy  from one channel  o v e r l a p s  i n t o  t h e  o t h e r  chan- 

n e l .  Because t h e  G i ( f )  have t h e  same r e l a t i v e  shape ,  t h e  

e q u i v a l e n t  f u n c t i o n  G ( f )  w i l l  l a t e r  be used f o r  a l l  s p e c t r a l  

c o n s i d e r a t i o n s .  G ( f )  i s  def ined  as t h e  ( b a n d p a s s )  power 
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- f l  0 + f ,  FREQUENCY 

FREQUENCY 
+ f2 0 - f2 

F i g .  8 .  A POSSIBLE SET OF POWER SPECTRA FOR THE RANDOM 
CARRIERS. 

spectrum o f  t h e  random c a r r i e r s ,  when normal ized  i n  f r equency  

t o  t h e  same s i n g l e  f r equency .  A s imilar  argument j u s t i f i e s  

r e p r e s e n t i n g  Hl(f) and H 2 ( f )  o f  F i g .  7 by a n  e q u i v a l e n t  

H ( f ) ,  which i s  s t i l l  a bandpass  f u n c t i o n .  L e t  us f u r t h e r  

d e f i n e  t h e  ( s i n g l e  c h a n n e l )  n o i s e  bandwidth W o f  t h e  

r e c e i v i n g  sys tem as 

w =  

where fo i s  Some f r equency  w i t h i n  t h e  passband of H( f ) .  

It i s  convenient  t o  c o n s i d e r  

v a l u e  o f  H(f)l. Without  l o s s  of g e n e r a l i t y  w e  may t h e n  

c o n s i d e r  H ( f o ) /  normalized t o  u n i t y .  Thus 

f o  t o  cor respond t o  t h e  maximum 
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and 
m 

n 

I n  t h e  appendix ,  t he  system ana lys i s  i s  c a r r i e d  th rough  

w i t h  t h e  above a s sumpt ions  and t h e  a d d i t i o n a l  assumpt ion  t h a t  

the average i n p u t  s i g n a l - t o - n o i s e  power r a t i o  i s  s i g n i f i c a n t l y  

less  t h a n  u n i t y .  The s i g n a l  component o f  t h e  c o r r e l a t i o n  o u t -  

p u t  cj i s  shown t o  be 

ELC.1 = 10 3 E  
J NOW 'j-(T,-T0) (A-26) 

where f3 i s  t h a t  f r a c t i o n  o f  t he  t o t a l  received power R 

t h a t  i s  passed  th rough  t h e  f i l t e r i n g  c h a r a c t e r i s t i c s  o f  t h e  

system and i s  d e f i n e d  by [ c f .  (A-13)] 

-a3 

i s  the  normal ized  s i g n a l  a u t o c o r r e l a t i o n  s h i f t e d  ' j - ( TR-To ) 
by TR - To, where TR i s  t h e  s i g n a l  r o u n d - t r i p  t ime and 

To i s  t h e  p r o c e s s o r ' s  time o r i g i n .  S i n c e  TR - To i s  

g e n e r a l l y  n o t  an  i n t e g e r ,  t h e  s u b s c r i p t  j-(TR-To) impl ies  

sampl ing  o f  t h e  con t inuous  s i g n a l  a u t o c o r r e l a t i o n  f u n c t i o n  

a t  a n o n i n t e g r a l  value o f  s h i f t .  

The n o i s e  component o f  i s  shown t o  be 
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(A-44) 

T h i s  n o i s e  i s  dependent  o n l y  upon the  shape o f  t h e  e f f e c t i v e  

system passband.  

L e t  us d e f i n e  an e f f e c t i v e  i n p u t  s i g n a l - t o - n o i s e  r a t i o  

as t h e  r a t i o  o f  t o t a l  s i g n a l  power e n t e r i n g  t h e  sys tem t o  

t o t a l  n o i s e  power e n t e r i n g  t h e  sys t em.  S i n c e  R i s  t h e  

t o t a l  s i g n a l  power coming from the  a n t e n n a  a n d  p i s  t h a t  

f r a c t i o n  e n t e r i n g  t h e  system, c l e a r l y  f3R i s  t h e  i n p u t  

s i g n a l  power. W has been d e f i n e d  as t h e  e f f e c t i v e  n o i s e  

bandwidth; s o ,  s i n c e  t h e r e  are two channe l s  i n t e r c e p t i n g  

N o / 2  wa t t s /Hz  

t o t a l  n o i s e  power i s  

f o r  p o s i t i v e  and n e g a t i v e  f r e q u e n c i e s ,  t h e  

2N0W and t h e  e f f e c t i v e  i n p u t  SNR i s  

For maximizat ion o f  SNRin, i t  i s  n o t  p o s s i b l e  i n  g e n e r a l  

t o  s i m p l y  i n c r e a s e  t h e  bandwidth t o  make B -+ 1, s i n c e  t h e  

denominator  w i l l  l i kewise  i n c r e a s e .  L e t  us now d e f i n e  and 

examine the  o u t p u t  SNR.  The s i g n a l  o u t p u t  i s  E[CJ]. The 

power may be  d e f i n e d  as t h e  square o f  t he  height  o f  t h e  maxi- 

m u m  v a l u e ,  i . e . ,  where p = 1 due t o  an argument o f  z e r o .  

The n o i s e  power may be d e f i n e d  as t h e  v a r i a n c e  of 

f o r e  t h e  o u t p u t  SNR i s  
CJ. There 
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SNRo 
2 2  2 2  106(B R /N,W ) 

N,' I H ( f )  1 '  d f  
-w 

The optimum H ( f )  t o  maximize SNRo may now be found.  

SNRo 1 0 3 ~ ~  

NO 
2 CQ 

W 

I f  w e  m u l t i p l y  t h e  numera tor  and  denominator  by 

and use t h e  Cauchy-Schwarz i n e q u a l i t y  where in  f o r  any  r ea l  

G 2 ( f )  d f  
- W  

a and y 

( w i t h  e q u a l i t y  i f  and o n l y  if a = Ky, w i t h  K equal t o  

any  c o n s t a n t ) ,  t h e n  t h e  f o l l o w i n g  i n e q u a l i t y  h o l d s  
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" 1 a 

W 
SNRo = 7 1 G 2 ( f )  d f  

-a 
NO G 2 ( f )  d f  1 I H ( f ) I 4  d f  

-a 

2 where G + a ,  [ H I  + y,  and t h e  q u a n t i t y  i n  b r a c e s  i s  l e s s  

t h a n  o r  equal t o  one .  The maximum value o f  SNRo i s  

ob ta ined  i f  and o n l y  i f  

t i o n a l  t o  G ( f ) .  Then 

I H ( f )  I 2  i s  chosen t o  be p r o p o r -  

00 

103R2 1 G * ( f )  d f  
-a 

SNRo =2 
NO max 

a 

-a 
S i n c e  .f G ( f )  d f  i s  u n i t y ,  i t  i s  seen  t h a t  t h e  maximum 

SNR, 

G ( f )  curve  i s  d i s t r i b u t e d .  C l e a r l y  i f  G ( f )  i s  c o n c e n t r a t e d  

i s  s t r o n g l y  dependent  upon how the  area unde rnea th  t h e  

i n  a v e r y  narrow band, much less  n o i s e  has t o  be a d m i t t e d  i n  

o r d e r  t o  o b t a i n  most o f  t h e  s i g n a l  ene rgy  t h a n  i f  G ( f )  were 

w i d e l y  s p r e a d .  Thus a higher SNR, would r e s u l t .  
max 

A .  Time S p r e a d i n g  E f f e c t s  

The e f f e c t  o f  t ime s p r e a d i n g  upon d e t e c t i o n  o f  t h e  

r e t u r n e d  s i g n a l  may now be examined. L e t  t h e  power o f  a 

t r a n s m i t t e d  s i g n a l  be s ( t )  i n  t ime.  Then, as mentioned 

e a r l i e r ,  w e  may f i n d  the  power v s  t ime o f  t h e  r e t u r n e d  
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s i g n a l  by a c o n v o l u t i o n  w i t h  t h e  power impulse  r e s p o n s e  of  

t h e  t a r g e t .  Hence r e f l e c t e d  power as a f u n c t i o n  o f  time i s  

T h i s  i s  t h e  s i t u a t i o n  e x i s t i n g  w i t h  t h e  p r e s e n t  sys tem,  if 

s ( t )  i s  t h e  cod ing  sequence  and P ( t )  i s  unders tood  t o  be 

t h e  s i g n a l  (and a l lowed to be n e g a t i v e )  j u s t  a f t e r  channel  

s u b t r a c t i o n  ( see  F i g .  3 ) .  

L e t  us c o n s i d e r  t h e  c r o s s c o r r e l a t i o n  o p e r a t i o n  i n  terms 

o f  c o n t i n u o u s  s i g n a l s .  There i s  complete  e q u i v a l e n c e  between 

a con t inuous  a n d  a d i g i t a l  fo rmula t ion  o f  t h i s  o p e r a t i o n ,  t h e  

l a t t e r  s imply  b e i n g  a sampling o f  t h e  former .  The o p e r a t i o n  

( i g n o r i n g  t h e  c o n s t a n t  f a c t o r s )  t h e n  i s  

P ( t )  S ( t - . t )  d t  
0 

- - f h ( 6 )  s ( t - e )  s ( t - . t )  d t  d t  
0 -co 

00 T 
= 1 h(() 1 s( t -E)  s ( t - z )  d t  d [  

-00 0 

By a change of  v a r i a b l e  y = t-e, 

The nonze ro  e x t e n t  ( i . e . ,  t ime s p r e a d )  o f  h ( c )  i s ,  a t  most,  

s e v e r a l  s econds .  T h e r e f o r e ,  f o r  T = 1000, a v e r y  small 

27 SEL -6 7 - 07 1 



e r r o r  i s  i n t r o d u c e d  i f  t h e  l i m i t s  o f  t h e  i n n e r  i n t e g r a l  a r e  

changed t o  [0 ,  T I .  Thus,  f o r  T = 1000, 

The i n n e r  i n t e g r a l  i s  recognized  as t h e  s i g n a l  a u t o -  
c o r r e l a t i o n ,  10 3 p ( ~ - e ) .  Thus 

and we observe  a convo lu t ion  o f  t h e  t r a n s m i t  sequence a u t o -  

c o r r e l a t i o n  f u n c t i o n  w i t h  t h e  power impulse  r e s p o n s e  o f  t h e  

t a r g e t .  

Re tu rn ing  t o  t h e  d i g i t a l  c r o s s c o r r e l a t i o n  scherne, we 

obse rve  t ha t  no problems have been c r e a t e d ,  s i n c e  t h e  d i g i t a l  

t echn ique  s imply  e v a l u a t e s  C(z)  for i n t e g r a l  v a l u e s  of  T. 

Time s p r e a d i n g  due t o  t h e  t a r g e t  i s  t h u s  o b s e r v a b l e  a s  t h e  

d e p a r t u r e  f rom t h e  i d e a l  shape  o f  t h e  c r o s s c o r r e l a t i o n  c u r v e .  

I f  t h e  power impulse r e sponse  of  t h e  t a r g e t  were known 

e x a c t l y ,  t hen  t h e  optimum c o r r e l a t i o n  scheme ( f o r  a given 

t r a n s m i t t e d  s i g n a l )  would c r o s s c o r r e l a t e  t h e  r e t u r n e d  s i g n a l  

power w i t h  a r e p l i c a  of  t h e  t r a n s m i t t e d  s i g n a l  coding  which 

has been convolved w i t h  h ( t ) .  S i n c e  t h e  r e s u l t , s  o f  c o r r e l a -  

t i o n  d e t e c t i o n  and "matched f i l t e r i n g "  a r e  i d e n t i c a l ,  we s e e  

t ha t  t h i s  d e l i b e r a t e  d i s t o r t i o n  o f  t h e  " s t o r e d "  s i g n a l  w i l l  

maximize t h e  o u t p u t  SNR v i a  t h e  matched f i l t e r  concept  

[Davenport and Root, 19581. It. should  be noted  t h a t  t h i s  i s  

SEL -67 -071 28 



b 

a t r u e  o p t i m i z a t i o n  o n l y  if t h e  n o i s e  e n t e r i n g  t h e  c o r r e l a t i o n  

scheme i s  e s s e n t i a l l y  w h i t e .  If i t  were n o t ,  a "prewhi ten ing"  

or " b l e a c h i n g "  f i l t e r  would be n e c e s s a r y  a f t e r  t h e  s q u a r i n g  

o p e r a t i o n .  For  a narrowband gauss i an  n o i s e  p r o c e s s  w i t h  t h e  

power s p e c t r a l  d e n s i t y  shown i n  F i g .  g a y  t h e  power spec t rum 

o f  i t s  square ( a f t e r  f i l t e r i n g  o u t  t h e  doub le  f r equency  term) 

can  be shown t o  be  as i n  Fig.  gb [Davenport  and R o o t ] .  The 

INPUT POWER 
SPECTRUM 

- f0  0 

LOWPASS OUTPUT 
POWER SPECTRUM 

4 A 2 B 2  

+ f0 F REOUENCY 

-6 0 +B FREQUENCY 

F i g .  9. INPUT AND OUTPUT POWER SPECTRA FOR SQUARE-LAW 
DETECTION. 

o u t p u t  spec t rum o b v i o u s l y  i s  not  wh i t e .  However, t h e  impulse  

i s  removed when t h e  two channels  are  s u b t r a c t e d .  I n  a d d i t i o n ,  

s i n c e  t h e  s i g n a l  bandwidth i s  o f  t h e  o r d e r  o f  t h e  i n v e r s e  o f  

t h e  p u l s e  l e n g t h ,  t h e  e f f e c t i v e  bandwidth of  t h e  e q u i v a l e n t  
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matched f i l t e r  i s  s e v e r a l  o r d e r s  of magni tude smaller than  

t h e  b a n d w i d t h  B o f  F i g .  gb .  Thus t h e  c o r r e l a t i o n  o p e r a t i o n  

sees n o i s e  which i s  e s s e n t i a l l y  white  w i t h  a power s p e c t r a l  

d e n s i t y  approx ima te ly  equal to 4A2B, a n d  no p r e w h i t e n i n g  i s  

n e c e s s a r y .  

