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ABSTRACT 

PHOTON COUNTING RECEIVERS FOR OPTICAL COMI'llJNICATION 

THROUGH THE TURBULENT ATMOSPHERE 

Kaliappan Shanmuganathan, Ph.D. 
Oregon Graduate Center ,  1980 

Supervis ing Professor :  Charles  PI. McIntyre 

D i r e c t  d e t e c t i o n ,  photon counting r e c e i v e r s  f o r  u se  i n  o p t i c a l  

communication through t h e  c l e a r  a i r ,  t u rbu len t  atmosphere have been 

examined. I n  p a r t i c u l a r ,  s p a t i a l  d i v e r s i t y  a r r a y s  t o  overcome t h e  

e f f e c t  of f ad ing  due t o  atmospheric turbulence  a r e  considered.  

Experimental r e s u l t s  a r e  compared wi th  t h e o r e t i c a l  r e s u l t s  f o r  an 

optimum r e c e i v e r  s t r u c t u r e  based upon Bayes c r i t e r i o n  of minimum 

p r o b a b i l i t y  of e r r o r .  I n  a d d i t i o n ,  c e r t a i n  suboptimum r e c e i v e r s  

w i th  s impler  s t r u c t u r e s  a r e  der ived  d i r e c t l y  from t h e  optimum 

r e c e i v e r .  These r e c e i v e r s ,  a long w i t h  an adap t ive  th re sho ld  

r e c e i v e r ,  a r e  considered i n  o rde r  t o  examine t h e  t r adeo f f  between 

performance and complexity.  The r e s u l t s  i n d i c a t e  t h a t  t h e  adapt- 

i v e  th re sho ld  r e c i e v e r  i s  a good compromise f o r  in format ion  r a t e s  

t h a t  a r e  h igh  w i t h  r e s p e c t  t o  s c i n t i l l a t i o n  f r equenc ie s ,  a r e l a -  

t i v e l y  unres  t r i c t i v e  condi t ion .  

x i i i  



CHAPTER 1 

INTRODUCTION 

Using a l a s e r  beam f o r  communication through t h e  atmosphere may 

have s e v e r a l  advantages.  It o f f e r s  extremely h igh  bandwidth and 

s i n c e  a l a s e r  beam i s  h ighly  d i r e c t i o n a l ,  p r i v a t e  communication i s  

poss ib l e .  I n  a d d i t i o n ,  a range of cheap, r e l i a b l e  f u n c t i o n a l  

devices  ( p o l a r i z e r s ,  modulating c r y s t a l s ,  e t c . )  and very  s e n s i t i v e ,  

low n o i s e  d e t e c t o r s  a r e  a v a i l a b l e .  There has  been cons ide rab le  work 

i n  t h e  p a s t  t o  understand t h e  o p t i c a l  p r o p e r t i e s  of t h e  atmosphere 

and t o  develop r e c e i v e r  s t r u c t u r e s  t o  process  t h e  s i g n a l  i n  a n  

opt imal  way. A t y p i c a l  o p t i c a l  c o m u n i c a t i o n  system i s  shown i n  

F igure  1. 

Both coherent  d e t e c t i o n  ( a l s o  r e f e r r e d  t o  a s  heterodyne detec-  

t i o n )  and d i r e c t  d e t e c t i o n  ( a l s o  c a l l e d  incoherent  d e t e c t i o n )  have 

been considered f o r  use  i n  t h e s e  communication systems. I n  coherent  

d e t e c t i o n ,  t h e  rece ived  o p t i c a l  wave is mixed wi th  t h a t  of a l o c a l  

o s c i l l a t o r  (F igure  2 ) .  The r e s u l t i n g  wave is then  de t ec t ed  t o  gener- 

a t e  a n  IF  s i g n a l  and proper  f i l t e r i n g  of t h e  I F  s i g n a l  recovers  t h e  

o r i g i n a l  s i g n a l .  This  technique is  u s u a l l y  p r e f e r r e d  i n  r a d i o  and 

microwave communication, bu t  i n  o p t i c a l  coramunication t h i s  technique  

poses some problems. The need f o r  a l o c a l  o s c i l l a t o r  w i th  good f r e -  

quency s t a b i l i t y  and c r i t i c a l  alignment w i th  t h e  rece ived  wave 

in t roduce  c o s t  and complexity.  I n  a d d i t i o n ,  t h e  f l u c t u a t i o n s  i n  

t h e  phase and angle  of a r r i v a l  of t h e  rece ived  wave due t o  turbulence  





Figure 2 .  Block diagram of a generalized optical heterodyne 
receiver. 
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a l s o  cause problems. Therefore d i r e c t  d e t e c t i o n ,  i n  s p i t e  of i t s  

h igher  s e n s i t i v i t y  t o  background r a d i a t i o n ,  has been favored i n  t h e  

o p t i c a l  reg ion .  

Receiver  s t r u c t u r e s  us ing  d i r e c t  d e t e c t i o n  f o r  o p t i c a l  communi- 

c a t i o n  through t h e  atmosphere have been d iscussed  by s e v e r a l  auth-  

o r s .  A r e c e n t  and complete t rea tment  by Teich and ~ o s e n b e r ~ ~  i s  

t h e  one t h a t  i s  of i n t e r e s t  i n  t h i s  work. I n  t h e i r  work, lognormal 

s t a t i s t i c s  a r e  assumed f o r  t h e  fad ing  due t o  turbulence ,  and t h e  

l i m i t i n g  case  of photon counting i s  considered.  F i r s t ,  a most gen- 

e r a l  r e c e i v e r  s t r u c t u r e  i s  developed and found t o  be very  complex. 

The next  s impler  ca se  of t h e  optimum r e c e i v e r  us ing  a d i v e r s i t y -  

a r r a y  of d e t e c t o r s ,  i n  which t h e  f ad ing  a t  each d e t e c t o r  can b e  con- 

s i d e r e d  independent,  i s  t h e  b a s i s  f o r  t h e  c u r r e n t  i n v e s t i g a t i o n .  An 

o u t l i n e  of t h i s  development is g iven  i n  t h e  next  chapter .  

The s t r u c t u r e  of t h e  optimum r e c e i v e r ,  i n  s p i t e  of i t s  r e l a t i v e  

s i m p l i c i t y  compared t o  t h e  more gene ra l  ca se ,  i s  a l s o  somewhat com- 

p lex .  I n  t h i s  t h e s i s ,  t h r e e  a d d i t i o n a l  r e c e i v e r  s t r u c t u r e s  a r e  

considered.  Two of them a r e  suboptimum r e c e i v e r s  der ived  d i r e c t l y  

from t h e  optimum r e c e i v e r ,  and t h e  t h i r d  is  an adap t ive  th re sho ld  

r e c e i v e r .  A l l  t h r e e  a r e  cons iderably  s i m p l i f i e d  r e l a t i v e  t o  t h e  

optimum r e c e i v e r .  

An experimental  photon counting r e c e i v e r  was f a b r i c a t e d  t o  

measure t h e  performance of t h e  above r e c e i v e r s .  The o b j e c t i v e  was 

three-f  o ld :  



1 )  The t h e o r e t i c a l  c a l c u l a t i o n s  by Teich and Rosenberg show 

a  r e l a t i v e l y  h igh  e r r o r  r a t e  f o r  t h e  optimum r e c e i v e r  s t r u c t u r e .  

4 This  i s  due t o  t h e  seve re  fad ing  due t o  turbulence .    his e f f e c t  

can be counterac ted  t o  some e x t e n t  by us ing  l a r g e  a p e r t u r e  rece iv-  

e r s .  However, when t h e  turbulence  i s  severe ,  t h e  a p e r t u r e s  must 

be  extremely l a r g e .  This  i s  no t  d e s i r a b l e  f o r  p r a c t i c a l  purposes.  

Consequently a  d ive r s i t y -a r r ay ,  i n  which t h e  i n d i v i d u a l  elements 

a r e  spaced t o  provide  independent fad ing  a t  each element,  i s  

examined t o  f i n d  u s e f u l  l e v e l s  of performance. 