If both  t h e  echo power spec t rum and t h e  power impulse  

r e sponse  are known (and t h e i r  p r o d u c t  i s  t h e  s c a t t e r i n g  func -  

t i o n ) ,  then t h e  optimum sys tem f o r  maximum o u t p u t  SNR (for a 

f i x e d  s i g n a l )  c o n s i s t s  f i r s t  o f  an  i n p u t  f i l t e r  I H ( f )  I 
equal t o  t h e  square r o o t  o f  t h e  echo spec t rum and a power 

d e t e c t o r .  C o r r e l a t i o n  w i t h  t h e  t r a n s m i t t e d  s i g n a l  i s  t h e n  

performed a f t e r  i t  has f i r s t  been convolved w i t h  t h e  power 

impu l se  r e s p o n s e .  

The problem o f  choos ing  a p u l s e  l e n g t h  f o r  maximizing 

d e t e c t a b i l i t y  i s  e a s i l y  cons ide red  but n o t  r e a d i l y  r e s o l v e d .  

Observe from Eq. ( 2 4 )  t h a t  to maximize C ( O ) ,  s i n c e  h ( t )  

i s  f i x e d ,  we s imply  d e s i r e  p(-e) t o  be as l a r g e  as p o s s i b l e  

o v e r  t h e  range o f  nonzero  h ( e ) .  S i n c e  p i s  l i m i t e d  t o  

u n i t y ,  t h i s  co r re sponds  to making p r 1 o v e r  t h e  r a n g e  o f  

nonze ro  h .  T h i s  cannot  be done e x a c t l y ,  and can be 

approached o n l y  to t h e  e x t e n t  t h a t  t ime r e s o l u t i o n  i s  s a c r i -  

f i c e d .  However, f o r  p u l s e  l e n g t h s  much l o n g e r  than t h e  t ime 

s p r e a d ,  maximum d e t e c t a b i l i t y  i s  e s s e n t i a l l y  o b t a i n e d .  The 

d e s i r e  f o r  r e s o l u t i o n  of t h e  time sp read  c a l l s  f o r  p u l s e  

l e n g t h s  s h o r t e r  t h a n  t h e  s p r e a d ,  which r e d u c e s  t h e  o u t p u t  

SNR due t o  t he  o v e r l a p p i n g  o f  p u l s e  i n t e r v a l s .  

~ ~ - 6 7  -071 30 



? B.  Ampli tude F l u c t u a t i o n s  of t h e  Received S i g n a l  

A s  mentioned p r e v i o u s l y ,  amplitude f a d i n g  o f  t h e  r e t u r n e d  

s i g n a l  i s  c e r t a i n  t o  e x i s t ,  if o n l y  from Faraday r o t a t i o n  i n  

t h e  e a r t h ' s  a tmosphere  which causes p o l a r i z a t i o n  misa l ignment  

when an a n t e n n a  o f  o n l y  one l inear  p o l a r i z a t i o n  i s  used f o r  

r e c e p t i o n .  

employed and t h e  two p o l a r i z a t i o n  powers summed,  t h e n  t h e  

f a d i n g  e f f e c t s  o f  Faraday r o t a t i o n  ( b o t h  ea r th  and/or s o l a r )  

could  be e l i m i n a t e d .  

I f  a d u a l - p o l a r i z a t i o n  r e c e i v i n g  sys tem were 

The e f f e c t  o f  Faraday r o t a t i o n  ( f o r  a s i n g l e  l i n e a r  

p o l a r i z a t i o n )  i s  a t ime-vary ing  (power)  g a i n  w i t h  a r a n g e  o f  

[0 ,  13 

o f  measured c r o s s  s e c t i o n  a t  E l  Campo i n d i c a t e s  t h a t  changes 

o f  c r o s s  s e c t i o n  w i t h i n  h o u r s  a r e  p r o b a b l e .  V a r i a t i o n s  w i t h i n  

minu tes  and seconds  should  be cons ide red  a p o s s i b i l i t y  u n t i l  

r e s u l t s  show o t h e r w i s e .  

and an  average value of  one -ha l f .  The d a i l y  v a r i a t i o n  

If i t  i s  assumed t h a t  both c h a n n e l s  a r e  a f f e c t e d  equa l ly  

by f a d i n g ,  t h e n  a t  t he  p o i n t  a f t e r  channe l  s u b t r a c t i o n  t h e  

r e t u r n e d  s i g n a l  (no rma l i zed )  may be cons ide red  t o  be 

f ( t ) a ( t ) s ( t ) ,  where f ( t )  i s  t h e  Faraday ( e a r t h  and/or s o l a r )  

f a d i n g  power g a i n  f a c t o r  ( l i m i t e d  t o  [0,1]), a ( t )  i s  t h e  

i n s t a n t a n e o u s  c r o s s  s e c t i o n  of t h e  co rona ,  and s ( t )  i s  t h e  

t r a n s m i t  encod ing .  Observe t h a t  f ( t )  > - 0 and a ( t )  L, 0, 

whi le  s ( t )  can be p o s i t i v e  and n e g a t i v e .  T i m e  spread i s  

assumed n e g l i g i b l e .  I f  t he  changes i n  r e f l e c t e d  power l e v e l  

a r e  s low enough s o  t ha t  a r e c e i v e r ' s  bandwidth may f o l l o w  
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them, we a r e  j u s t i f i e d  i n  d e f i n i n g  an  i n s t a n t a n e o u s  c r o s s  

s e c t i o n .  Any measurement of c r o s s  s e c t i o n  i s  a t ime a v e r a g e  

of a ( t )  ove r  t h e  s i g n a l  i n t e r v a l .  If a ( t )  can v a r y  

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

s e c t i o n  may bear l i t t l e  resemblance  t o  t h a t  v a l u e  which might 

be cons idered  t h e  a v e r a g e  c r o s s  s e c t i o n  f o r  t h a t  day .  The 

i d e a l  measurement would be t o  o b t a i n  a ( t )  e x a c t l y ,  but  i f  

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

b e i n g  d o n e  i s  n e c e s s a r y .  The q u a n t i t y  a ( t )  should  be 

modeled a s  a n o n s t a t i o n a r y  random p r o c e s s  s i n c e  s t a t i o n a r i t y  

does  n o t  seem r e a s o n a b l e  here  due t o  t h e  c o r r e l a t i o n  e x p e r i -  

enced between c r o s s  s e c t i o n  and s o l a r  a c t i v i t y .  The concep t  

o f  an average  v a l u e  o f  a ( t )  thus  becomes somewhat ambiguous 

because a " t ime a v e r a g e "  i s  now a f u n c t i o n  o f  t ime.  To c i r -  

cumvent t h i s  d i f f i c u l t y ,  q u a s i - s t a t i o n a r i t y  o f  a ( t )  w i l l  be 

assumed. I f  o n l y  one run  were made  p e r  day ,  i t  would be 

d e s i r e d  tha t  t h e  c r o s s - s e c t i o n  measurement be r e p r e s e n t a t i v e  

o f  a ( t )  for t h e  e n t i r e  day .  Thus w e  could c o n s i d e r  t h e  

q u a s i - s t a t i o n a r y  mean E [ a ( t ) ]  = a t o  be t h e  a v e r a g e  o f  t h e  

t rue  n o n s t a t i o n a r y  p r o c e s s  o v e r  one day .  a ( t )  w i l l  f l u c t u a t e  

abou t  t h i s  mean and w i l l  [ i n  c o n j u n c t i o n  w i t h  f ( t ) ]  produce 

e r r o r s  i n  est imates o f  a when a r e f l e c t e d  s i g n a l  i s  

a n a l y z e d .  

- 

- 

The c r o s s c o r r e l a t i o n  p r o c e s s i n g  i s  ( i g n o r i n g  a c o n s t a n t  

f a c t o r )  
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A 

b 

The s i g n a l  component o f  C(T) i s  

Thus t h e  o u t p u t  i s  p r o p o r t i o n a l  t o  t h e  a v e r a g e  c r o s s  s e c t i o n .  

S i n c e  t he  a v e r a g e  o f  f i s  one -ha l f ,  t h i s  produces t h e  f a c t o r  

o f  one-ha l f  i n  t h e  radar  equa t ion  ( 2 )  a s  p r e v i o u s l y  d i s c u s s e d .  

Of i n t e r e s t  i s  t h e  v a r i a n c e  o f  C(z )  produced by f and 

a .  The f u n c t i o n  f i s  assumed t o  be a s t a t i o n a r y  random 

p r o c e s s  s o  t h a t  b o t h  f and a have a u t o c o r r e l a t i o n  f u n c t i o n s  

g i v e n  by 

Rf(~) = E [ f ( t )  f ( t + ~ ) ]  

R a ( " )  = E [ a ( t )  a ( t + ~ ) ]  

It i s  c o n v e n i e n t  t o  d e f i n e  

z ( t )  = f ( t )  a ( t )  

Hence 

RJ") = R y b )  

The v a r i a n c e  o f  C(T) i s  g iven  by 
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T 
z ( t )  s ( t )  s(t--c) d t I 2 }  - E2[C(-r)]  

S i n c e  i n t e r e s t  c e n t e r s  on t h e  e r r o r  i n  e s t i m a t i n g  t h e  c r o s s  

s e c t i o n ,  e v a l u a t i o n  o f  Var[C(O)]  i s  d e s i r e d  (assuming t h a t  

t h e  s i g n a l  peak i s  a t  z e r o  s h i f t ) .  Thus 

L L  

Var[C(O)]  = 11 E [ z ( t )  z ( e ) ]  s 2 ( t )  s 2 ( e )  d t  dE - E2[C(0) l  
0 0  

S i n c e  s ( t )  i s  +1 - a n d  t he  e x p e c t a t i o n  g i v e s  t h e  a u t o c o r r e l a -  

t i o n  o f  z ,  

A change o f  v a r i a b l e ,  @ = t - 4 ,  g i v e s  

The c a s e s  o f  s low a n d  f a s t  f a d i n g  may now be examined. 

We may speak of  a " f a d i n g  t ime" to  as t h a t  t ime s e p a r a t i o n  

between v a l u e s  o f  z ( t )  s u c h  t h a t  t h e y  a re  n e a r l y  independen t .  

It i s  ob ta ined  ( q u a l i t a t i v e l y  i n  t h i s  d i s c u s s i o n )  as t ha t  t ime 
-2 where R Z ( - c )  approaches  RZ(w) = z . See  F i g .  10 f o r  a n  

example.  
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I I 
0 r - '0 

Fig .  10. A POSSIBLE F A D I N G  AUTOCORRELATION FUNCTION. 

Slow f a d i n g  i s  the case where to >> T [ z ( t )  i s  c o r r e -  

l a t e d  over  l o n g  p e r i o d s  compared t o  T I .  Thus RZ(@) EZ: RZ(0) 

i n  t h e  i n n e r  i n t e g r a l  of Eq. (34);  and s i n c e  R Z ( 0 )  = 7 2  z , w e  

o b t a i n  

V a r [ C ( O ) ]  = T 2 F  - E2[C(0)]  

= T 2 F  - [ ~ & P ( O ) ] ~  
2 T -2 = T [ z  - z ]  

= T%ar[z]  (35) 

For the  case o f  f a s t  f a d i n g ,  we first d e f i n e  

(36) -2 A 

R Z ( T )  = RZ(7) - z 

Then Eq. (34) becomes 
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For  fas t  f a d i n g ,  to << T, t h e r e f o r e ,  t h e  i n n e r  i n t e g r a l  

l i m i t s  can be changed t o  +w - w i t h  n e g l i g i b l e  e r r o r .  

T w  

0 -03 
v a r [ c ( 0 ) 1  = j' j' f i z ( @ )  d @  

03 

( 3 8 )  

The l a t t e r  i n t e g r a l  i s  the  shaded area i n  F i g .  10 and i s  

p r o p o r t i o n a l  t o  t o ( z  - z ),  where the  c o n s t a n t  o f  p ropor -  7 -2 

t i o n a l i t y  depends o n l y  upon the g e n e r i c  form o f  R Z ( z ) .  I f  

R Z ( z )  

F i g .  11, the  c o n s t a n t  i s  u n i t y .  T h e r e f o r e  

i s  assumed t o  have the  s i m p l e  t r i a n g u l a r  shape  o f  

var[c(O)] = T t o  V a r [ z ]  (39)  

For  a n  R Z ( z ) ,  where to canno t  be e x p l i c i t l y  de t e rmined ,  

i t  is p o s s i b l e  t o  a lways make t h e  p r o p o r t i o n a l i t y  c o n s t a n t  

I I 

T "0 0 ++0 

F i g .  11. A TRIANGULAR FORM OF THE FADING AUTOCORRELATION 
FUNCTION. 
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. 
u n i t y  and t o  d e f i n e  t, such  tha t  t h i s  i s  t r u e .  I f  t h i s  i s  

done for a n  RZ(") c o n s i s t i n g  o f  a g a u s s i a n  c u r v e  on t o p  o f  
-2 z , it i s  found t h a t  to corresponds  t o  t h e  2 . 5  s t a n d a r d  

d e v i a t i o n s  p o i n t  on t he  gauss i an  cu rve  and a t  t h a t  p o i n t  i s  

reduced  t o  4.3 p e r c e n t  o f  i t s  peak va lue .  

shou ld  be cons ide red  as a d e f i n i t i o n  of  

r e s u l t s .  I n  summary: 

T h i s  i n t e r p r e t a t i o n  

f o r  t he  f o l l o w i n g  to 

T~ ~ a r [ z ]  slow ( t o  >> T )  

T t o  V a r [ z ]  fas t  ( t o  << T )  

v a r [ c ( o ) ]  = 

We may d e f i n e  t h e  normal ized  s t a n d a r d  d e v i a t i o n  of t he  e r r o r  

by 

s low 

I f  w e  d e f i n e  a normal ized  s t a n d a r d  d e v i a t i o n  o f  t h e  f a d i n g  

f u n c t i o n  as 

w e  t h e n  have 

s l o w  ( to  >> T )  

f a s t  ( t o  << T) 
37 
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of  n o t  having  any s i d e l o b e s  comparable 

For an  example u s i n g  F i g .  12 ,  l e t  

1000 s e c  s i g n a l .  The v a l u e  of  aE/oz 

0.3.  If t h e  s t a n d a r d  d e v i a t i o n  o f  the  

t o  Rz(0). 