2 )  To compare experimental  r e s u l t s  wi th  t h e o r e t i c a l  va lues .  

3) To compare t h e  e r r o r  r a t e s  of t h e  r e c e i v e r s  w i th  one 

another  i n  o r d e r  t o  explore  t h e  t rade-off  between t h e i r  perform- 

ance and complexity. 

The experiment and t h e  r e s u l t s  a r e  presented  i n  Chapter 4 .  

The r e s u l t s  can be  summarized a s  fol lows:  

1 )  By us ing  a  d ive r s i t y -a r r ay  of f o u r  d e t e c t o r s ,  e r r o r  r a t e s  

of t h e  order  of a r e  observed. I n  t h e  experiment,  only p o i n t  

d e t e c t o r s  were used, because i t  w a s  d e s i r e d  t o  exp lo re  t h e  worst 

case .  I n  p r a c t i c e  each d e t e c t o r  can have a  f i n i t e  s i z e  and thereby 

reduce t h e  s c i n t i l l a t i o n  and consequently t h e  e r r o r  r a t e  t o  some 

e x t e n t .  The r e s u l t i n g  e r r o r  r a t e s  can t h e r e f o r e  be  b e t t e r  than  



2)  It is found t h a t  t h e  t h e o r e t i c a l  curves f o r  t h e  p r o b a b i l i t y  

d e n s i t y  func t ions  agree  very  w e l l  wi th  t h e  exper imenta l ly  measured 

ones.  For t h i s  reason,  t h e r e  i s  a l s o  good agreement between t h e  

p red ic t ed  and measured va lues  of e r r o r  r a t e s  f o r  t h e  optimum 

r e c e i v e r .  This  means, t h e r e f o r e ,  t h a t  t h e  theory  can be  conf iden t ly  

used i n  designing and p r e d i c t i n g  t h e  performance of photon counting 

c o m u n i c a t i o n  systems using a l a s e r  beam through a c l e a r  t u rbu len t  

atmosphere. 

3)  When t h e  s c i n t i l l a t i o n  f requencies  a r e  s u f f i c i e n t l y  smal le r  

than  t h e  b i t  r a t e s ,  t h e  adap t ive  threshold  r e c e i v e r  performs b e t t e r  

than  a l l  o t h e r  r e c e i v e r s .  It i s  a l s o  found t o  b e  t h e  l e a s t  complex 

of a l l .  (However, i t  i s  pointed ou t  t h a t  t h e  optimum rece ive r  uses  

a l i k e l i h o o d  func t ion  t h a t  has  only a f i n i t e  number of d i s c r e t e  

va lues .  This  f a c t  can be  used t o  reduce i t s  complexity consider-  

ab ly .  Th i s  i s  e s p e c i a l l y  so  i n  t h e  c a s e  of mul t i -de tec tor  a r r a y s . )  

The two suboptimum r e c e i v e r s  perform ve ry  poor ly  compared t o  both 

t h e  optimum r e c e i v e r  and t h e  adap t ive  th re sho ld  r e c e i v e r .  



CHAPTER 2 

THE ATMOSPHERE AND OPTICAL COMYUNICATION 

Technological developments i n  t he  f i e l d  of semiconductors have 

made cheap and e f f i c i e n t  photo d e t e c t i o n  poss ib l e .  This ,  t oge the r  

w i th  t h e  advance i n  o p t i c a l  f i b e r  technology, has  made communica- 

t i o n  through o p t i c a l  f i b e r s  a r e a l i t y  today. But o p t i c a l  communica- 

t i o n  through t h e  atmosphere is  s t i l l  i n  t h e  budding. Some 

experimental  s t u d i e s  have been done i n  Japan and ~ u s s i a . ~ ' ~  An 

engineer ing  f e a s i b i l i t y  model f o r  a s a t e l l i t e  t o  e a r t h  communication 

l i n k  by NASA has  been r epor t ed .7  This  model i s  t o  be  space t e s t e d  

us ing  a s a t e l l i t e  t o  be launched i n  t h e  e a r l y  1980's.  To exp lo re  

and e x p l o i t  t h e  p o s s i b i l i t i e s ,  however, more work is needed. 

Problems Associated w i t h  t h e  Atmosphere 

Laser  communication through t h e  atmosphere obviously r e q u i r e s  

a good understanding of t h e  atmosphere a s  an  o p t i c a l  channel.  The 

e f f e c t s  of t h e  atmosphere on l a s e r  propagat ion can be broadly d iv ided  

i n t o  two c a t e g o r i e s .  F i r s t ,  t h e r e  i s  s c a t t e r i n g  due t o  d u s t ,  haze,  

fog,  c louds ,  r a i n ,  etc. '  Recent ly t h e r e  have been numerous s t u d i e s  

on t h e  p a r t i c u l a t e  s c a t t e r i n g  of  l a s e r  beams. Most of them p e r t a i n  

t o  ob ta in ing  information about t h e  p a r t i c l e s  i n  t h e  atmosphere, 

bu t  many a l s o  d e a l  wi th  t h e  problems r e l a t e d  t o  communication. 



R. R. Meier, e t  a l . ,  s tudy  t h e  s c a t t e r i n g  of UV r a d i a t i o n  from 

a po in t  source  using Monte Carlo s i m ~ l a t i o n . ~  G .  W. Kattawar e t  a l . ,  

t r e a t  t h e  e f f e c t s  of r ad i ance  and p o l a r i z a t i o n  f o r  t h e  c a s e  where 

d i f f u s i v e  s c a t t e r i n g  i s  very  prominent. lo B. W. Fowler e t  a l . ,  

o b t a i n  a numerical s o l u t i o n  t o  t h e  three-dimensional r a d i a t i v e  

t r a n s f  e r  equat ion  i n  Ref. 8 f o r  a foggy medium. l 1  Also t h e r e  have 

been some i n t e r e s t i n g  t h e o r e t i c a l  c a l c u l a t i o n s  regard ing  t h e  possi-  

b i l i t y  of burning a h o l e  through clouds and fog us ing  high power 

l a s e r s .  12' l3 A summary of t h e  phenomenon of l i g h t  s c a t t e r i n g  i n  t h e  

atmosphere may be  found i n  Ref. 14. Some of t h e  experimental  inves- 

t i g a t i o n s  and t h e i r  r e s u l t s  can be found i n  Refs.  5, 15-17. 

The second d e l e t e r i o u s  e f f e c t  t h a t  t h e  atmosphere has on l a s e r  

beam propagat ion i s  t h a t  due t o  turbulence .  I n  t h i s  c a s e  t h e  phase 

and amplitude of t h e  o p t i c a l  wave change randomly bo th  i n  space  and 

i n  t ime a t  t h e  r e c e i v e r  p lane .  Unlike p a r t i c u l a t e  s c a t t e r i n g  which 

occurs  only i n  t h e  presence of c louds,  fog,  e t c . ,  t h e  turbulence  

e f f e c t s  a r e  always p re sen t  and any r e c e i v e r  system us ing  a l a s e r  

beam through t h e  atmosphere must t a k e  t h i s  i n t o  account.  I n  r e c e n t  

y e a r s  t h e r e  has  been cons ide rab le  p rog res s  towards t h e  understanding 

of t h i s  phenomenon. A d e t a i l e d  account of t h i s  phenomenon i s  g iven  

i n  Refs.  18-20. A ve ry  b r i e f  o u t l i n e  i s  given i n  t h e  nex t  s e c t i o n .  