= 100 s e c  w i t h  a 

i s  t h e n  approx ima te ly  

f a d i n g  f a c t o r  were 

t 

Thus we have t h e  f r a c t i o n a l  e r r o r  of  t he  c r o s s  s e c t i o n  

r e l a t e d  t o  t h e  f r a c t i o n a l  v a r i a t i o n  of t h e  f a d i n g  f u n c t i o n  

i n  terms o f  t h e  f a d i n g  t ime  a n d  t h e  l e n g t h  of t h e  s i g n a l .  

This  r e s u l t  has g e n e r a l  a p p l i c a t i o n  t o  a n y  sys t em.  

For comparison pu rposes ,  t he  e x a c t  s o l u t i o n  o f  
aE/oz 

u s i n g  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  F i g .  11 has  been 

c a r r i e d  th rough  beg inn ing  w i t h  Eq. ( 3 4 ) .  The r e s u l t ,  w i t h  

a l l  terms d e f i n e d  as above,  i s  

I n  F i g .  1 2 ,  uE/az from Eq.  (43) f o r  v a r i o u s  v a l u e s  o f  T 

and to 
l i n e s ) .  

f u n c t i o n  i s  p l o t t e d  a s  d a s h e d  l i n e s  and i s  p robab ly  r e p r e s e n -  

t a t i v e  o f  t h e  e x a c t  r e s u l t s  o b t a i n a b l e  from t h e  c l a s s  o f  

i s  p l o t t e d  f o r  t h e  slow a n d  f a s t  f a d i n g  c a s e s  ( s o l i d  

The e x a c t  s o l u t i o n  f o r  the  t r i a n g u l a r  a u t o c o r r e l a t i o n  

a u t o c o r r e l a t i o n  f u n c t i o n s  which a r e  w e l l  behaved i n  t h e  s e n s e  

50 p e r c e n t  o f  i t s  a v e r a g e  v a l u e ,  we could e x p e c t  t h e  e r r o r  

i n  t h e  measurement o f  t h e  c r o s s  s e c t i o n  t o  have a s t a n d a r d  
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F i g .  1 2 .  FRACTIONAL MEASUREMENT ERROR AS A FUNCTION OF 
FADING TIME AND SIGNAL LENGTH. 

d e v i a t i o n  of 15 p e r c e n t  r e l a t i v e  t o  t h e  t r u e  c r o s s - s e c t i o n  

va lue .  

It shou ld  be no ted  t h a t  s i n c e  RZ(.) i s  the p r o d u c t  of 

R f ( ~ )  and Ra(s), t h e  f a d i n g  t ime of  R , ( a )  i s  e s s e n t i a l l y  

de te rmined  by t h e  minimum v a l u e  o f  t h e  f a d i n g  times f o r  f 

and  a i n d i v i d u a l l y ,  w i t h  t h i s  approximat ion  becoming e x a c t  

as  t h e  r a t i o  of i n d i v i d u a l  f a d i n g  times becomes la rge .  Thus 

w e  see  tha t  if b o t h  f ( t )  and a ( t )  change v e r y  slowly, 

measurement e r r o r s  w i l l  be l a rge ,  while i f  e i t h e r  changes 

v e r y  f a s t ,  t he  e r r o r  xi11 be small. I f  a d u a l  p o l a r i z a t i o n  
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system i s  used,  f ( t )  = 1 and R Z ( z )  = R , ( T ) .  

While R ( T )  i s  e s s e n t i a l l y  an unknown f u n c t i o n  o f  t h e  a 
corona ,  R f ( ~ )  can be e s t a b l i s h e d  q u i t e  w e l l  f rom t h e  assump- 

t i o n s  made above.  We have assumed t h a t  f ( t )  i s  a s t a t i o n a r y  

random p r o c e s s  r e s t r i c t e d  t o  t h e  range  [0 ,  11. It a r i s e s  a s  

t h e  squa re  of  t h e  s i n e  o f  a phase a n g l e  which we s h a l l  assume 

t o  be u n i f o r m l y  d i s t r i b u t e d  over  [0 ,  277-1. Thus 

2 f ( t )  = s i n  e ( t )  

where the  p r o b a b i l i t y  d e n s i t y  o f  0 i s  

( 4 5 )  

Hence 

Using Parzen [1960] ,  t h e  p r o b a b i l i t y  d e n s i t y  of f may be 

r e a d i l y  found t o  be 

The mean s q u a r e  v a l u e  of f i s  

I I 
3 
8 df = E [ f * ]  = 1 f 2 p f ( f )  d f  = 

f 2  

0 

Thus 
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I f  a ( t )  i s  f i x e d  and e q u a l  t o  u n i t y ,  t h e n  from E q .  ( 4 2 )  

Thus,  i n  a d d i t i o n  t o  caus ing  a l o s s  o f  h a l f  o f  t h e  power 

f o r  a l i n e a r  p o l a r i z e d  an tenna ,  Faraday r o t a t i o n  can a l s o  

c a u s e  s u b s t a n t i a l  measurement e r r o r s .  Cons ider  a f a d i n g  t ime  

o f  300 s e e  and a s i g n a l  o f  1000 s e e  d u r a t i o n .  With oz as 

above ,  t h e n  o 

p e r c e n t  o f  t h e  a c t u a l  c r o s s - s e c t i o n  v a l u e .  

t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  e r r o r ,  i s  40 E’ 

When t h e  t o t a l  columnar e l e c t r o n  c o n t e n t  o f  t h e  s i g n a l  

p a t h  i s  changing  l i n e a r l y  w i t h  t ime,  t h e  p o l a r i z a t i o n  a n g l e  

w i l l  a l s o  change l i n e a r l y .  I f  t h i s  h o l d s  t r u e  o v e r  a s i g n a l  

i n t e r v a l ,  

f ( t )  = C O S  2 (uOt + e )  

where 8 i s  a random phase  ang le  which i s  un i fo rmly  d i s t r i b -  

u t e d  on [O, 2 7 ~ 3 .  T h e n  i t  can be d i r e c t l y  found tha t  

(53) 1 1  R f ( ~ )  = 7 + g- C O S  2mOz 

I f  a ( t )  i s  assumed t o  be  u n i t y ,  w e  may e v a l u a t e  

Eq .  ( 3 4 )  for t h i s  form o f  f(t). The e v a l u a t i o n  i s  s t r a i g h t -  

forward and produces  

2 s i n  moT 

8 w  var [c (0 )1  = 2 
0 

(54) 
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For v e r y  slow f a d i n g ,  cu0 approaches  z e r o  and 

T2 lim v a r [ c ( o ) ]  = - 8 
"04 

(55) 

S i n c e  V a r [ z ]  i s  1/8 [Eq. ( 5 0 ) ] ,  Eq. (55) thus agrees w i t h  

Eq. ( 4 0 )  i n  t h e  s low f a d i n g  case.  For  t h e  f a s t  f a d i n g  c a s e ,  

to  
minimum and maximum o f  f ( t ) .  Hence to  becomes a/2cuo. 

Thus f o r  t h e  squared s i n u s o i d  form o f  f ( t ) ,  t h e  o u t p u t  

v a r i a n c e  when compared t o  t h e  comple t e ly  random c a s e  i s  

smaller (for f a s t  f a d i n g )  by a f a c t o r  o f  

may r e a s o n a b l y  be d e f i n e d  as t h e  t ime between an a d j a c e n t  

2 2 s i n  cuoT 
< 1  

TUoT 

The e x p r e s s i o n  f o r  f r a c t i o n a l  e r r o r  can be e v a l u a t e d  and i s  

S i n c e  oz i s  known, 

[ s i n  woT/ 
OE = cooT 

The r e a s o n  f o r  t h e  squared s i n u s o i d  form of' f ( t )  g i v i n g  

a s m a l l e r  e r r o r  i s  because  i t s  s t r u c t u r e  f o r c e s  i t  t o  be a 

b e t t e r  "ave rage r"  t h a n  a comple t e ly  random p r o c e s s .  

The assumpt ion  o f  q u a s i - s t a t i o n a r i t y  f o r  a( t )  c r e a t e s  
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a problem when more than  one run i s  made on a given day, 

s i n c e  we a r e  now a b l e  t o  make s e v e r a l  e s t i m a t e s  o f  a ( t )  

s l i g h t l y  d i f f e r e n t  t i m e s .  If s e v e r a l  measurements n e a r  t h e  

same t ime  g i v e  n e a r l y  i d e n t i c a l  r e s u l t s ,  then  t h e  q u a s i -  

s t a t i o n a r y  assumption would appear  t o  be j u s t i f i e d  and 

and/or  oz must be q u i t e  sma l l .  

a t  

to 

I f  a l a r g e  s c a t t e r i n g  of measured v a l u e s  r e s u l t s  f rom 

s e v e r a l  s u c c e s s i v e  measurements, t hen  from t h e  s t a n d a r d  

d e v i a t i o n  o f  t h e  measured va lues  and by use  of  F i g .  1 2 ,  a 

r e l a t i o n  between to and 

s i o n  o f  measured v a l u e s  d i sp layed  a somewhat s t e a d y  prog-  

r e s s i o n ,  t h i s  would i n d i c a t e  t h a t  t h e  c r o s s  s e c t i o n  was 

indeed  changing and t h e  q u a s i - s t a t i o n a r y  assumption would 

may be o b t a i n e d .  If a s u c c e s -  5z 

c l e a r l y  be i n  e r r o r .  It would be a p p a r e n t ,  however, t h a t  

to and/or oz were sma l l  o r  t h i s  could n o t  be observed .  

From t h e  a n a l y s i s  above, t h e  e f f e c t  o f  v a r i o u s  assumed 

modes o f  behav io r  f o r  i onosphe r i c  f a d i n g  and c r o s s - s e c t i o n  

f l u c t u a t i o n s  may be r e a d i l y  e v a l u a t e d .  From t h e  a n a l y s i s ,  

we s e e  t h a t  t h e  measurement of c r o s s  s e c t i o n  ob ta ined  i s  

e x a c t l y  t h e  t ime  ave rage  of a(t) over  t h e  s i g n a l  i n t e r v a l .  

The e r r o r  we have eva lua ted  i s  i n  te rms  o f  how w e l l  this 

measurement r e p r e s e n t s  t h e  average  v a l u e  o f  t h e  c r o s s  s e c t i o n  

o v e r  p e r i o d s  o f  t ime much l a r g e r  t h a n  a s i g n a l  i n t e r v a l .  
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CHAPTER V 

SYSTEM VALIDATION 

The c l a im w i l l  be made i n  Chapter  V I  t h a t  t h e  data  

t a k e n  and ana lyzed  w i t h  t h e  S t a n f o r d  s o l a r  r a d a r  show t h a t  

t h e  r a d a r  c r o s s  s e c t i o n  o f  t h e  sun was below t h e  system's  

s e n s i t i v i t y  t o  d e t e c t ,  even when many r u n s  were summed. 

Befo re  t h i s  can be accep ted  as p r o b a b l e ,  a s u b s t a n t i a l  

e f f o r t  must be made t o  prove t h e  v a l i d i t y  o f  t h e  system a s  

a p r o p e r l y  f u n c t i o n i n g  radar .  T h i s  w i l l  now be done.  A 

d e s c r i p t i o n  w i l l  be g iven  o f  t h e  t e c h n i q u e s  used t o  main ta in  

t ime  s y n c h r o n i z a t i o n ,  f r equency  a c c u r a c y ,  a n d  a n t e n n a  a l i g n -  

m e n t .  The use  of  s e v e r a l  sets o f  o u r  a r t i f i c i a l  data  a n d  

a c t u a l  d a t a  f rom t h e  E l  Campo i n s t a l l a t i o n  t o  check t h e  

sys tem w i l l  a l so  be d i s c u s s e d .  

The computa t iona l  scheme f o r  d e t e r m i n i n g  t h e  phas ing  of 

t he  an tenna  e lements  f o r  a c e l e s t i a l  t a r g e t  d u r i n g  t r a n s i t  

has been f u l l y  v e r i f i e d  by ove r  5 y e a r s  of  e x t e n s i v e  l u n a r  

r a d a r  i n v e s t i g a t i o n s  ( s e e  r e f e r e n c e s  l i s t e d  under  S t a n f o r d  

Rad iosc i ence  L a b o r a t o r y ) .  The p h a s i n g  c a l c u l a t i o n s  used i n  

t h e  s o l a r  work have s i n c e  been i n d e p e n d e n t l y  r e c a l c u l a t e d  

and a re  i n  agreement w i t h  t h o s e  used d u r i n g  t h e  expe r imen t s .  

S i n c e  t h e  e l e v a t i o n  of  the sun i s  high d u r i n g  t h e  summer 

months,  i o n o s p h e r i c  r e f r a c t i o n  i s  q u i t e  s m a l l ,  b u t  a c o r r e c -  

t i o n  was m a d e  t o  accoun t  f o r  t h i s  e f f e c t .  The c o r r e c t i o n  

scheme was t h e  same as a p p l i e d  t o  t h e  l u n a r  work .  