Turbulence 

Turbulence of t h e  atmosphere is t h e  random v a r i a t i o n  i n  space  

and t ime of t h e  index of r e f r a c t i o n  which i s  mainly caused by random 



f l u c t u a t i o n s  i n  t h e  temperature of t h e  atmosphere. l8 These f l u c -  

t u a t i o n s  may b e  supposed t o  b e  encompassed by two s c a l e s :  an  inne r  

s c a l e  g and an o u t e r  s c a l e  L . Considering only t h e  s p a t i a l  f luc-  
0 0 

t u a t i o n s ,  R i s  t h e  sma l l e s t  d i s t a n c e  over which t h e  s p a t i a l  co- o  

va r i ance  f a c t o r  d i f f e r s  from u n i t y  and L is  t h e  l a r g e s t  d i s t a n c e  
0 

over  which i t  d i f f e r s  from zero .  Obviously, t h e s e  q u a n t i t l i e s  to 

and Lo a r e  not  e a s i l y  measurable.  Thei r  primary u s e  i s  i n  formu- 

l a t i n g  a  t h e o r e t i c a l  model f o r  t h e  turbulence .  

It i s  convenient t o  r ep re sen t  t h e  s p a t i a l  v a r i a t i o n s  of t h e  

index of r e f r a c t i o n  of t h e  atmosphere i n  terms of a  s t r u c t u r e  

f u n c t i o n  def ined  a s ,  

where n($) is t h e  index of r e f r a c t i o n  a t  a p o i n t  i n  t h e  atmosphere 

r ep re sen ted  by t h e  v e c t o r  ;. Dn(r) has  been found t o  be propor- 

3 
t i o n a l  t o  r 2 / 3  where r = 1:1 - r2 1 . l8  he s t r u c t u r e  f u n c t i o n  can 

be w r i t t e n  

where ~2 i s  a parameter r e p r e s e n t a t i v e  of t h e  magnitude of t h e  f l u c -  n  

t u a t i o n s  i n  t h e  index of r e f r a c t i o n .  

For an i s o t r o p i c  medium, t h e  s p a t i a l  wave number spectrum of 

t h e  f l u c t u a t i o n s  i n  t h e  index of r e f r a c t i o n ,  f o r  we l l  developed 

tu rbu lence  i s  approximately g iven  by 
19  



In  t h e  above K is  t h e  s p a t i a l  wave number of t h e  f l u c t u a t i o n s  i n  

r e f r a c t i v e  index and K = 2n/ko. Equation ( 3 )  is  a good approxi- m 

mation f o r  K 2 27r/L0. 

Because of t h e  random r e f r a c t i v e  index,  d i f f e r e n t  po r t ions  of 

t h e  o p t i c a l  wave undergo d i f f e r e n t  random phase changes. A t  some 

p o i n t s  i n  t h e  r e c e i v e r  p l ane  t h e s e  waves may add up i n  phase. 

However, a t  o t h e r  p o i n t s ,  t h e  random phases may cause a s eve re  fad- 

ing  i n  amplitude. It has been observed exper imenta l ly  t h a t  t h e  

r e s u l t i n g  d i s t r i b u t i o n  of ampli tude ( o r  i n t e n s i t y )  obeys lognormal 

s t a t i s t i c s  descr ibed  by 

f (A) = 1 

A- 
ex* [ - 

202 
X 

'- - X <k.r>)2 J 
where A i s  t h e  normalized ampli tude,  u2 i s  t h e  v a r i a n c e  of t h e  log- 

X 
a r i t hm of t h e  ampli tude,  and f ( A )  i s  t h e  p r o b a b i l i t y  d e n s i t y  func t ion  

of t h e  amplitude. When t h e  turbulence  i s  very  seve re  ( a2  - 0.6) 
X 

t h e r e  is  some d e v i a t i o n  from t h e  lognormal d i s t r i b u t i o n .  21 However, 

f o r  many p r a c t i c a l  purposes,  t h e  lognormal d i s t r i b u t i o n  appears  t o  

be  an  adequate  approximation. 

Assuming a s p h e r i c a l  wave, an approximate express ion  f o r  t h e  

va r i ance  of l o g  ampli tude f o r  a homogeneous medium is  given by 19  

+ s i n  (2) s((+-)112)]j 2ak + n ( ~ ) ~ d ~  



where L i s  t h e  pa th  l e n g t h ,  k i s  t h e  o p t i c a l  wave number of t h e  

l a s e r  and 

X 

7Tt2 d t  and C ( X )  = J cos - 2  

X 

7Tt2 
S(x) = j  s i n  - 2  d t  . 

For a homogeneous i s o t r o p i c  medium t h e  above equa t ion  can be  reduced 

by us ing  equa t ion  ( 3 ) .  Thus, 

where X is  t h e  wavelength. Also, i t  can be  shown t h a t  

where o: i s  t h e  v a r i a n c e  of l og  i n t e n s i t y .  The above express ion  i s  

v a l i d  f o r  a2  < 0.1.  Experiments 2 2 * 2 3  show t h a t  02 i n c r e a s e s  w i t h  L  
X X 

u n t i l  a2 - 0.7.  Fu r the r  i n c r e a s e s  i n  L cause  ve ry  l i t t l e  change. 
X 

Thi s  phenomenon i s  r e f e r r e d  t o  a s  s a t u r a t i o n  of t h e  va r i ance  of l o g  

ampli tude.  Using equa t ion  (2)  an  express ion  f o r  t h e  covar iance  of  

l o g  ampli tude,  b  (p) ,  f o r  t h e  ca se  of  a  s p h e r i c a l  wave can a l s o  be  

der ived  : 19 

where t2/X << L and R << p << (AL)1 /2 ,  
0 0 



The temporal f l u c t u a t i o n s  i n  t h e  r e f r a c t i v e  index cause a  

corresponding f l u c t u a t i o n  i n  t h e  amplitude ( o r  i n t e n s i t y )  a t  any 

given p o i n t  i n  t h e  r e c e i v e r  p lane ,  r e f e r r e d  t o  a s  s c i n t i l l a t i o n .  

Among o t h e r  t h i n g s ,  s c i n t i l l a t i o n  is a f f e c t e d  by t h e  wind v e l o c i t y  

ac ros s  t h e  pa th  of t h e  beam. The r e l a t i o n s h i p  between s c i n t i l l a t i o n  

frequency and t h e  wind v e l o c i t y  is  usua l ly  descr ibed  by us ing  

Tay lo r ' s  hypothes is .  
18,20 

Some of t h e  r ecen t  t h e o r e t i c a l  work exp la ins  t h e  s a t u r a t i o n  

phenomenon, 2 4 y 2 5  i n d i c a t i n g  t h a t  a t  very  high va lues  of i n t e g r a t e d  

pa th  turbulence ,  a s  i n  equat ion  ( 6 ) ,  ( u  >> 100) t h e  f l u c t u a t i o n s  

i n  i n t e n s i t y  a r e  descr ibed  by an  exponent ia l  d i s t r i b u t i o n  r a t h e r  

than  a  lognormal d i s t r i b u t i o n .  However, t h i s  r e q u i r e s  extremely 

long pa ths  and is d i f f i c u l t  t o  observe experimental ly .  A s  such,  

t h e  p red ic t ed  exponent ia l  d i s t r i b u t i o n  f o r  t h e  i n t e n s i t y  i s  l e s s  

u s e f u l  than t h e  lognormal d i s t r i b u t i o n .  

I n  r e c e n t  work26 Bissonnet te ,  et a l . ,  suggest  an exponent ia l  

Besse l  d i s t r i b u t i o n  f o r  t h e  f ad ing  due t o  turbulence .  However, 

t h e i r  t h e o r e t i c a l  j u s t i f i c a t i o n  f o r  such a d i s t r i b u t i o n  appears  t o  

be  ques t ionable .  Also from a p r a c t i c a l  p o i n t  of view t h i s  d i s t r i -  

bu t ion  involves  parameters  t h a t  are more d i f f i c u l t  t o  measure than  

t h e  parameter (0:) needed i n  t h e  case  of a  lognormal d i s t r i b u t i o n .  

I n  t h e  subsequent t rea tment  we w i l l  assuma a lognormal d i s t r i -  

bu t ion  f o r  t h e  i r r a d i a n c e  f l u c t u a t i o n s  due t o  turbulence .  



CHAPTER 3 

THEORY OF PHOTON COUNTING RECEIVER 

Theory of Optimum Receiver  

I n  t h i s  s e c t i o n  we o u t l i n e  t h e  development of t h e  optimum 

r e c e i v e r  by Teich and ~ o s e n b e r ~ . ~  The theory i s  a p p l i c a b l e  f o r  t h e  

c a s e  of a  non-focused l a s e r  beam pass ing  through a  c l e a r  a i r ,  

t u r b u l e n t  atmosphere. Only t h e  photon counting ( o r  more c o r r e c t l y ,  

photoe lec t ron  counting)  ca se  i s  considered.  Lognormal s t a t i s t i c s  

a r e  assumed f o r  t h e  f l u c t u a t i o n s  i n  i r r a d i a n c e  due t o  turbulence .  It 

must be mentioned he re  t h a t  t h e i r  t h e o r e t i c a l  t rea tment  i s  more 

gene ra l  than  i s  needed f o r  our  purposes.  I n  t h i s  work we w i l l  con- 

s i d e r  on ly  t h e  very  s p e c i a l  c a s e  of t h e  r e c e i v e r  d e f i n e d i n  the  next  

paragraph,  s i n c e  i t  i s  no t  p o s s i b l e  t o  exper imenta l ly  i n v e s t i g a t e  a l l  

t h e  r e c e i v e r s  t h a t  t h e  theory could cover .  

The communication system considered i n  t h i s  t h e s i s  u ses  b ina ry  

coded ampli tude modulation. Sending a  l a s e r  p u l s e  dur ing  a  b i t  

i n t e r v a l  w i l l  correspond t o  a  hypothes is  H1 and n o t  sending a  l a s e r  

pu l se  dur ing  a  b i t  i n t e r v a l  w i l l  correspond t o  a hypothes is  H o .  The 

a p r i o r i  p r o b a b i l i t i e s  of H1 and Ho a r e  equal .  The system uses  a  

s imple Bayes c r i t e r i o n  of minimum p r o b a b i l i t y  of e r r o r  i n  t h e  

d e c i s i o n  making process .  

(To avoid a  p o s s i b l e  confusion l a t e r  on w e  may p o i n t  o u t  he re  

t h e  terminology used: When t h e  t r a n s m i t t e r  sends a  l a s e r  p u l s e  



during a  b i t  i n t e r v a l  t h i s  w i l l  be  r e f e r r e d  t o  a s  "The t r a n s m i t t e r  

sends an HI b i t . "  When t h e  t r a n s m i t t e r  does not  send any l a s e r  

pu l se  during a b i t  i n t e r v a l ,  t h i s  w i l l  be r e f e r r e d  t o  a s  "The 

t r a n s m i t t e r  sends an  H o  b i t . " )  

F i r s t ,  a  l i s t  of a l l  t h e  assumptions used a t  v a r i o u s  s t a g e s  of 

t h e  t h e o r e t i c a l  development w i l l  be  given. The l i s t  w i l l  i n d i c a t e  

t h e  e x t e n t  of u se fu lnes s  a s  w e l l  a s  t h e  l i m i t a t i o n s  of t h e  theory .  

1 )  Only t h e  e f f e c t s  of c l e a r  a i r  tu rbulence  w i l l  be consid- 

e red .  Other e f f e c t s  l i k e  p a r t i c u l a t e  s c a t t e r i n g ,  e t c .  w i l l  n o t  b e  

considered.  

2 )  The background r a d i a t i o n  i s  modeled a s  a  whi te ,  zero  mean, 

s t a t i o n a r y ,  complex Gaussian process .  A t  low ene rg ie s ,  t h i s  becomes 

a  Poisson process  because of t h e  d i s c r e t e  n a t u r e  of t h e  photons. 

3) The background r a d i a t i o n  i s  a d d i t i v e  and t h e  e f f e c t s  of 

c r o s s  mixing between background and s i g n a l  a r e  n e g l i g i b l e .  

4 )  The d e t e c t o r  a r e a  is  assumed t o  be  small  enough t o  ensure  

complete f i r s t  o rde r  s p a t i a l  coherence of t h e  f i e l d  over t h e  

d e t e c t o r  a r e a  of each d e t e c t o r .  This  cond i t i on  w i l l  be met i f  t h e  

dimensions of t h e  de t ec to r - su r f ace  a r e  much sma l l e r  than  , t h e  

F re sne l  zone s i z e ,  w i th  X t he  wave l e n g t h  and L t h e  p a t h  l eng th .  

Actua l ly ,  t h i s  assumption i s  made only t o  avoid ca r ry ing  cumbersome 

i n t e g r a l s  over t h e  d e t e c t o r  a r ea .  The theory  i t s e l f  w i l l  hold good 

i r r e s p e c t i v e  of t h e  d e t e c t o r  a r e a  i f  t h e  reduced va r i ance  of t h e  

l o g - i n t e n s i t y  due t o  a p e r t u r e  averaging over l a r g e  d e t e c t o r  s u r f a c e s  

is  used i n  t h e  c a l c u l a t i o n s .  This  is  because it has  been observed 



t h a t  i n t e n s i t y  s c i n t i l l a t i o n s  of t h e  l i g h t  c o l l e c t e d  by a l a r g e  a r e a  

s t i l l  obey a  log-normal d i s t r i b u t i o n  wi th  reduced va r i ance  f o r  log- 

i n t e n s i t y .  2 7 

5) The i n d i v i d u a l  photoe lec t rons  a r e  reso lved  and t h e  number 

of unresolved cases ,  i f  p r e sen t ,  a r e  n e g l i g i b l e .  

6)  F luc tua t ions  i n  t h e  l a s e r  ou tput  energy a r e  n e g l i g i b l e .  

This  w i l l  be g e n e r a l l y  t r u e  i f  t h e  l a s e r  o s c i l l a t e s  f a r  above 

th re sho ld .  

7 )  The average background r a d i a t i o n  and i t s  s t a t i s t i c s  a r e  t h e  

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

8) The mean va lue  of t h e  i r r a d i a n c e  due t o  t h e  l a s e r  beam, and 

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

where T i s  t h e  b i t  i n t e r v a l  and f c  i s  t h e  9)  F i n a l l y ,  T << - 
c  

c h a r a c t e r i s t i c  frequency of t h e  turbulence  f l u c t u a t i o n s  ( t y p i c a l l y  a  

few hundred Hz). 

Keeping t h e  above assumptions i n  mind, an express ion  f o r  t h e  

cond i t i ona l  p r o b a b i l i t i e s  f o r  t h e  s i g n a l  (photons) de t ec t ed  a t  t h e  

r e c e i v e r  is  der ived .  F i r s t  one may omit t h e  e f f e c t  of tu rbulence  

and w r i t e  t h e  p r o b a b i l i t y  d e n s i t y  func t ion  f o r  t h e  ca se  of a  s t eady  

flow of photons. Then t h e  turbulence  e f f e c t s  can be taken i n t o  

account  and t h e  r e s u l t i n g  d e n s i t y  f u n c t i o n  w r i t t e n .  

Consider one b i t  i n t e r v a l  between t l  and t l  + T. Assume t h e  

energy rece ived  by one d e t e c t o r  dur ing  t h i s  i n t e r v a l  i s  ET. 



where V(t  ') i s  t h e  f i e l d  due t o  t h e  s i g n a l  and B i s  a  cons tan t  

r ep re sen t ing  t h e  a r e a  of t h e  d e t e c t o r  (assumption 4 ) .  I f ,  during 

t h i s  i n t e r v a l ,  n photoe lec t rons  a r e  de t ec t ed ,  

where TI i s  t h e  quantum e f f i c i e n c y  and hv t h e  energy i n  a  s i n g l e  

photon. S ince  t h e  counting of random events  obeys Poisson s t a t i s t i c s ,  

t h e  number of photo-electrons counted should f l u c t u a t e  about a  mean 

v a l u e  W, where 

Therefore ,  f o r  one d e t e c t o r  t h e  p r o b a b i l i t y  d e n s i t y  of t h e  photo- 

e l e c t r o n  count can b e  w r i t t e n  a s  

P,(n) = 
wn exp (-W) 

n ! 