The g a i n  o f  t h e  an tenna  was measured by comparing moon 
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bounce s igna l  s t r e n g t h  t o  that  ob ta ined  w i t h  a r e f e r e n c e  

d i p o l e .  The measured g a i n  was 25.3 dB ove r  i s o t r o p i c .  T h i s  

v a l u e  compared v e r y  w e l l  w i t h  t he  t h e o r e t i c a l  d e s i g n  gain of  

25.9 dB [Howard, 19651, which shows t h a t  t h e  phasing c a l c u l a -  

t i o n s  g i v e  t h e  p r o p e r  beam p o s i t i o n i n g .  A fu r ther  v e r i f i c a -  

t i o n  o f  p o i n t i n g  a c c u r a c y  was tha t  t h e  measured moon s i g n a l s  

c o n s i s t e n t l y  gave a l u n a r  r a d a r  c r o s s  s e c t i o n  o f  7 p e r c e n t  

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

Dur ing  a s o l a r  run, t h e  t r a n s m i t t e r  power l e v e l  was 

c o n t i n u o u s l y  mon i to red .  With the power l e v e l  used ,  i f  t h e  

power was f o r  some reason  b e i n g  d i s s i p a t e d  e l sewhere  than  

t h e  a n t e n n a ,  i t  would be r e a d i l y  a p p a r e n t  by t h e  smoke and/or 

f i r e .  T h i s  same t r a n s m i t t e r  a t  t h e  same f r equency  a n d  w i t h  

t h e  same power o u t p u t  was used f o r  t h e  s u c c e s s f u l  l u n a r  work. 

The t r a n s m i t t e r  coding  was checked by comparing the  

s t r i p  c h a r t  r e c o r d  o f  t he  keying  w i t h  t h e  c o r r e c t  sequence .  

I n  a d d i t i o n ,  s i n c e  t h e  t a p e  r e c o r d e r  was s t a r t ed  b e f o r e  t h e  

t r a n s m i t t e r  s t o p p e d ,  a n  independent  check upon t h e  t r a n s m i t t e r  

o p e r a t i o n  could be made. Such a check was p o s s i b l e  because 

t h e  r e c e i v e r s ,  a l though i s o l a t e d  a s  much as p o s s i b l e  from t h e  

t r a n s m i t t e r ,  n e v e r t h e l e s s  picked up t h e  s i g n a l  and recorded  

i t  on t h e  t a p e ,  t h u s  a l l o w i n g  the t r a n s m i t t e r  f r equency  

s h i f t i n g  t o  be checked w i t h  r e f e r e n c e  to t h e  t i m i n g  and 

r e f e r e n c e  p u l s e s  r eco rded  on the  t a p e .  The s t r i p  c h a r t  a l s o  

had t h e  t i m i n g  a n d  r e f e r e n c e  pu l ses  r eco rded  upon i t .  The 

r e f e r e n c e  p u l s e s  were always begun a t  a p r e s e l e c t e d  t ime  w i t h  
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r e f e r e n c e  t o  t h e  t r a n s m i t  beg inn ing .  Thus,  by checking  t h e  

s t r i p  c h a r t  and  t h e  magnet ic  t a p e ,  t h e  a b s o l u t e  t ime  r e f e r e n c e  

could be v e r i f i e d  and t h i s  was done f o r  e v e r y  r u n .  

From obse rv ing  t h e  a c t u a l  f requency  o f  t h e  t a i l  end o f  

t h e  t r a n s m i t  s i g n a l  on t h e  t a p e ,  i t  could be determined i f  

t h e  r e c e i v e r s  and the  t r a n s m i t t e r  had t h e  p r o p e r  f requency  

r e l a t i o n s h i p  a n d  t h a t  t h e  mixing o p e r a t i o n s  i n  t h e  r e c e i v e r  

were p rope r .  To p r e s e r v e  t h e  p r o p e r  s e n s e  o f  f requency  on 

t h e  t a p e ,  t h e  r e c e i v e r  must e q u i v a l e n t l y  perform a " low-s ide"  

mixing o p e r a t i o n .  Then i f  a r e c e i v e r  was t u n e d  h i g h e r  t han  

a t r a n s m i t t e d  s i n e  wave s i g n a l ,  t h e  f r equency  o f  t h e  s i n e  wave 

on t h e  t a p e  would be lower by t h e  same amount when compared 

t o  t h e  t a p e  f r equency  which co r re sponds  t o  t h e  r e c e i v e r ' s  

i n t e r m e d i a t e  f r equency .  (See  Tab le  1.)  The t a p e  r e c o r d e r  

zero-doppler  f r equency  i s  t h e  f r equency  a c t u a l l y  found a t  t h e  

beginning  of t h e  tapes due t o  t h e  t r a n s m i t t e r .  T h i s  obse rva -  

t i o n  showed t h a t  t h e  r e c e i v e r s  and t h e  t r a n s m i t t e r  were 

p r o p e r l y  t u n e d .  

P rocess ing  o f  t h e  d a t a ,  which was n o t  done i n  r e a l  t i m e ,  

c r i t i c a l l y  depended upon t h e  t i m e  r e f e r e n c e  r eco rded  on t h e  

t a p e  d u r i n g  r e c e p t i o n .  Absolu te  t i m i n g  was d e r i v e d  from t h e  

f i r s t  c lock  p u l s e  a f t e r  an unambiguous s t e p  i n  t h e  t i m i n g  

c h a n n e l .  R e l a t i v e  t i m i n g  was t h e n  d e r i v e d  from t h e  ensu ing  

pulses a t  t h e  1 s e e  c l o c k  r a t e .  Each c l o c k  p u l s e  produced 

a d a t a  p o i n t  (xk  o r  y k ) .  Any e x c e s s  o r  d e f i c i e n c y  o f  

p u l s e s  would cause  s i g n a l  d i s t o r t i o n  and loss o f  a b s o l u t e  
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t i m i n g .  

scheme was used whereby s i n g l e  c l o c k  p u l s e s  could be accepted  

a t  a r a t e  o n l y  s l i g h t l y  f a s t c r  t han  t h e  noiiiinal 1 Hz r a t e .  

I f  n o i s e  p u l s e s  were p r e s e n t ,  they would be ignored  u n l e s s  

To combat p o s s i b l e  no i se  i n  t h e  t i m i n g  c h a n n e l ,  a 

t h e y  occur red  j u s t  p r i o r  t o  a t r u e  p u l s e .  I n  t h i s  c a s e ,  t h e  
I 

I 
I 

n o i s e  p u l s e  would t r i g g e r  t h e  sampl ing  and t h e  t r u e  p u l s e  

would be i g n o r e d .  

s u c c e s s i v e  data  p o i n t s ,  b u t  a b s o l u t e  t i m i n g  would be rnain- 

t a i n e d .  

t i m i n g  channe l  could be t o l e r a t e d  w i t h  t h i s  scheme, producing  

o n l y  small e r r o r s  i n  t h e  sampled p o i n t s  b u t  e n s u r i n g  a c c u r a t e  

t i m i n g .  

t h i s  scheme, b u t  i t  was used t o  g u a r a n t e e  t h a t  t i m i n g  was 

p r o p e r l y  m a i n t a i n e d .  I n  t h e  u n l i k e l y  e v e n t  o f  t h e  l o s s  of  

one or more c l o c k  p u l s e s ,  t h e  problem would be a p p a r e n t  by 

large d e v i a t i o n s  of  t h e  d a t a  p o i n t s  from the  a v e r a g e .  All 

r u n s  w i t h  such  d e v i a t i o n s  were  checked and i n  o n l y  one c a s e  

w a s  t h e  l o s s  of a t ime pulse r e s p o n s i b l e .  

no t i m e  p u l s e s  were m i s s i n g  i n  t he  v i c i n i t y  o f  t h e  l a r g e  

d e v i a t i o n s .  High l e v e l s  were seen  i n  t h e  d a t a  c h a n n e l s ,  

e v e r ,  a n d  t h u s  t h e s e  l a r g e  va lues  r e p r e s e n t e d  t h e  t r u e  d a t a .  

To s u b s t a n t i a t e  t h i s  f i n d i n g ,  t he  runs were reduced a g a i n  and 

gave i d e n t i c a l  r e s u l t s .  

A v e r y  smal l  e r r o r  would e x i s t  i n  two I 

Up t o  s e v e r a l  seconds o f  con t inuous  n o i s e  i n  t h e  I 
I 

~ 

Only a v e r y  small number o f  runs a c t u a l l y  r e q u i r e d  

For the  o t h e r  runs, 

how- 

S e v e r a l  schemes were used t o  check t h e  e n t i r e  sys tem.  

The da ta  p r o c e s s i n g  program f o r  t h e  IBM 7090 computer had a 

s e l f - c h e c k i n g  r o u t i n e  which cons t ruc t ed  a n  a r t i f i c a l  s i g n a l  
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and performed the  c r o s s c o r r e l a t i o n .  S e v e r a l  a r t i f i c i a l  

s i g n a l s  were c o n s t r u c t e d  on magnet ic  t a p e  and used f o r  check-  

i n g  t h e  p r o c e s s i n g .  Two n o i s e - f r e e  t e s t  s i g n a l s  were r eco rded  

w i t h  t h e  s i g n a l  s p e c i f i c a l l y  l o c a t e d  w i t h  r e s p e c t  t o  t h e  

s t a n d a r d  t i m i n g  fo rma t .  These s i g n a l s  provided  an  a c c u r a t e  

assessment  o f  t he  p r o c e s s o r  Is t i m i n g .  I n  a d d i t i o n ,  t h r e e  

tes t s  were run u s i n g  t h e  e n t i r e  r e c e i v i n g  sys tem,  i n c l u d i n g  

t h e  a n t e n n a .  The s h i f t  r eg i s t e r  was used t o  s w i t c h  between 

two s i g n a l  g e n e r a t o r s  i n  o r d e r  t o  c o n s t r u c t  t h e  s i g n a l  which 

was then  connected t o  a small a n t e n n a  on the  r o o f  o f  t h e  

s t a t i o n .  T h i s  a n t e n n a  was a i m e d  toward t h e  l o g - p e r i o d i c  

a r r a y ,  which was phased as f o r  a normal  da t a  r u n .  The a m p l i -  

tude  was f i r s t  ad jus t ed  s o  t h a t  t h e  s i g n a l  and n o i s e  power 

l e v e l s  i n  t he  r e c e i v e r s  were equal and t h e n  was a t t e n u a t e d  

by the d e s i r e d  amount. The s t a n d a r d  t i m i n g  format  was used, 

w i t h  t h e  p r o c e s s o r  t ime o r i g i n  i d e n t i c a l  w i t h  t h e  beg inn ing  

o f  the  " t r a n s m i t t e d  s i g n a l .  The r e s u l t a n t  c r o s s c o r r e l a t i o n  

f o r  a t e s t  s igna l  which was 2 3  dB below t h e  n o i s e  [as d e f i n e d  

by Eq. (14)] i s  shown i n  F i g .  13. I n t e r f e r e n c e  was s e v e r e  

d u r i n g  the  t e s t s  a n d  produced l a r g e  f l u c t u a t i o n s  i n  t h e  o u t -  

p u t .  The o u t p u t s  o f  t h e  p r o c e s s o r  f o r  a l l  t e s t  runs gave 

r e s u l t s  i n  c l o s e  agreement  w i t h  t h e  i n p u t  s i g n a l  l e v e l s .  

For ac tua l  data  runs t h a t  were r e l a t i v e l y  f r e e  from 

i n t e r f e r e n c e ,  the  v a r i a n c e  of t h e  d i f f e r e n c e  between the  

channe l s  d k  a n d  t he  c o r r e l a t i o n  o u t p u t  C J  were v e r y  c l o s e  

t o  t h a t  c a l c u l a t e d  f o r  g a u s s i a n  n o i s e  i n  Chapter  I V .  The 
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F i g .  13. TEST SIGNAL OUTPUT CORRELATION. 

v a r i a n c e  o f  t h e  d a t a  p o i n t s  x a n d  yk was g e n e r a l l y  

c o n s i d e r a b l y  larger  than t h a t  which a g a u s s i a n  n o i s e  i n p u t  
k 

would be expected t o  produce .  The c o r r e l a t i o n  c o e f f i c i e n t  

between t h e  s e t  o f  d a t a  p o i n t s  

c a l c u l a t e d  f o r  a l l  runs and t h e  f i g u r e  o b t a i n e d  was g e n e r a l l y  

above 0.9 w i t h  v a l u e s  o f  0.96 t o  0.99 b e i n g  q u i t e  t y p i c a l .  

The h i g h  v a r i a n c e  of  each  channel  i s  due t o  a l a c k  of s t a t i s -  

t i c a l  s t a t i o n a r i t y  i n  t h e  i n p u t  n o i s e .  However, t h e  non- 

xk, yk f o r  each  channel  was 

s t a t i o n a r y  component a p p a r e n t l y  c a n c e l s  o u t  q u i t e  w e l l  and 

j u s t i f i e s  the  approximat ion  of the  i n p u t  n o i s e  by a g a u s s i a n  

p r o c e s s .  The high c o r r e l a t i o n  between 16 kHz b a n d w i d t h  

c h a n n e l s  spaced 50 kHz a p a r t  i s  seen  by comparing t h e  p l o t s  

i n  F i g .  14a, b .  These p l o t s  a r e  of  xk and yk for 1,000 
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TYPICAL DATA FROM A RUN I N  THE 1965 SERIES FiT'i'A:i 589 -2 ) . 
data p o i n t s  f o r  a t y p i c a l  run from the  1965 s e r i e s .  It i s  

d i f f i c u l t  t o  see d i f f e r e n c e s  between the  p l o t s .  The c o r r e l a -  

t i o n  c o e f f i c i e n t  f o r  t h i s  run was c a l c u l a t e d  t o  be 0.990. 