I f  dur ing  t h e  b i t  i n t e r v a l  considered,  a  hypothes is  Ho was s e n t ,  

t hen  W = N f o r  a l l  d e t e c t o r s  i n  t h e  a r r a y ,  where N i s  t h e  average 
B B 

number of photoe lec t rons  due t o  t h e  background (assumption 7 ) .  



Therefore ,  t h e  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  f o r  n,  t h e  number of 

photoe lec t rons  counted dur ing  T f o r  Ho, f o r  one d e t e c t o r  is  

I f  we cons ider  an a r r a y  of D d e t e c t o r s ,  t h e  dens i ty  func t ion  can 

b e  w r i t t e n  a s  

where n  i s  t h e  number of photoe lec t rons  counted a t  t h e  i t h  
i - 

d e t e c t o r  and 

I f  we cons ider  only t h e  b i t  i n t e r v a l s  i n  which hypothes is  

HI were s e n t ,  t h e  average number of photoe lec t ron  counts  would be 

where N is  t h e  average number of photoe lec t rons  due t o  t h e  l a s e r  
S 

and Z ,  t h e  f ad ing  f a c t o r  due t o  turbulence  e f f e c t s .  By assumption 

8, N i s  t h e  same f o r  a l l  d e t e c t o r s ,  b u t  Z need no t  be  t h e  same. S 

However, by assumptions 1 and 8 ,  Z i s  s t a t i s t i c a l l y  i d e n t i c a l  f o r  



a l l  t h e  d e t e c t o r s .  Consequently, given Z ,  and cons ider ing  only 

one d e t e c t o r ,  t h e  cond i t i ona l  p r o b a b i l i t y  d e n s i t y  func t ion  f o r  n ,  

t h e  number of photoe lec t ron  counts  when HI i s  s e n t  i s  

For t h e  case  of  an  a r r a y  of d e t e c t o r s  t h e  cond i t i ona l  p r o b a b i l i t y  

d e n s i t y  f u n c t i o n  t a k e s  t h e  form 

Under t h e  assumption of lognormal s t a t i s t i c s  f o r  t h e  f ad ing ,  t h e  

-t 
p r o b a b i l i t y  d e n s i t y  func t ion  f o r  Z i s  g iven  a s  

-t 
where t h e  v e c t o r  X has  components given by {Xi = anzi + - 2 and 

A i s  t h e  log - i r r ad i ance  covariance ma t r ix  whose elements a r e  

+ 
By assumption 9 t h e  fading v e c t o r  Z does not  change over  t h e  per iod  T.  



Combining equat ions  (18) and (19) we g e t  t h e  p r o b a b i l i t y  d e n s i t y  

func t ion  f o r  t h e  hypothes is  H1 inc luding  t h e  turbulence  (lognormal) 

a s  w e l l  a s  t h e  counting (Poisson)  s t a t i s t i c s .  

-f -+ 
P&:) = J P c ( n l ~ )  ~ ~ ( 3 )  d i  

0 
CO CO 

(21) 

+ ~ ~ ) ~ i  exp [-(ZiNS + NB)J 
PZ(Zl,Z p . .  ZD)dZ p. .  

n t  
o o i' 

d Z ~  

Teich and Rosenberg apply the  method of s t e e p e s t  descents3  t o  reduce 

t h e  above i n t e g r a l s  t o  g e t  

where t h e  r e l e v a n t  q u a n t i t i e s  a r e  def ined  below. 



3 -f 
The quantity Zo is the stationary value of Z obtained from the equation 

Equations (14) and (22) give the photoelectron counting distribu- 

tions when the hypotheses Ho and H1 respectively are sent. 

Consider a single detector receiver. Suppose during a bit 

interval the detector counts n photoelectrons. Using this informa- 

tion, a decision has to be made as to whether Ho or H1 was sent from 

the transmitter. This can be done by evaluating a quantity called 

the likelihood ratio.28 If Po(n) and Pl (n) are the probability 

densities for receiving n photoelectron counts for the hypotheses 

Ho and H1 respectively, then the likelihood ratio is defined as 

According to the Bayes criterion of minimum probability of error, 
H 1 

the decision rule is then - A(n) 2 1. That is, decide in favor 
H 0 

of Ill if I\(n) > 1, and Ho if - A(n) < 1. Often it is preferred to 



u s e  another  q u a n t i t y  c a l l e d  t h e  l i ke l ihood  func t ion ,  L(n), f o r  

making t h e  dec i s ion .  L(n) i s  simply RnA(n). I n  terms of L(n) , 
H 1 

t h e  d e c i s i o n  rule i s  L(n) 2 0. 
H 0 

Considering a r e c e i v e r  system us ing  an a r r a y  of D d e t e c t o r s ,  

we can w r i t e  t h e  corresponding l i k e l i h o o d  r a t i o  from equat ions  (14) 

and (22) .  

The corresponding l i k l i h o o d  func t ion  i s  given by 

The r e s u l t i n g  r e c e i v e r  s t r u c t u r e  i s  shownin  F igu re  3.  A s  can be  seen ,  

t h i s  r e c e i v e r  s t r u c t u r e  is  very  complicated, e s p e c i a l l y  because of 

t h e  covar iance  terms. 

For a  c a s e  where t h e  fad ing  of t h e  s i g n a l s  a t  each of t h e  

d e t e c t o r s  may be  considered t o  be  independent,  t h e  l i k e l i h o o d  

func t ion ,  and hence t h e  r e s u l t i n g  r e c e i v e r  s t r u c t u r e ,  t a k e  a  s i n 9 l e r  

form. Such independent fad ing  i s  p o s s i b l e  i f  t h e  d e t e c t o r s  a r e  

s u f f i c i e n t l y  f a r  a p a r t  from each o t h e r .  The l i k e l i h o o d  f u n c t i o n  then  

is  





where Z is  now obta ined  from an uncoupled s e t  of equat ions  i o  

given by 

The r e c e i v e r  s t r u c t u r e  corresponding t o  t h e  l i k e l i h o o d  func t ion  

given i n  equat ion  (30) is  shown i n  F igure  4. This  r e c e i v e r  w i l l  

hencefor th  be  c a l l e d  t h e  approximate optimum r e c e i v e r ,  o r  simply AOX. 

Suboptimum Receiver  

From a p o i n t  of view of p r a c t i c a l  cons t ruc t ion ,  even t h e  AOR 

i s  r e l a t i v e l y  conp l i ca t ed .  Ifore complexity means more c o s t  and i n  

a  sense ,  less r e l i a b i l i t y .  Th i s ,  t h e r e f o r e ,  c a l l s  f o r  f u r t h e r  

r educ t ion  t o  s impler  s t r u c t u r e s ,  and a  b e t t e r  t rade-off  between 

complexity and performance, i f  t h a t  i s  poss ib l e .  We now cons ider  

a few p o s s i b i l i t i e s .  

Suboptimum Receiver  I (SOR I): 

We s t a r t  w i t h  t h e  express ion  f o r  t h e  l i k e l i h o o d  func t ion  a s  

g iven  i n  equat ion  (30) .  An i n v e s t i g a t i o n  of t h e  r e l a t i v e  importance 





of t h e  four  terms on t h e  RHS shows t h a t  t h e  l a s t  two terms a r e ,  i n  

gene ra l ,  cons iderably  smal le r  than  t h e  f i r s t  two. The a c t u a l  va lues  

of t hese  f o u r  terms a r e  l i s t e d  i n  Table I f o r  c e r t a i n  t y p i c a l  combina- 

2 
t i o n s  of aI  , N and N and nea r  t h e  corresponding threshold  count 

S B 

nT. The va lues  of t h e  four  terms a r e  presented  f o r  t h e  th re sho ld  

counts ,  because t h e  d e c i s i o n  making f o r  Ho o r  H1 is  c r i t i c a l  on ly  

nea r  t h e  threshold .  A s  can be seen ,  t h e  l a s t  two terms a r e  ve ry  

smal l  compared t o  t h e  f i r s t  two i n  most of t h e  cases .  A s  such,  

t h e r e  i s  some j u s t i f i c a t i o n  t o  drop t h e  last two terms t o  make t h e  

r e c e i v e r  s t r u c t u r e  a  s impler  one. A l t e r n a t i v e l y ,  one can look a t  t h i s  

approximation t h i s  way: The s o l u t i o n  of equat ion  (31) f o r  Zio g i v e s  

an es t imated  va lue  of t h e  a c t u a l  fad ing  Z I f  we assume t h a t  i 

t h i s  es t imated  va lue  f o r  Z i s  v e r y  n e a r l y  t h e  exac t  va lue  of Zi, 
i 

then  i t  can b e  shown t h a t  t h e  l a s t  two terms i n  t h e  square  b racke t  

i n  equat ion  (30) drop ou t .  This  r e s u l t s  i n  a s impler  equat ion  f o r  

t h e  l i k e l i h o o d  funct ion:  

where Z i s  g iven  by equat ion (31) .  The corresponding r e c e i v e r  
i o  

s t r u c t u r e  i s  given i n  F igure  5. 

Suboptimum Receiver  I1 (SOR 11) : 

Another p o s s i b l e  approximation r e s u l t s  from a cons ide ra t ion  of 

equa t ion  (31) f o r  Z i o  
An i n v e s t i g a t i o n  shows t h a t  t h e  va lues  of Zio 



TABLE I 

TYPICAL VALUES FOR THE TERMS I N  THE LIKELIHOOD FUNCTION 

OF EQUATION (30) 





only  r a r e l y  f a l l  o u t s i d e  the  range of 0 . 1  and 10.0. The v a l u e  of 

a2 is  never  more than  about  3.0. Therefore,  t h e  t h i r d  t e r n  on t h e  
i 

LHS is of t h e  o rde r  of u n i t y .  For reasonably l a r g e  va lues  of 

N (and hence n . )  t h e  f i r s t  two terms on t h e  LHS of t h e  equat ion  
S 1 

w i l l  dominate. I n  such a case ,  w e  could drop t h e  t h i r d  term, 

approximating t h e  equat ion  f o r  Zio a s  

n Z  N ni - NB 
i i o S  - z N = O  ( o r )  z i 0 =  

'ioNS + N~ i o  s Ns 

We might n o t e  t h a t  ni may b e  l e s s  than  o r  equal  t o  N i n  which case ,  B ' 
according t o  equat ion (33) ,  Z can t a k e  nega t ive  o r  ze ro  va lues .  i o  

This ,  of course ,  is not  permi t ted ,  A more c o r r e c t  way of w r i t i n g  t h e  

above equat ion  i s  

ni - NB 
z = o r  0.1, whichever is  l a r g e r .  

i o  
N~ 

The r e s u l t i n g  r e c e i v e r  s t r u c t u r e  i s  shown i n  F igure  6 .  

Adaptive Threshold Receiver  (ATR): 

The above s i m p l i f i e d  r e c e i v e r  s t r u c t u r e s  r e s u l t i n g  from approxi- 

mations f o r  t h e  equa t ions  f o r  t h e  l i k e l i h o o d  f u n c t i o n  and t h e  

s t a t i o n a r y  va lue  of Z should be expected t o  perform poorer  t han  t h e  

approximate optimum r e c e i v e r  (AOR). An i n t e r e s t i n g  c a s e  of a 

r e c e i v e r  u s ing  an averaged th re sho ld  has  been suggested by McIntyre 

and ~ h u r n s i d e . ~ '  They p o i n t  ou t  t h a t  i f  t h e  b i t  r a t e  is  l a r g e ,  





i n s t e a d  of us ing  n  i t  is p o s s i b l e  t o  u s e  ?i t h e  v a l u e  f o r  t h e  pho- 
i i ' 

t o e l e c t r o n  count averaged over  a proper ly  chosen number of b i t s ,  t o  

c a l c u l a t e  Zio. They f u r t h e r  show t h a t  i f  t h e  number of  b i t s  

averaged over  can be  l a r g e  enough, a  r e c e i v e r  t h a t  i s  both  s impler  

i n  s t r u c t u r e  and b e t t e r  i n  performance can r e s u l t ,  e s p e c i a l l y  f o r  

h igh  l e v e l s  of tu rbulence .  

W e  cons ide r  equa t ion  (31) aga in .  Modifying t h i s  equa t ion  t o  

r e p l a c e  n  w i t h  Xi, where N i s  t h e  number of b i t s  averaged over ,  i 

one g e t s  

A s  expla ined  e a r l i e r ,  t h e  l a s t  term on t h e  LHS i s  of t h e  o rde r  of 

u n i t y  and can be  dropped wi thout  i n t roduc ing  much e r r o r  i f  N; is  
i 

l a r g e  enough. The r e s u l t i n g  equa t ion  can then  be  so lved  f o r  Z i o  

I f  we t r e a t  t h i s  v a l u e  of  Zio as t h e  exac t  v a l u e  f o r  f ad ing ,  t hen  we 

can s u b s t i t u t e  i n  equa t ion  (32) t o  g e t  

The corresponding r e c e i v e r  s t r u c t u r e  i s  shownin  F igu re  7.  





Comparing Figure  7 w i th  F igu re  4 w i l l  show a three- fo ld  s i m p l i f i -  

cac t ion .  F i r s t ,  t h e  l i k e l i h o o d  func t ion  i s  s impler .  Second, t h e  

s o l u t i o n  of an  i m p l i c i t  equa t ion  f o r  Z i s  rep laced  by a s t r a i g h t -  
i o  

forward averaging.  Thi rd ,  t h e  need t o  feed  i n  t h e  va lues  a: 

and N does  no t  e x i s t .  The b e t t e r  performance of t h i s  r e c e i v e r  over  
S 

t h a t  of t h e  AOR i n  c e r t a i n  ca ses  (h igh  v a l u e s  f o r  u2 ) i s  a r e s u l t  
I 

of t h e  f a c t  t h a t  through t h e  averaging process  informat ion  i n  more 

than  one b i t  i s  used i n  t h e  dec i s ion  making. 

Receiver With Stored Likel ihood Function (RWSLF): 

I f  t h e  l a s e r  beam used f o r  communication i s  s t rong  enough, t h e  

l i g h t  wave rece ived  can b e  considered t o  b e  continuous. I n  such a 

case ,  any i n t r i n s i c  f l u c t u a t i o n s  i n  t h e  i n t e n s i t y  ( a p a r t  from t h e  

turbulence  f l u c t u a t i o n s )  would be  Gaussian i n  na tu re .  On t h e  o the r  

hand, a t  low i n t e n s i t i e s  t h e  l i g h t  rece ived  would be d iscont inuous  

due t o  t h e  quantum n a t u r e  of l i g h t .  The i n t r i n s i c  f l u c t u a t i o n s  

would then  b e  Poisson.  The boundary between t h e  two regimes i s  

no t  a sha rp  one. However, when NS, N 5 40 which i s  t h e  regime 
B 

we a r e  concerned w i t h  i n  t h i s  work, t h e  f l u c t u a t i o n s  a r e  

Poisson. 

When N , NB 5 40 t h e  photoe lec t ron  count dur ing  any b i t  i n t e r v a l  
S 

i s  l i k e l y  t o  exceed 100 only  r a r e l y .  Even i f  more than  100 photo- 

e l e c t r o n s  were counted dur ing  any b i t  i n t e r v a l ,  one could t r e a t  i t  as 

i f  no more than  100 photo-electrons were counted wi thout  i nc reas ing  

t h e  o v e r a l l  e r r o r  p r o b a b i l i t y  more than  10'1°, which is n e g l i g i b l e .  



Consequently, i n  t h e  c a s e  of a photon counting r e c e i v e r ,  one may 

never have t o  count more than about  100 photoe lec t rons .  