The t e s t  t a p e s  were reduced a t  regular i n t e r v a l s  d u r i n g  

a c t u a l  data  r e d u c t i o n  t o  check upon the  p r o c e s s o r ' s  p e r f o r -  

mance. I n  a d d i t i o n  t o  t he  checks  above ,  a s e r i e s  o f  p l o t s  

f o r  eve ry  run was produced by an a u t o m a t i c  d i g i t a l  p l o t t e r  

which showed t h e  values o f  xk,  yk,  d k ,  a n d  . The means 

and v a r i a n c e s  o f  t hese  v a r i a b l e s  were computed as w e l l ,  which 

t h e n  al lowed e x t e n s i v e  comparison w i t h  expec ted  r e s u l t s .  

For a f i n a l  check upon the  s i g n a l  p r o c e s s i n g ,  a c t u a l  

s o l a r  r a d a r  data ,  which were k i n d l y  f u r n i s h e d  by t h e  E l  Campo 

i n s t a l l a t i o n ,  were reduced w i t h  the  S t a n f o r d  s igna l  p r o c e s s o r .  

The t r a n s m i t t e d  s i g n a l  used t o  o b t a i n  t he  da t a  was n e a r l y  
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i d e n t i c a l  w i t h  t h e  S tan fo rd  s i g n a l ,  a n d  t h e  d a t a  format  was 

qui te  s imi l a r .  Thus, o n l y  small changes were n e c e s s a r y  i n  

o r d e r  t o  r e d u c e  t h e  d a t a .  The r e s u l t s  o f  two da ta  t a p e s  a re  

p l o t t e d  i n  F i g s .  15 and 16 t o g e t h e r  w i t h  t h e  r e s u l t s  from t h e  

same data  when reduced a t  the  E l  Campo f a c i l i t y .  The p l o t s  

were s c a l e d  s o  as t o  agree a t  the  peak v a l u e  o f  t h e  E l  Campo 

data  when t h e  S t a n f o r d  p o i n t s  were connected by  s t r a i g h t  

l i n e s .  The S t a n f o r d  r e d u c t i o n  was done w i t h  a somewhat w i d e r  

bandwidth,  and i n  t h e  c a s e  o f  t a p e  EC-43, a v e r y  n o i s y  p o r t i o n  

o f  t he  o r i g i n a l  data  was r e j e c t e d .  T h i s  a c c o u n t s  for t h e  

smaller g e n e r a l  n o i s e  l e v e l  i n  t h e  S t a n f o r d  r e d u c t i o n s  and i n  

p a r t i c u l a r ,  t he  e l i m i n a t i o n  of a la rge  n o i s e  peak i n  F i g .  15. 

The t ime s c a l e  f o r  the  S tan fo rd  data  p o i n t s ,  which was d e r i v e d  

i n d e p e n d e n t l y  o f  t h e  E l  Campo r e s u l t s ,  u t i l i z e d  o n l y  an abso-  

l u t e  t i m i n g  r e f e r e n c e  provided by a s i n g l e  p u l s e  on t h e  t a p e .  

R e l a t i v e  t i m i n g  was o b t a i n e d  from a 1 kHz r e c o r d e d  c l o c k  which 

was subd iv ided  t o  p r o v i d e  1 sec p u l s e s .  The c a l c u l a t i o n s  o f  

r e t u r n e d  s i g n a l  l e v e l s  agreed f a i r l y  w e l l  w i t h  the  E l  Campo 

r e s u l t s  and cor responded t o  a radar c r o s s  s e c t i o n  on t h e  o r d e r  

I 
I 

of 20 p h o t o s p h e r i c  areas f o r  bo th  r u n s .  The r a n g e  s c a l e  on 

these p l o t s  g i v e s  t h e  p o i n t  of r e f l e c t i o n  i n  t h e  corona ,  

e x p r e s s e d  i n  units o f  s o l a r  r a d i i  from the  sun's c e n t e r .  An 

a d d i t i o n a l  g roup  d e l a y  o f  2 see  i s  assumed (Chap te r  V I ) .  T h i s  

range s c a l e  w i l l  be  used i n  all succeed ing  f igures  as w e l l .  
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CHAPTER V I  

EXPERIMENTAL RESULTS 

Some s p e c i f i c  d e t a i l s  o f  the  e x p e r i m e n t a l  work w i l l  now 

be d i s c u s s e d .  These w i l l  i nc lude  background n o i s e ,  round- 

t r i p  t i m e  c a l c u l a t i o n s ,  c a l c u l a t i o n  t e c h n i q u e s  f o r  t h e  mea- 

su remen t s ,  and t h e  procedure  f o r  summing many runs. 

S i n c e  t h e  background n o i s e  was a l m o s t  e n t i r e l y  g a l a c t i c ,  

t he  e f f e c t i v e  t empera tu re  of  t h e  a n t e n n a  was dependent  o n l y  

upon t h e  r e g i o n  of t h e  sky toward which i t  was p o i n t e d .  Thus 

t h e  background n o i s e  d u r i n g  t r a n s i t  v a r i e d  o n l y  s lowly  from 

day to day.  D u r i n g  t he  n e a r - t r a n s i t  pe r iod  t h e  l e v e l  would 

s l o w l y  change as the  beam swept a c r o s s  the  s k y .  

t e m p e r a t u r e s  which were seen  corresponded v e r y  w e l l  w i t h  what 

i s  expec ted  by e x t e n d i n g  the  r a d i o  sky  map a t  64 MHz [Hey e t  

a l ,  19481 t o  25 MHz w i t h  a s p e c t r a l  i ndex  o f  2 .6 .  The n o i s e  

l e v e l  was c o n s i s t e n t  enough t o  a l l o w  the  use  o f  c a l c u l a t e d  

n o i s e  l e v e l s  f o r  computa t ion ,  wi th  a c c u r a t e  measurements o f  

t h e  n o i s e  l e v e l  b e i n g  made p e r i o d i c a l l y  t o  check on t h i s  

a s sumpt ion .  

The sky  

By knowledge of t h e  n o i s e  l e v e l  ( w i t h  c o r r e c t i o n s  for 

i n t e r f e r e n c e  o r  s o l a r  n o i s e  b u r s t s )  and  u s i n g  t h e  r e s u l t s  of  

Chapter Iv, t h e  c o r r e l a t i o n  output  may be c a l i b r a t e d  i n  terms 

o f  r e c e i v e d  s i g n a l  power. By e s t i m a t i n g  the  f r a c t i o n  ( B )  

o f  the  r e t u r n e d  s igna l  power t ha t  was accepted  through t h e  

sys tem's  f i l t e r s ,  compensating f o r  t h e  o v e r l a p  o f  t h e  s i g n a l  

c h a n n e l s ,  a n d  u s i n g  t h e  r a d a r  e q u a t i o n ,  t h e  o u t p u t  may be 
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c a l i b r a t e d  d i r e c t l y  i n  terms of radar  c r o s s  s e c t i o n .  The 

c a l c u l a t i o n s  o f  the  o v e r l a p  a n d  t he  r e s u l t a n t  v a l u e  o f  p 

were made by assuming t h a t  t h e  d o p p l e r  s p r e a d i n g  of  t h e  s igna l  

which was exper ienced  a t  38 MHz f o r  1963-1964 would be a r ea -  

sonab le  es t imate  o f  t he  25 MHz s i t u a t i o n  i f  i t  were s c a l e d  by 

t h e  f requency  r a t i o .  Accord ingly ,  F i g .  7 of  James [1966] was 

s c a l e d  t o  produce F i g .  17. The cho ice  of  where to d i m i n i s h  

t h e  t a i l s  t o  z e r o  i s  somewhat a r b i t r a r y  s i n c e  t h e  d a t a  a r e  

n o t  w e l l  e s t ab l i shed  o u t s i d e  of t h e  d o p p l e r  s p r e a d i n g  range 

I I , -.a 
-". 

F i g .  17 .  ESTIMATED 25 MHz FREQUENCY SPREAD BASED UPON 
EL CAMPO RESULTS AT 38 MHz. 

(on the  p r e s e n t  s c a l e )  o f  ( -12 ,  +18) kHz. The  i n t e g r a l  o f  

t h e  product  of  t h i s  f u n c t i o n  and t h e  system f i l t e r  shape ,  

w i t h  o v e r l a p  inc luded  and u s i n g  a p p r o p r i a t e  n o r m a l i z a t i o n ,  

g i v e s  the est imate  of t he  f r a c t i o n  of  power a c t u a l l y  accep ted  

by t h e  s y s t e m .  The 1963 system, due to t h e  small f requency  
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s h i f t  (16 kHz) and t h e  consequent l a r g e  o v e r l a p p i n g  of  t h e  

two c h a n n e l s ,  has a n  e s t i m a t e d  v a l u e  o f  ,3 o f  0.25; 1964 

was much b e t t e r  due t o  a l a r g e r  s h i f t  ( 4 0  kHz),  g i v i n g  0 .38 .  

The 50 kHz s h i f t  used i n  1965 g ives  an e s t i m a t e  f o r  

0 . 4 2 .  
@ of  

The c a l c u l a t i o n  of r o u n d - t r i p  t imes  was made u s i n g  

149,599,000 km f o r  t h e  a s t ronomica l  unit (nominal  ea r th - sun  

d i s t a n c e ) ,  299,793 km/sec f o r  t he  speed of  l i g h t ,  696,000 km 

f o r  t h e  p h o t o s p h e r i c  r a d i u s ,  and 6378 km f o r  t h e  e a r t h ' s  

r a d i u s .  The s t a n d a r d  ephemerides [American Ephemeris and 

N a u t i c a l  Almanac, 1963, 1964, 19651 were c o n s u l t e d  f o r  d a i l y  

t a b u l a t i o n  of r e l a t i v e  e a r t h  p o s i t i o n  and were i n t e r p o l a t e d  

f o r  t h e  t r u e  t i m e  o f  t r a n s i t  a t  S t a n f o r d ' s  l o n g i t u d e .  An 

a d d i t i o n a l  d e l a y  of  2 s e e  was inc luded  t o  account  f o r  group 

d e l a y  i n  t h e  co rona .  T h i s  f i g u r e  has  been c a l c u l a t e d  [James,  

19661 by assuming t h e  c o r o n a l  e l e c t r o n  d i s t r i b u t i o n  determined 

f rom o p t i c a l  c o n s i d e r a t i o n s  b y  P o t t a s c h  [1960] .  T h i s  d i s t r i -  

b u t i o n  has  p r i n c i p a l  a p p l i c a t i o n  t o  p e r i o d s  of  sunspo t  m i n i -  

m u m .  S i n c e  o u r  d a t a  were t a k e n  n e a r  a m i n i m u m  (1964 was t h e  

n u l l ) ,  t h i s  seems t o  be a r easonab le  f i g u r e .  

Echoes a t  f r e q u e n c i e s  lower than  38 MHz w i l l  be r e f l e c t e d  

a t  p o i n t s  f a r t h e r  from t h e  photosphere .  R e c o n s i d e r a t i o n  of  

t h e  1959 S t a n f o r d  r e s u l t s  by i n c l u d i n g  a 2 s e e  group d e l a y  and 

c o r r e c t i n g  t h e  t ime  c a l c u l a t i o n s  i n d i c a t e s  t h a t  echoes were 

p r o b a b l y  o b t a i n e d  f rom t h e  reg ion  2.2 t o  2 . 4  s o l a r  r a d i i  f rom 

t h e  s u n ' s  c e n t e r .  The time c o r r e c t i o n  was n e c e s s a r y  s i n c e  t h e  
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two-way  t r a v e l  t ime  f o r  1 A.U. was o r i g i n a l l y  based upon 

e a r l y  Venus radar r e s u l t s  which were i n  e r r o r  by about  1 s e e .  

Because of t h e  s m a l l  number of runs i n  1959, t h i s  range  can 

o n l y  be expec ted  t o  be a g u i d e .  

I n  t h e  d i g i t a l  computer,  a l l  d a t a  were f i r s t  cross- 

c o r r e l a t e d  j u s t  as t h e y  came from t h e  p r e v i o u s  s t e p s  o f  t h e  

r e d u c t i o n .  However, i n  many c a s e s ,  even w i t h  ampl i tude  l i m -  

i t i n g  of t h e  a n a l o g  s i g n a l s ,  l a r g e  d i g i t a l  v a l u e s  were p r o -  

duced by  i n t e r f e r e n c e  o r  so la r  b u r s t s .  I f  t h e  d i s t u r b a n c e s  

were wel l  balanced i n  t h e  two c h a n n e l s ,  good c a n c e l l a t i o n  

g e n e r a l l y  o c c u r r e d .  However, o f t e n  a n  imbalance e x i s t e d  due 

t o  a v a r i a b l e  s p e c t r a l  c h a r a c t e r i s t i c  o f  t h e  n o i s e .  I n  t h e s e  

c a s e s ,  very  n o i s y  c r o s s c o r r e l a t i o n s  would e x i s t  w i t h  s t a n d a r d  

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

magnitude g r e a t e r  t han  t y p i c a l  v a l u e s .  A s e l e c t i v e  procedure  

i n  t h e  computer program was used t o  c o r r e c t  abnormal ly  l a r g e  

v a l u e s  o f  t h e  i n p u t  d a t a  p o i n t s  and of t h e  d i f f e r e n c e  between 

t h e  channe l s ,  a n d  a d d i t i o n a l l y ,  t o  c o r r e c t  t h e  e s t i m a t e  o f  

i n p u t  n o i s e  power l e v e l .  All c o r r e l a t i o n  p l o t s  shown h e r e  

have been c o r r e c t e d  when needed .  