The l i k e l i h o o d  f u n c t i o n s  i n  equat ions  (30) and (32) a r e  func t ions  

o:, NS, N and ni. By t h e  assumptions l i s t e d  e a r l i e r  o2 NS and NB B I ' 
a r e  t h e  same f o r  a l l  d e t e c t o r s  i n  t h e  r e c e i v e r  a r r a y .  Also i t  is 

reasonable  t o  assume t h a t  u2 N and NB do not  change s i g n i f i c a n t l y  I' S 

over  a per iod  of about a minute. For such b r i e f  pe r iods ,  

~ (o : ,  NS, NB,  ni) + L(ni) i s  a func t ion  of on ly  n Since ni t akes  i ' 

v a l u e s  only from 0 t o  about 100, L(n) needs t o  t a k e  only about 101 

d i f f e r e n t  va lues .  Therefore,  i n s t e a d  of c a l c u l a t i n g  L(n) f o r  each 

d e t e c t o r  f o r  each b i t  ( a s  t h e  r e c e i v e r  s t r u c t u r e s  i n  F igures  4-6 

i n d i c a t e ) ,  one could c a l c u l a t e  t h e  101  va lues  of L(n), s t o r e  them 

i n  a memory, and u s e  them over  aga in .  S ince  u2 NS and N change I ' B 

only  ve ry  slowly, t h e  va lues  of L(n)  need t o  be c a l c u l a t e d  a f r e s h  

only  every minute o r  so .  Th i s  would r e s u l t  i n  a cons iderable  

sav ing  i n  computing power. For example, a r e c e i v e r  ope ra t ing  a t  

l o 5  b i t s / s e c ,  and us ing  an  a r r a y  of f o u r  d e t e c t o r s ,  w i l l  need 4 x l o 5  

c a l c u l a t i o n s  per  second. By t h e  above method, an RWSLF would need 

only  about 101  c a l c u l a t i o n s  per  minute.  The r e c e i v e r  s t r u c t u r e  f o r  

RWSLF i s  shown i n  F igu re  8. A s  can b e  seen,  e i t h e r  AOR o r  SOR I o r  

SOR I1 can b e  brought i n t o  an  RWSLF conf igu ra t ion .  This  i s  n o t  

p o s s i b l e  w i t h  ATR, s i n c e  h e r e  t h e  l i k e l i h o o d  func t ion  i s  a f u n c t i o n  

of n whose v a l u e s  a r e  continuous. 
i' 
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Estimation of R e l a t i v e  Complexity i n  Terms of 

Necessary Computing Power 

The complexity of t h e  r e c e i v e r  s t r u c t u r e s  considered i n  t h e  

preceding s e c t i o n s  of t h i s  chapter  depend on t h e  complexity of t h e  

func t ions  t o  be  computed and t h e  equat ions  t o  be  solved.  The 

computation and so lv ing  ope ra t ions  can be performed e i t h e r  by 

analog o r  d i g i t a l  methods. Analog methods a r e  u sua l ly  much f a s t e r  

and may b e  needed i f  t h e  b i t  r a t e  i s  very l a r g e .  However, analog 

computing and equat ion  so lv ing  devices  a r e  d i f f i c u l t  t o  b u i l d  and 

a r e  less a c c u r a t e  than  t h e i r  d i g i t a l  coun te rpa r t s .  I f  t h e  b i t  r a t e  

i s  not  much g r e a t e r  t han  about  105/sec ,  r e a l  t ime d i g i t a l  p rocess ing  

is p o s s i b l e  us ing  modern microprocessors ,  and may be t h e  most appro- 

p r i a t e  t o  u se  i n  t h e  above-mentioned r e c e i v e r s .  I n  such a  ca se ,  

i t  is  p o s s i b l e  t o  g e t  an e s t i m a t e  of t h e  r e l a t i v e  complexity and 

c o s t  by performing t h e  r e l e v a n t  ope ra t ions  i n  a  d i g i t a l  computer, 

and no t ing  t h e  process ing  time a s  a measure of t h e  computing power 

needed. This  w a s  done us ing  s p e c i a l l y  w r i t t e n  a lgor i thms,  and t h e  

r e s u l t s  a r e  shown i n  Table 11. 

While t h e  f i g u r e s  i n  Table I1 i n d i c a t e  t h e  r e l a t i v e  complexity 

of t h e  i n d i c a t e d  ope ra t ions ,  it must b e  remembered t h a t  t h e  a c t u a l  

computing power necessary  depends very much on t h e  rate a t  which 

t h e s e  ope ra t ions  need t o  be  performed. Consider ,  f o r  example, a  

communication system w i t h  a  b i t  r a t e  of 105/sec  and us ing  a n  a r r a y  



TABLE I1 

COMPLEXITY OF RECEIVER OPERATIONS IN TERMS 

OF DIGITAL COMPUTATION TIME 
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I 

SOR 
I I 

AOR 

SOR 
I 

SOR 
I1 

ATR 

RWSLF 
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of f o u r  d e t e c t o r s .  Taking the  case  of AOR a s  i n  F igure  4 ,  s o l v i n g  

equat ion  (31) f o r  Zio and c a l c u l a t i n g  one l i k e l i h o o d  func t ion  i n  

equat ion  (30) have t o  be  performed (6 x lo6) t imes p e r  minute.  For 

fou r  d e t e c t o r s ,  t h e r e f o r e ,  t h e  computing power needed is  

4(6  x lo6) x (100 + 19) ( s e e  Table 11)  o r  about 2.86 x l o 9 .  For t h e  

purpose of comparison, s i m i l a r  c a l c u l a t i o n s  can be done f o r  t h e  o h t e r  

r e c e i v e r s  and a f t e r  r e s c a l i n g  2.86 x l o9  a s  100 u n i t s ,  t h e  r e l e v a n t  

v a l u e s  a r e  g iven  i n  Table 111. 

From Table 111, t h e  fo l lowing  conclusions can be  drawn. AOR 

r e q u i r e s  t h e  maximum computing power and hence is  t h e  c o s t l i e s t  t o  

b u i l d .  Th i s  i s  followed by SOR I,  SOR I1 and ATR i n  o rde r .  However, 

t h e  l e a s t  computing power i s  needed when AOR, SOR I o r  SOR I1 are 

b u i l t  under RWSLF conf igu ra t ion .  I n  t h e  l a t t e r  case ,  t h e  computing 

power needed i s  almost t h e  same whether t h e  r e c e i v e r  is AOR, SOR I 

o r  SOR 11. 

Measurement of t h e  Parameters (a2 I s  Ns, NB) 

A l l  t h e  r e c e i v e r  s t r u c t u r e s  mentioned above, w i th  t h e  except ion  

of ATR, need e x t e r n a l  measurement of t h e  parameters  u2 N and NB. I ' S 

The ATR needs only  NB. This  i s  a major advantage of ATR over  t h e  

rest of t h e  r e c e i v e r s .  

The parameter NB can be  measured i n  t h e  r e c e i v e r  i t s e l f ,  wi thout  

t h e  need f o r  a s e p a r a t e  device. For example, i f  NB i s  independent of 

t ime,  NB can be measured by t h e  r e c e i v e r  a t  t h e  beginning,  w i th  t h e  



TABLE I11 

RELATIVE COMPLEXITY OF RECEIVER STRUCTURES I N  TERMS OF NECESSARY 

COMPUTING POWER FOR A COIQWNICATION SYSTEM USING FOUR 

DETECTORS AND 6 x ~ O ~ / M I N .  BIT RATE 

Receiver  

AOR 

SOR I 

SOR I1 

ATR 

Necessary Computing Power 

No S t o r i n g  of L.F. 