I n  the  1963 a n d  1965 runs, no g r e a t  problems a r o s e .  I n  

1964, however, a f a i r l y  s e r i o u s  problem a r o s e  i n  t h e  form of 

a s u b t l e  mechanical  o s c i l l a t i o n  i n  t h e  t a p e  r e c o r d e r  w i t h  a 

p e r i o d  of approx ima te ly  27 s e e .  The d i f f i c u l t y  a p p a r e n t l y  

mani fes ted  i t s e l f  as a s l i g h t  b u c k l i n g  o f  t h e  t a p e  which p ro -  

duced a smal l  g a i n  v a r i a t i o n  on one d a t a  c h a n n e l .  Upon 
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s u b t r a c t i o n  and c r o s s c o r r e l a t i o n ,  a s e m i p e r i o d i c  component 

was p r e s e n t  i n  t h e  o u t p u t .  

u n t i l  t h e  t e s t  se r ies  was concluded a n d  many runs h a d  been 

summed,  p roduc ing  a summation wi th  v e r y  la rge  v a r i a n c e .  An 

a n a l y s i s  showed t h a t  w i t h  small e r r o r ,  t he  small g a i n  v a r i a -  

t i o n ,  if s i n u s o i d a l ,  would produce an  a d d i t i v e  s i n u s o i d a l  

component a f t e r  channel  s u b t r a c t i o n .  It was a l s o  concluded 

t h a t  f i l t e r i n g  could  p robab ly  remove most o f  t he  c o r r u p t i o n .  

Accord ing ly ,  s p e c t r a l  analyses were made a n d  a d i g i t a l  r e j e c -  

t i o n  f i l t e r  was i n c o r p o r a t e d  i n  t h e  computer program. I n s t e a d  

o f  a c t i n g  upon each  s e t  o f  d a t a  w i t h  a convo lu t ion  o p e r a t i o n ,  

which i s  expens ive  when done f o r  many runs, even w i t h  t h e  

f a s t e s t  computers ,  i t  was shown t h a t  t h e  f i l t e r i n g  o p e r a t i o n  

could  e q u i v a l e n t l y  be performed upon the  sequence a g a i n s t  

which t h e  da ta  would be c o r r e l a t e d .  The da t a  were grouped 

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

c o n v o l u t i o n  was performed o n l y  once f o r  each  g roup .  The 

f i l t e r i n g  was qui te  s u c c e s s f u l  i n  removing t h e  bu lk  o f  t h e  

c o r r u p t i o n .  However, enough remained t o  b a d l y  t a i n t  t h e  da ta  

and ra ise  the  s e n s i t i v i t y  t h r e s h o l d .  The e f f e c t i v e  a t t e n u a -  

t i o n  o f  t h e  d e s i r e d  s i g n a l  was o n l y  a few p e r c e n t .  Thus t h e  

1964 data a re  s t i l l  comple te ly  v a l i d  i n  s p i t e  of  t h e i r  h igher  

n o i s e  l e v e l .  

The d i f f i c u l t y  was n o t  a p p a r e n t  

I n  1963, v a l i d  da ta  were ob ta ined  from 61 runs d u r i n g  

t h e  p e r i o d  29 June  th rough  10 July,  and 3 August th rough  

30 August. The o u t p u t  c o r r e l a t i o n  f o r  a t y p i c a l  day i s  shown 
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i n  F i g .  18. The symbol oo d e n o t e s  t h e  r ada r  c r o s s  s e c t i o n  
18 2 i n  u n i t s  of t h e  p h o t o s p h e r i c  d i s k  a rea  ( 1 . 5 2  x 10 m ) .  

RANGE (SOLAR RADII) 
3 1.5 0 
UA 

K 

F i g .  18. TYPICAL 1963 CORRELATION OUTPUT - TAPE 283-2. 

The 1963 runs g e n e r a l l y  h a d  smaller  f l u c t u a t i o n s  i n  t h e  o u t -  

p u t  s i n c e  t h e  two channe l s  were much c l o s e r  i n  f r equency  and 

b e t t e r  c o r r e l a t e d .  I n  none o f  t h e  r u n s  were echoes  a p p a r e n t .  

The 1964 s e r i e s  c o n s i s t e d  o f  128  v a l i d  r u n s  made  i n  t h e  

p e r i o d  2 J u l y  th rough  20 September .  The o u t p u t  c r o s s c o r r e l a -  

t i o n  f o r  a t y p i c a l  run  i n  t h i s  s e r i e s  i s  shown i n  F i g .  19. 

Again, no  echoes  were a p p a r e n t  i n  any  o f  t h e  r u n s .  

The 1.965 s e r i e s  was done between 31 August and 24 Sep- 

tember  w i t h  a t o t a l  o f  38 v a l i d  r u n s  b e i n g  m a d e .  A t y p i c a l  

o u t p u t  c o r r e l a t i o n  i s  shown i n  F i g .  20.  No echoes  were 

a p p a r e n t  i n  any o f  t h e  r u n s .  
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Fig .  19. TYPICAL 1964 CORRELATION OUTPUT - TAPE 499-1. 
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Fig .  20. TYPICAL 1965 CORRELATION OUTPUT - TAPE 595-1. 
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I L 

A .  Weighted Summations o f  Data Runs 

A d e s c r i p t i o n  w i l l  now be g i v e n  o f  t h e  t e c h n i q u e  used 

f o r  summing many r u n s  t o  improve t h e  s y s t e m ' s  e f f e c t i v e  

s i g n a l - t o - n o i s e  r a t i o .  A n e c e s s a r y  f i r s t  assumption i s  t h a t  

t h e  dep th  o f  p e n e t r a t i o n  o f  t he  s i g n a l  i n t o  t h e  corona i s  

r e a s o n a b l y  c o n s t a n t  w i t h  time s o  t h a t  a composi te  echo may 

be b u i l t  up by s h i f t i n g  each  i n d i v i d u a l  o u t p u t  t o  c o r r e c t  

f o r  changes i n  r o u n d - t r i p  t ime caused by t h e  changing  e a r t h -  

sun d i s t a n c e .  By c a l c u l a t i o n s ,  t h e n ,  w e  may d e t e r m i n e  a 

o u t  - t h  v a l u e  o f  ai and ti f o r  each  run  such  t h a t  t h e  i 

put can b e  expres sed  as 

(1) 
j 

C W  = aioopj-ti + N  
J (59) 

where C j i )  i s  t h e  jth p o i n t  o f  t h e  c o r r e l a t i o n  f o r  a run 

indexed by i, ai i n c o r p o r a t e s  a l l  l t h e  sys tem pa rame te r s  

i n  t h e  r a d a r  e q u a t i o n ,  oo i s  the radar c r o s s  s e c t i o n  o f  

t h e  sun i n  p h o t o s p h e r i c  area u n i t s  and i s  assumed t o  be con- 

s t a n t  f o r  a l l  r u n s  t h a t  w i l l  be summed,  

a u t o c o r r e l a t i o n  f u n c t i o n  o f  t h e  s i g n a l  s h i f t e d  by a r e l a t i v e  

p j - t i  d e n o t e s  t h e  

and N ( i )  i s  t he  (zero-mean)  n o i s e  a t  o u t p u t  
j 

d e l a y  ti, 

p o i n t  j o f  t he  ith r u n .  

A l i n e a r  w e i g h t i n g  i s  proposed:  
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h 

where Cj i s  t h e  summed o u t p u t  and pi i s  a w e i g h t i n g  

f a c t o r  f o r  t h e  i”’ r u n .  C \ . l ’  i s  s h i f t e d  by t i  s o  t na t  

a l l  echo peaks  a r e  brought  i n t o  c o i n c i d e n c e .  An optimum s e t  

4- 1,. f < \  

J 

o f  w e i g h t i n g s  e x i s t s ;  and by  a s imple  argument ,  u s i n g  t h e  

Is which g i v e  t h e  p i  Gauchy-Schwarz i n e q u a l i t y ,  t he  optimum 

maximum s i g n a l - t o - n o i s e  r a t i o  for C a r e  found t o  be 

[Brennan,  19591 

h 

j 

a .  1 pi = - ( c o n s t )  
E{[N\”] ’} 

A 

becomes a n  unb iased ,  
‘j 

By p r o p e r  c h o i c e  o f  t h i s  c o n s t a n t ,  

c o n s i s t e n t  e s t i m a t o r  of oo. Since  t h e  s i g n a l  peak i s  weaker 

than t h e  n o i s e ,  

A l l  parameters a re  thus determined for optimum we igh t ing .  

The e x p e c t a t i o n  of Eq. ( 6 2 )  can be approximated v e r y  w e l l  by 

a s imple summation i f  t h e  average  of 

T o  e n s u r e  t h a t  a d r i f t  i n  

v e r s e  w e i g h t i n g  f o r  an i n d i v i d u a l  run, a l i n e a r  cu rve  i s  f i t -  

C!i) 
J 

i s  n e a r  z e r o .  

C i i )  
J 

w i l l  n o t  cause  a la rge  i n -  

t e d  t o  each  o u t p u t  i n  t h e  minimum mean-square-er ror  sense .  

Af t e r  t h i s  cu rve  i s  s u b t r a c t e d ,  t h e  c a l c u l a t i o n  o f  n o i s e  

v a r i a n c e  i s  made  and the  summation i s  performed.  

T h i s  t e c h n i q u e  was used t o  per form 64 d i f f e r e n t  da ta  

Summations, w i t h  v a r i o u s  c r i t e r i a  used to s e l e c t  t h e  groups  
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t o  be summed. Groupings were made by means of y e a r ,  g e n e r a l  

n o i s i n e s s ,  s p e c i f i c  n o i s e  due t o  s o l a r  a c t i v i t y ,  h igh a n d  

low sunspot  numbers, and s e v e r a l  combina t ions  o f  t h e  above. 

No echoes were a p p a r e n t  i n  any o f  t h e s e  summations.  The 

s i g n i f i c a n t  summations a r e  shown i n  F i g s .  21  t o  2 4 .  The 

t o t a l  suTmation f o r  each  y e a r  i s  g i v e n ,  as w e l l  as t h e  sum 

o f  a l l  3 y e a r s .  

One a d d i t i o n a l  s e t  o f  1 2  summations was performed i n c o r -  

p o r a t i n g  t h e  a c t u a l  d a i l y  c r o s s - s e c t i o n  v a l u e s  measured a t  

E l  Campo on t h e  days t h a t  b o t h  sys tems were run [James, 19671. 

These  v a l u e s  were used as an a d d i t i o n a l  m u l t i p l i c a t i v e  f a c t o r .  

The p l o t t i n g  s c a l e  i s  thus t h e  a v e r a g e  f r a c t i o n  o f  t h e  E l  

Campo v a l u e s  seen by t h e  S t a n f o r d  sys tem.  For  1963, 28 runs 

were c o i n c i d e n t  a n d  were summed; f o r  1964, 62 runs; f o r  1965, 

32 runs. The r e su l t s  a re  shown i n  F i g s .  25 t o  27 .  I n  a d d i -  

t i o n ,  a l l  runs o f  t h i s  c a t e g o r y  were summed for a l l  3 y e a r s  

and t h e  r e s u l t  a p p e a r s  i n  F i g .  28 .  F i g u r e  25 p r e s e n t s  t h e  

o n l y  summation o f  any l a r g e  number o f  runs which could r e p r e -  

s e n t  a r e t u r n e d  s i g n a l .  I f  t h i s  were the  c a s e ,  i t  would mean 

t h a t  t h e  a v e r a g e  f r a c t i o n  o f  t h e  E l  Campo c r o s s  s e c t i o n  

r e p r e s e n t e d  by these  da t a  would be 0.85. T h i s  i s  c e r t a i n l y  

n o t  an un reasonab le  v a l u e .  However, t h e  s i g n i f i c a n c e  of  t h i s  

peak i s  v e r y  low ( 2 . 5  s t a n d a r d  d e v i a t i o n s  above t h e  r e s t  o f  

t h e  o u t p u t )  a n d  consequen t ly  n o t h i n g  can be r e a s o n a b l y  

c l a imed .  

S ince  echoes were n o t  r e a d i l y  a p p a r e n t  i n  any  o f  t h e  
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Fig. 21. 1963 SUMMATION OF 61 RUNS. 
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Fig .  22.  1964 SUMMATION OF 128 RUNS. 
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F i g .  24. TOTAL SUMMATION OF 227 RUNS. 
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d a t a  summations,  i t  would seerq r easonab le  t o  c o n s i d e r  F i g s .  

2 1  t h r o u g h  23 as p r o v i d i n g  t h e  rnost r e a l i s t i c  a s ses smen t  of 

t h e  s i t u a t i o n ,  s i n c e  t h e  sumrnations i n  t h e s e  f i g u r e s  i n c l u a e  

a l l  t h e  runs f o r  each  y e a r .  If t h e  c r o s s  s e c t i o n  were l a r g e  

enough t o  produce a s u b s t a n t i a l  peak,  t hen  an e s t i m a t e  of 

t h e  a v e r a g e  c r o s s  s e c t i o n  d u r i n g  t h e  runs of  each  y e a r  vJould 

be o b t a i n e d .  If a peak i s  n o t  a p p a r e n t ,  t hen  an upper  bound 

on t h e  a v e r a g e  radar  c r o s s  s e c t i o n  may be e s t i m a t e d  i f  i t  i s  

known t h a t  t h e  r e tu rned  s i g n a l  d i d  e x i s t  i n  t h e  system but  

was below t h e  d e t e c t i o n  t h r e s h o l d .  

t h a t  a s i g n a l  e x i s t e d  i f  i t  could n o t  be d e t e c t e d .  The b e s t  

t h a t  can be done i s  t o  show a high p r o b a b i l i t y  o f  e x i s t e n c e .  

It i s  claimed t h a t  t h i s  has been demonst ra ted  i n  Chapter  V .  

T h e  p r i n c i p a l  r e a s o n  f o r  the d e l a y  b e f o r e  r e p o r t i n g  these  

r e s u l t s  was t o  pe rmi t  s u b s t a n t i a t i o n  of  t h i s  c l a i m .  

t h i s  c l a i m ,  w e  may e s t i m a t e  t h e  magnitude o f  cross s e c t i o n  

which would be r e a d i l y  d e t e c t a b l e .  

a peak w i t h  t h e  shape  o f  F i g .  6 w i t h i n  a few s o l a r  r a d i i  of  

t h e  sun, a maximum v a l u e  o f  2 f o r  t h e  a v e r a g e  c r o s s  s e c t i o n  

o f  e a c h  y e a r ' s  da ta  i s  q u i t e  c o n s e r v a t i v e ,  e s p e c i a l l y  for 

1964 ( F i g .  22)  a n d  1965 ( F i g .  23 ) .  

would be r e a d i l y  a p p a r e n t  i n  all t h r e e  p l o t s .  

F i g .  24 shows t h a t  t h i s  v a l u e  i s  r e a s o n a b l e  when c o n s i d e r i n g  

t h e  a v e r a g e  o f  a l l  227 runs. 

It i s  i m p o s s i b l e  t o  prove 

Accept ing  

S i n c e  we a r e  l o o k i n g  for 

A peak o f  t h i s  magnitude 

I n  a d d i t i o n ,  

The c o n s e r v a t i v e  conc lus ion  f o r  t h e  d a t a  i s  t ha t  t h e  

a v e r a g e  r ada r  c r o s s  s e c t i o n  o f  t h e  sun was below two 
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Fig. 25. EL CAMPO W E I G H T I N G  AND SUMMATION OF 28 RUNS FROM 
1963 
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Fig. 26. 
1964. 

EL CAMPO W E I G H T I N G  AND SUMMATION OF 62 RUNS FROM 
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Fig .  27. EL CAMPO WEIGHTING AND SUMMATION OF 32 RUNS FROM 
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F i g .  28.  EL CAMPO WEIGHTING AND SUMMATION OF 122 RUNS FOR 
1963, 1964, 1965. 
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pho tosphe r i c  d i s k  a r e a s  d u r i n g  t h e  i n v e s t i g a t i o n  p e r i o d s  of 

a l l  3 y e a r s .  

B .  Comparison w i t h  Other  Experiments  

I n  F i g .  29 are  shown t h e  ave rage  r e s u l t s  o f  t h e  s i x  

s u c c e s s f u l  S t an fo rd  exper iments  o f  A p r i l  and September 1959, 

and t h e  M . I . T .  measurements,  which have been n e a r l y  c o n t i n u -  

ous s i n c e  1961. A f t e r  James [1964] ,  t h e  o r i g i n a l  S t a n f o r d  

r e s u l t s ,  which used o n l y  a 2 kHz bandwidth,  have been cor- 

r e c t e d  t o  app ly  f o r  t h e  t o t a l  energy  which would be r e c e i v e d  

i n  a very  wide bandwidth.  T h i s  i s  done by s c a l i n g  t h e  38 MHz 

f requency s p r e a d i n g  ( echo  spec t rum)  t o  26 MHz ( a s  i n  F i g .  17) 

and comparing t o t a l  powers.  The v a l u e  o f  80 which i s  ob ta ined  

f o r  

v a l u e s  used f o r  some of t h e  system p a r a m e t e r s .  The ave rage  

c r o s s  s e c t i o n  v a l u e s  f o r  2 t o  3 month p e r i o d s  a r e  shown f o r  

t h e  E l  Campo d a t a  [James,  19661. The u n u s u a l l y  l a r g e  i n d i v i d -  

u a l  v a l u e s  o f  

[James,  19671. The y e a r l y  ave rage  ( Z u r i c h )  sunspo t  number i s  

a l s o  d i s p l a y e d .  The long-term c o r r e l a t i o n  o f  t h e  measured 

oo i s  p robab ly  a minimum v a l u e  due t o  t h e  c o n s e r v a t i v e  

oo were n o t  i nc luded  i n  t h e  mon th ly  means 

E l  Campo v a l u e s  and t h e  sunspo t  number i s  q u i t e  a p p a r e n t .  

The maximum v a l u e  o f  

t i v i t y  of t h e  S t a n f o r d  system as d i s c u s s e d  p r e v i o u s l y .  

cro = 2 a t  25 MHz r e p r e s e n t s  t h e  s e n s i -  

The f i r s t  p o i n t  t o  c o n s i d e r  i s  t h e  l a r g e  d e c r e a s e  i n  oo 

between 1959 a n d  1963-1965 a t  25 MHz. The small f r equency  

d i f f e r e n c e  between t h e  two s e t s  o f  exper iments  a t  S t a n f o r d  
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F i g .  29. COMPARISON OF RADAR CROSS SECTION MEASUREMENTS. 

( a b o u t  1 MHz) could n o t  be  r e s p o n s i b l e .  

s o l a r  a c t i v i t y  i s  indexed q u i t e  w e l l  by t h e  sunspo t  number. 

Thus a h i g h  sunspo t  number could r e a s o n a b l y  be expected t o  be  

c o r r e l a t e d  w i t h  a more  a c t i v e  and d i s t u r b e d  c o r o n a l  r e g i o n ,  

which could then  produce a l a r g e r  number of  r e g i o n s  w i t h  

r e f l e c t i n g  s u r f a c e s  capab le  of d i r e c t i n g  energy  back t o  e a r t h .  

Thus i t  would seem r e a s o n a b l e  t h a t  h i g h  v a l u e s  o f  c r o s s  s e c -  

t i o n  could  o c c u r  d u r i n g  y e a r s  o f  h i g h  sunspo t  number, whereas 

when t h e  sun was r e l a t i v e l y  s t a b l e  d u r i n g  sunspo t  minima, t h e  

c r o s s  s e c t i o n  would be  lower .  T h i s  c o r r e l a t i o n  w i t h  t h e  sun- 

s p o t  c y c l e  a p p e a r s  t o  be a r e a s o n a b l e  e x p l a n a t i o n  f o r  t h e  

observed  v a r i a t i o n  i n  c ro .  There i s  t h e  p o s s i b i l i t y  t h a t  t h e  

The g e n e r a l  l e v e l  o f  
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. 
1959 measurements a r o s e  from t h e  same phenomenon which p r o -  

duced the  u n u s u a l l y  l a rge  v a l u e s  of  cro a t  38 MHz. Whatever 

t h i s  phenomenon i s ,  i t  may be v e r y  common n e a r  s u n s p o t  maxi- 

m u m .  It c e r t a i n l y  does  n o t  seem t o  be common d u r i n g  t h e  

minimum o f  t h e  s u n s p o t  c y c l e .  I n  any e v e n t ,  t h e  1959 r e s u l t s  

were ob ta ined  on 5 s e p a r a t e  days i n  two groups  5 months a p a r t .  

The s i g n a l  l e v e l s  r e c e i v e d ,  whi le  c e r t a i n l y  n o t  i d e n t i c a l ,  

were c o n s i s t e n t  enough t o  i n d i c a t e  t h a t  t h e y  were p robab ly  

t y p i c a l  o f  t h e  sun's b e h a v i o r  d u r i n g  t h i s  e n t i r e  p e r i o d .  

The claimed c o r r e l a t i o n  o f  s u n s p o t  number and oo 
becomes more r e a s o n a b l e  when the  38 MHz da ta  a r e  cons ide red  

as w e l l .  The E l  Campo v a l u e s  e x h i b i t  a d e f i n i t e  c o r r e l a t i o n  

w i t h  t h e  y e a r l y  sunspo t  a v e r a g e .  However, on a d a i l y  bas i s  

t h e  c o r r e l a t i o n  i s  v e r y  low [James,  19661. 

T h e o r e t i c a l  c o n s i d e r a t i o n  [Yoh, 19611 o f  t h e  corona  as 

a radar  r e f l e c t o r  i n d i c a t e s  t h a t  lower  f r e q u e n c i e s  shou ld  

e x p e r i e n c e  a l a r g e r  c r o s s  s e c t i o n  because  o f  l e s s  a t t e n u a t i o n  

due t o  t he  s igna l  b e i n g  r e f l e c t e d  from h igher  i n  t h e  co rona .  

The p r e s e n t  r e s u l t s ,  however, show t h a t  t h e  25 MHz c r o s s  

s e c t i o n  could n o t  be much g rea t e r  t h a n  t h a t  a t  38 MHz or 

d e t e c t i o n  c e r t a i n l y  would have o c c u r r e d .  It shou ld  be ob- 

se rved  from F i g .  29 ,  however, t h a t  each  o f  t h e  1963-1965 

se r i e s  of runs co inc ided  w i t h  v e r y  small v a l u e s  o f  

38 MHz. 

cro a t  
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CHAPTER VI1 

CONCLUSIONS 

A .  Summary a n d  Conclus ions  

A model f o r  a radar system t o  d e t e c t  t h e  sun has  been 

e s t a b l i s h e d  a n d  i n v e s t i g a t e d .  The c o n d i t i o n s  f o r  maximum 

s igna l  d e t e c t a b i l i t y  were der ived a n d  d i s c u s s e d .  

A model of t h e  t ime-vary ing  r e f l e c t i v i t y  o f  t h e  corona 

i s  developed i n  te rms  of  i t s  e f f e c t  upon measurement of  t h e  

a v e r a g e  r e f l e c t i v i t y  ( i . e . ,  r a d a r  c r o s s  s e c t i o n ) .  T h i s  i s  

i n c o r p o r a t e d  i n t o  an o v e r a l l  model of  t h e  f l u c t u a t i n g  s i g n a l  

problem which i n c l u d e s  the  e f f e c t  o f  random s i g n a l  p o l a r i z a -  

t i o n  changes due t o  Faraday r o t a t i o n  i n  the  ionosphe re  and/or 

co rona .  The n e t  e f f e c t  upon measurement i s  shown t o  be w e l l  

r e p r e s e n t e d  by c o n s i d e r i n g  a "slow" o r  " fas t"  f a d i n g  model. 

The r e s u l t s  of  t h e  expe r imen ta l  work, while  n e g a t i v e ,  

n e v e r t h e l e s s  imply i n t e r e s t i n g  p o s i t i v e  c o n c l u s i o n s ,  due t o  

a demons t r a t ion  o f  the  r a d a r  sys t em ' s  v a l i d i t y .  The ave rage  

r a d a r  c r o s s  s e c t i o n  o f  t h e  sun i s  shown t o  be l e s s  than two 

u n i t s  of  p h o t o s p h e r i c  d i s k  a r e a  f o r  each  of  t h e  3 y e a r s  t h e  

expe r imen t s  were performed.  

When compared w i t h  t h e  1959 S t a n f o r d  r e s u l t s ,  a c o r r e l a -  

t i o n  w i t h  t h e  sunspo t  c y c l e  i s  imp l i ed  f o r  t h e  r a d a r  c r o s s  

s e c t i o n .  While t h i s  conclus ion  i s  weak by i t s e l f ,  t h e  g e n e r a l  

large d e c r e a s e  of c r o s s  s e c t i o n  w i t h  d e c r e a s e  i n  sunspot  

number observed by M.I.T. l ends  weight t o  t h i s  argument .  The 

r e s u l t s  i n d i c a t e ,  i n  a d d i t i o n ,  t h a t  t h e  r a d a r  c r o s s  s e c t i o n  
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of  t h e  sun a t  25 MHz i s  p robab ly  n o t  s i g n i f i c a n t l y  g r e a t e r  

than  a t  38 MHz, i f  as l a r g e  a t  a l l .  

B.  Sugges t ions  f o r  F u t u r e  Work 

The dynamic n a t u r e  of  t h e  sun and the  remarkable  v a r i a -  

t i o n  of  i t s  r a d a r  c h a r a c t e r i s t i c s  w i t h  t ime  c e r t a i n l y  make 

i t  d e s i r a b l e  t h a t  f u r t h e r  i n v e s t i g a t i o n s  be c a r r i e d  o u t .  A 

more s e n s i t i v e  sys t em i s  r e q u i r e d  than  t ha t  a t  S t a n f o r d  i f  

low-frequency i n v e s t i g a t i o n s  a r e  d e s i r e d  d u r i n g  p e r i o d s  o f  

low solar a c t i v i t y .  'However, i f  t he  c r o s s  s e c t i o n  i s  h i g h  

e v e r y  11 y e a r s ,  t h e n  d u r i n g  t h i s  p e r i o d  systems comparable 

t o  S t a n f o r d ' s  s e n s i t i v i t y  p robab ly  w i l l  be a b l e  t o  o b t a i n  

echoes .  It should be r e a l i z e d ,  though,  t h a t  t h e  l a s t  sunspo t  

maximum o f  1956-1960 was t h e  largest  e v e r  obse rved .  

The complexi ty  of  t h e  corona makes i t  d e s i r a b l e  t h a t  

eve ry  t o o l  o f  t h e  r a d a r  as t ronomer  be a p p l i e d  i n  o r d e r  t o  

e v a l u a t e  t h e  sun's b e h a v i o r .  The v a r i a t i o n  o f  r a d a r  c r o s s  

s e c t i o n  w i t h  t ime  and f r equency ,  and t h e  spec t rum a n d  t ime 

sp read  o f  t h e  r e f l e c t e d  s igna l  a r e  o b v i o u s l y  d e s i r a b l e  quan- 

t i t i e s  for measurement. Moreover, s imu l t aneous  measurement 

o f  t h e s e  q u a n t i t i e s  a t  v a r i o u s  f r e q u e n c i e s  would be v e r y  

v a l u a b l e  s i n c e  i t  would g i v e  t h e  s t a t e  o f  t h e  corona a t  

v a r i o u s  dep ths  a t  the  same t i m e .  A system ( o r  combinat ion 

o f  sys t ems)  which  could i n v e s t i g a t e  t h e  corona a t  two g r e a t l y  

d i f f e r i n g  f r e q u e n c i e s  s i m u l t a n e o u s l y  o r  could a l t e r n a t e l y  

t r a n s m i t  a minute  o r  two a t  each ,  would g i v e  v e r y  v a l u a b l e  

r e s u l t s .  
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It would a l s o  be v a l u a b l e  i f  t h e  s h o r t - t e r m  p o l a r i z a t i o n  

e f f e c t s  of  t h e  corona  could be de termined .  U n f o r t ; ~ r a t e l y ,  

t h e  e f f e c t  o f  t h e  ionosphe re  must be removed. S i g n a l s  o f  

v a r i o u s  p o l a r i z a t i o n s  ( i . e . ,  l i n e a r  a n d  c i r c u l a r )  should be 

t r a n s m i t t e d  and then  r ece ived  by means of  v a r i o u s l y  p o l a r i z e d  

a n t e n n a s .  Measurements o f  t h e  i o n o s p h e r i c  e f f e c t s  by us ing  

t h e  moon or a s a t e l l i t e  as a r e f e r e n c e  would a l l o w  de termina-  

t i o n  o f  t h e  c o r o n a ' s  e f f e c t s .  This  could be expec ted  t o  g i v e  

some i n f o r m a t i o n  on t h e  sun's magnetic f i e l d .  

R e s o l u t i o n  of  a l l  c o r o n a l  radar pa rame te r s  w i t h i n  s h o r t  

t i m e  i n t e r v a l s  i s  v e r y  d e s i r a b l e  b u t  r e q u i r e s  co r re spond ing ly  

g r e a t e r  s e n s i t i v i t y .  
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APPENDIX 

SIGNAL PROCESSOR ANALYSIS 

The  r e c e i v e r  model o f  F i g .  7 i s  ana lyzed  i n  t h i s  appen-  

d i x  under  t h e  major  assumpt ions  o f  n e g l i g i b l e  t ime s p r e a d ,  

n e g l i g i b l e  f a d i n g ,  random c a r r i e r s ,  and o t h e r  minor assump- 

t i o n s  o f  Chapter  IV. 

J u s t  a f t e r  t he  bandpass  f i l t e r  H l ( f ) ,  x ( t )  i s  g iven  

by  

where * d e n o t e s  c o n v o l u t i o n  and h l ( t )  i s  t h e  impulse  

r e s p o n s e  of f i l t e r  H l ( f ) .  S i n c e  s1 and s2 are  s low 

compared t o  g l ( t ) ,  

For  convenience ,  t = 0 i s  cons ide red  t o  be c o i n c i d e n t  w i t h  

t he  l e a d i n g  edge o f  t he  r e t u r n e d  s i g n a l .  The m i d d l e  term of  

(A-2) i s  z e r o  s i n c e  G 2 ( f )  and H l ( f )  a re  d i s j o i n t .  

Thus 

where 
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"1 ( t )  = ~ ( t )  * h l ( t )  ( A - 5 )  

T h e  power s p e c t r a  f o r  g;( t )  and n l ( t ) ,  which a re  

s t a t i o n a r y  g a u s s i a n  random p r o c e s s e s ,  are  

Now xk i s  g iven  by 

xk = x 2 ( t )  d t  

(A-7) 

I 
S i n c e  gl and n are  z e r o  mean, t hen  gl and nl are  

z e r o  mean and 

Now 
W W 

E[n:(t)] = Nl( f )  d f  = NO lH1(f)I2 d f  
-m 

and 

75 

(A-10) 

( A - 1 1 )  
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Thus 

No f I H l ( f ) 1 2  d f  
--a, 

+ K1 2 (A-12) 

S i n c e  ( H l ( f ) l  i, 1 and t h e  i n t e g r a l  o f  G l ( f )  i s  u n i t y ,  

B may be de f ined  as t h a t  f r a c t i o n  o f  t h e  r e t u r n e d  s i g n a l  

power around f r equency  f l  t h a t  gets  t h r o u g h  t h e  f i l t e r  

H l ( f ) .  Thus 

( A - 1 3 )  

Using t h e  d e f i n i t i o n  o f  n o i s e  bandwidth W from Eq .  ( 1 2 ) ,  

w e  o b t a i n  

2 2 s , ( t )  d t  + KINOW 
k -1 

- 
The q u a n t i t y  x i s  t h e  average of t h e  xk d e f i n e d  as 

1 
1000 

- 
x = - c x  1000 k 

k = l  

From Eq. ( A - 1 4 )  i t  i s  s e e n  t ha t  

s l ( t )  2 d t  + KINoW 2 

(A-14) 

(A-15) 

( A-16) 
0 

S i n c e  s l ( t )  i s  0 o r  1 a l t e r n a t e l y ,  w i t h  a n  a v e r a g e  v a l u e  

of a b o u t  o n e - h a l f ,  t h e  f i rs t  term i s  a b o u t  (1/2) K;@R. Also 
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t h i s  g i v e s  s l ( t )  2 = s l ( t ) .  N o w ,  s i n c e  t h e  r a t i o  o f  s i g n a l  

power (f3R) to n o i s e  power (NOW) i s  much l e s s  than u n i t y ,  

t h e  f i r s t  term i s  n e g l i g i b l e .  Hence E[:] = KINoW. 2 The 
- 

v a r i a n c e  of x i s  1/1000 of the  v a r i a n c e  o f  xk, thus we 

may make t h e  approximation 

2 - 
X E KINoW (A-17) 

Thus 

k X 
I 

X k  = T 

X 
(A-18) 

and 

(A-19) 

S i m i l a r l y  f o r  t h e  o t h e r  channel ,  

(A-20) 

Thus t h e  expected d i f f e r e n c e  s i g n a l  d k  i s  

From t h e  encoding scheme [Eq. ( 7 ) ]  t h e  i n t e g r a n d  i s  seen t o  

be t h e  t r a n s m i t  sequence s ( t ) .  S ince  sk is s ( t )  f o r  

t E (k-1,  k), we have 

E[dk]  = - BR (A-22) 
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The c r o s s c o r r e l a t i o n  p roduc ing  C i s  
j 

1000 

Theref o re  

1000 - 
E[C. ]  = J 

3 From Eq .  (5), t h e  summation i s  s imply  10 p j .  

Thus 

3 K  
NOW 

E[C . ]  = 10 
J 

(A-23) 

(A-24) 

(A-25) 

The c r o s s c o r r e l a t i o n  o u t p u t  thus c o n s i s t s  o f  a copy o f  

t h e  s igna l  a u t o c o r r e l a t i o n  w i t h  an  a m p l i t u d e  p r o p o r t i o n a l  t o  

t h e  i n p u t  s i g n a l - t o - n o i s e  r a t i o .  When t h e  t ime o r i g i n  o f  

t he  p r o c e s s i n g  i s  n o t  c o i n c i d e n t  w i t h  t h e  s i g n a l ' s  r e t u r n ,  

t h e  r e l a t i v e  d e l a y  produces  a s h i f t  i n  t h e  p o s i t i o n  of  t h e  

a u t o c o r r e l a t i o n  "copy" i n  the  o u t p u t .  A r e l a t i v e  d e l a y  which 

i s  n o t  an i n t e g r a l  number o f  seconds  w i l l  a l s o  cause  a small 

d i s t o r t i o n  o f  t h e  a p p a r e n t  copy due to t h e  sampl ing  o f  t h e  

t rue  a u t o c o r r e l a t i o n  f u n c t i o n .  Thus,  when t h e  sampl ing  r a t e  

and s igna l  have n o n i n t e g e r  r e l a t i v e  d e l a y ,  a sample w i l l  n o t  

occu r  a t  t he  a c t u a l  peak o f  t h e  t r u e  a u t o c o r r e l a t i o n .  The 

two r e s u l t i n g  h ighes t  samples  w i l l ,  however,  b o t h  be la rger  

t h a n  t h e  normal  second h ighes t  i n  va lue .  For a r e t u r n e d  

s i g n a l  w i t h  a la rge  SNR and no time s p r e a d i n g ,  t he  e x a c t  

a r r i v a l  time can be d e t e r m i n e d  by a s i m p l e  a n a l y s i s  o f  t h e  
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d i s t o r t i o n  i n  s h a p e .  T h i s  i s  d o n e  by a s imple  e x t r a p o l a t i o n  

o f  t h e  p o i n t s  compr is ing  t h e  s i d e s  o f  t h e  c e n t r a l  peak.  I n  

p r a c t i c e ,  however, time sp read  and n o i s e  g e n e r a l l y  p r e c l u d e  

an  a n a l y s i s  o f  t h i s  a c c u r a c y  f o r  a n  i n d i v i d u a l  run. 

Thus i f  r o u n d - t r i p  t ime were TR and the  p r o c e s s o r l s  

t ime o r i g i n  were To w i t h  r e s p e c t  t o  t r a n s m i t  beg inn ing ,  

t h e n  

3 B R  
ELC.1 J = 10 NOW j-(TR-To) (A-26)  

The o u t p u t  v a r i a n c e  w i l l  now be de termined .  With r e f e r -  

ence  t o  Eq. (A-8), 

k k  

E[X;] = E 1 l x 2 ( t )  x 2 ( z )  d t  d z  (A-27) 
k-1 k-1 

Because o f  t h e  low SNR assumption,  the  o n l y  p o r t i o n  o f  x ( t )  

from ( A - 3 )  which i s  s i g n i f i c a n t  f o r  t h i s  a n a l y s i s  i s  

K l n l ( t ) .  Thus 

k-1 k-1 

S i n c e  n , ( t )  

r e  l a  t i o n  

i s  z e r o  mean and g a u s s i a n  w e  may use t h e  

E[ABCD] = E[AB] E[CD] + E[AC] E[BD] + ELAD] E[BC] (A-29) 

where A ,  B, C ,  D a r e  zero-mean g a u s s i a n  random v a r i a b l e s  

[Wains t e in  and Zubakov, 19621. Thus 
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k 

k-1 k-1 
+ 2 f E 2 [ n l ( t )  n l ( ~ ) ]  d t  d T  

(A-30) 

The a u t o c o r r e l a t i o n  f u n c t i o n  o f  n l ( t )  i s  d e f i n e d  as 

Thus 

E[xc]  = KIE 4 2  [ n l ( t ) l  2 + 2K1 f f R n , ( t - z )  2 d t  d z  (A-32) 
I k-1 k-1 

S i n c e  t h e  s i g n a l  i s  assumed n e g l i g i b l e  i n  t h e  p r e s e n t  compu- 

t a t i o n ,  it i s  seen  from E q .  ( A - 9 )  t h a t  

T h e r e f o r e ,  t h e  v a r i a n c e  o f  xk i s  g iven  by 

Var[Xk] = E[xk]  2 - E 2 [xk ]  = 2K1 f f R n l ( t - T )  2 d t  d z  
k-1 k-1 

(A-34) 

By a change o f  v a r i a b l e ,  4 = t - T ,  

(A-35) 

S i n c e  t h e  bandwidth o f  n ( t )  i s  g e n e r a l l y  a t  l ea s t  a few 

k i l o h e r t z ,  Rn (E,) w i l l  f a l l  t o  z e r o  f o r  v a l u e s  o f  5 much 
1 

SEL-67-071 80 



c 

8 

s m a l l e r  than t h e  i n n e r  i n t e g r a l  limits. Thus t h e  e r r o r  i n  

changing t h o s e  l i m i t s  t o  +m i s  n e g l i g i b l e .  Thus - 
03 

Var[xk]  = 2K1 4 (A-36) 

S i n c e  Rn ( e )  and N l ( f )  form a F o u r i e r  t r ans fo rm p a i r ,  w e  

may a p p l y  P a r s e V a l ' s  theorem and  w r i t e  
1 

00 

Var [xk]  = 2K1 4 

(A-37) 

S i n c e  xk and xk a r e  r e l a t e d  by a c o n s t a n t  [Eqs. ( A - l T ) ,  

( A - W I ,  

S i n c e  xk a n d  yk a r e  independent  but s t a t i s t i c a l l y  

i d  en t i c a l  , 

(A-38) 

(A-39) 

If we wish t o  c o n s i d e r  on ly  t h e  n o i s y  p o r t i o n  o f  t h e  c r o s s -  

c o r r e l a t i o n  o u t p u t ,  we begin  w i t h  
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2 2 Var[C 3 = ELC.1 - E [C j ]  J J 
(A-40) 

The l a s t  term w i l l  b e  e f f e c t i v e l y  removed i f  w e  c o n s i d e r  

o n l y  t h e  v a r i a n c e  o f  t h e  i n p u t  to t h e  c o r r e l a t o r  ( i . e . ,  

i g n o r e  t h e  s i g n a l  component o f  d k ) .  Using Eq. (A-23), 
1000 2 

V a r L C . 1  = E 
J 

1000 1000 
.- 

k = l  n = l  

Success ive  v a l u e s  o f  dk are  independen t  when t h e  s i g n a l  i s  

i g n o r e d ,  thus 

T h e r e f o r e  

- 1000 

k = n  

k # n  

(A-42) 

(A-43) 
k = l  

S i n c e  sk i s  +1, - i t s  square i s  u n i t y ,  and u s i n g  Eq. (A-39) 

w e  o b t a i n  

lo3  V a r [ C  1 = I H ( f ) 1 4  d f  
j W 

(A-44) 
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The n o i s e  component o f  which  causes  t h i s  v a r i a n c e  e s s e n -  

t i a l l y  a r i s e s  from t h e  sum of a l a r g e  number of  independent  

random v a r i a b l e s .  T h i s  number i s  t h e  number o f  deg rees  o f  

freedom of  t h e  n o i s e  a n d  i s  twice  t h e  t ime-bandwidth p r o d u c t .  

The t o t a l  b a n d w i d t h  can be cons idered  t o  be 2 W  f o r  t h e  two 

c h a n n e l s .  T h e r e f o r e ,  f o r  a 10 kHz b a n d w i d t h  a n d  a 1000 s e e  

s i g n a l  i n t e r v a l ,  t h e  number o f  deg rees  o f  f reedom would be 

4 x 10 7 . From t h e  C e n t r a l  L i m i t  Theorem [Davenport  and R o o t ] ,  

i t  can be r e a s o n a b l y  expected t h a t  t h e  n o i s e  component o f  

Cj w i l l  e x h i b i t  a g a u s s i a n  d i s t r i b u t i o n .  T h i s  can be ex-  

pec ted  t o  be t r u e  f o r  any  s t a t i o n a r y  i n p u t  n o i s e  r e g a r d l e s s  

of i t s  a c t u a l  d i s t r i b u t i o n .  
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