(F ig .  4 )  100 U n i t s  

(Fig.  5) 88 Un i t s  

(F ig*  6 )  4.6 Uni t s  

(Fig.  7 )  4.2 Un i t s  

L.F. S tored  

(Fig.  8) 0.13 Un i t s  

(Fig.  8 )  0.13 U n i t s  

(Fig.  8) 0.13 Un i t s  

--- 



l a s e r  o f f ,  and used throughout t h e  ope ra t ion .  A l t e r n a t i v e l y ,  t h e  

l a s e r ,  and hence t h e  r ecep t ion ,  may be shu t  o f f  and new va lues  of NB 

measured p e r i o d i c a l l y  a s  necessary .  I f  i n t e r m i t t e n t  ope ra t ion  of t h e  

r e c e i v e r  i s  not permiss ib le ,  NB may b e  measured by a  s e p a r a t e  detec-  

t o r  w i th  a  t e l e scope  focused t o  a  po in t  c l o s e  t o ,  bu t  no t  inc luding  

t h e  l a s e r  a t  t h e  t r a n s m i t t e r .  With NB known, NS can be  c a l c u l a t e d  

from t h e  r e l a t i o n s h i p  

where n i s  t h e  average photoe lec t ron  count pe r  b i t .  
i 

The va lue  of o: can be assumed t o  b e  t h e  s a t u r a t i o n  va lue  (" 2.8)  

i f  t h e  pa th  l e n g t h  i s  long enough t o  ensure  s a t u r a t i o n .  Otherwise 

o: can be  c a l c u l a t e d  from t h e  measurement of c2.  These methods can  
n  

be u n s a t i s f a c t o r y  f o r  one o r  more of t h e  fo l lowing  reasons:  

1 )  The t h e o r e t i c a l  equat ion  (6b) used f o r  c a l c u l a t i n g  o: from 

C: i s  good only  f o r  smal l  va lues  of  o: (5 1 ) .  

2) C; can i n  most ca ses  be measured only  a t  e few p o i n t s  

( u s u a l l y  only one) along t h e  pa th  of t h e  beam. It would be reason- 

a b l e  t o  expect  t h a t  t h e  pa th  of t h e  beam w i l l  not be homogeneous i n  

gene ra l ,  e s p e c i a l l y  due t o  v a r i a t i o n s  i n  t h e  t e r r a i n  and t h e  h e i g h t  

of t h e  beam from t h e  ground. 

3) Very o f t e n  a  l a r g e  m i r r o r  o r  l e n s  may be  used t o  c o l l e c t  

enough energy of t h e  laser beam. Th i s  w i l l  i n e v i t a b l y  r e s u l t  i n  some 



a p e r t u r e  averaging of  i r r a d i a n c e  which i n  t u r n  w i l l  r e s u l t  i n  a  lower 

e f f e c t i v e  va lue  f o r  o: which w i l l  b e  d i f f e r e n t  from t h e  c a l c u l a t e d  

o r  s a t u r a t i o n  va lue  f o r  a 2 
I '  

A l l  t h i s  would sugges t  a  need f o r  c a l c u l a t i n g  o; d i r e c t l y  from 

t h e  photon counting done by t h e  r e c e i v e r .  Below we show t h a t  such a  

c a l c u l a t i o n  i s  indeed poss ib l e .  

Le t  I be t h e  i r r a d i a n c e  a t  a  d e t e c t o r ,  which may be  t h e  f o c a l  

p o i n t  of a  l a r g e  mi r ro r  o r  l e n s ,  where I would s t i l l  obey a  lognormal 

d i ~ t r i b u t i o n . ~ '  I f  n  i s  t h e  number of photons counted dur ing  any b i t  

i n t e r v a l ,  i t  can be  shown t h a t  
3 0 

Considering only t h e  r e c e i v e r  def ined  on p a g e 1 3 ,  we have 

n  + n f o r  HI 
S B 

n B f o r  HO 

where n  is  t h e  number of photoe lec t rons  due t o  l a s e r  r a d i a t i o n  and 
S 

n  t h a t  due t o  background l i g h t ,  where <n > = NS and <nB> = B S NB. The 

i r r a d i a n c e  a t  t h e  d e t e c t o r  due t o  t h e  l a s e r  a lone  and o f ,  t h e  va r i ance  

of l o g - i n t e n s i t y ,  a r e  r e l a t e d  by t h e  equat ion  



By equat ion  (40) 

Noting t h a t  <nSnB> = N S N B and t h a t  <%> = N; + NB, s i n c e  

n obeys a Poisson d i s t r i b u t i o n ,  so lv ing  equat ion  (42) f o r  

'"s("s - and s u b s t i t u t i n g  i n  equat ion  (41) g ives  



4 2 

Since <n(n  - 1 ) >  can be ca l cu la t ed  from t h e  photon counting readings ,  

Z 
u can be c a l c u l a t e d  wi th in  t h e  r e c e i v e r .  Hence t h e  s t r u c t u r e  of 
I 

RWSLF can be modified and m a d e  complete a s  shownin F igu re  9 .  Other 

r e c e i v e r s  (F igures  4-6) can be modified i n  t h e  same way. The above 

equat ion  holds  f o r  t h e  ca se  when t h e  rece ived  i n t e n s i t y  i s  low 

enough t o  be counting photons. I f ,  however, t h e  i n t e n s i t y  a t  t h e  

r e c e i v e r  p l ane  i s  s t rong  enough t o  be i n  t h e  Gaussian regime 

(superposed w i t h  log-normal turbulence) ,  then  i t  i s  n o t  d i f f i c u l t  

t o  show t h a t  

where I i s  t h e  de t ec t ed  s i g n a l  f o r  any b i t ,  'i; is  t h e  average 

c u r r e n t  due t o  t h e  l a s e r  l i g h t  a lone  and I is  t h e  average c u r r e n t  B 

due t o  background l i g h t  a lone .  

E f f e c t  of Approximating t h e  Likel ihood Funct ion on t h e  

Performance of Multi-Detector Receivers  

I n  t h e  l a s t  few s e c t i o n s  we have been cons ider ing  some approxi- 

mations i n  t h e  l i k e l i h o o d  func t ion .  This  w a s  done because t h e  complex- 

i t y  of t h e  l i k e l i h o o d  func t ion  i s  d i r e c t l y  r e l a t e d  t o  t h e  complexity of 

t h e  r e c e i v e r  s t r u c t u r e s .  Any approximation l ead ing  t o  a s impler  l i k e -  

l ihood func t ion  can a l s o  l e a d  t o  s impler  r ece ive r  s t r u c t u r e s .  These 

approximations a l s o  a f f e c t  t h e  performance of  mul t i -de tec tor  

r e c e i v e r s .  



Figure 9. Receiver structure with stored likelihood function 

and calculation of NS and a:. 
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Consider t h e  communication system def ined  on page 13. When 

hypothes is  H1 is  s e n t ,  t h e  p r o b a b i l i t y  t h a t  a  d e t e c t o r  i n  t h e  

r e c e i v e r  a r r a y  d e t e c t s  n  photoe lec t ron  counts  is  given by t h e  

p r o b a b i l i t y  d e n s i t y  func t ion  pl  ( a ,  b y  c ,  d ,  n )  where a ,  b ,  c  and d  

a r e  t h e  parameters  c h a r a c t e r i z i n g  t h e  channel and t h e  s i g n a l  s t r e n g t h .  

The  corresponding d e n s i t y  func t ion  f o r  t h e  hypothes is  Ho i s  

p o ( a ,  b y  c ,  d ,  n ) .  I f  t h e  system uses  an a r r a y  of D independent 

-+ 
d e t e c t o r s ,  t h e  p r o b a b i l i t y  t h a t  t h e  a r r a y  d e t e c t s  n  i s  

D 
and P ~ ( ~ I H ~ )  = i21 p 0 ( a ,  b ,  c ,  d y  ni l  

The l i k e l i h o o d  r a t i o  i s  

D D 

- p l ( n i )  p l ( a ,  b ,  c ,  d ,  nil i.l i= 1 A(;) = - suppress ing  t h e  (48) - D dependence on n P o ( a ,  b ,  c ,  d ,  ni) fl 
i= 1 i=1 a ,  b ,  c ,  d.  

Le t  U(A) - be a u n i t  s t e p  f u n c t i o n  def ined  as 



+ 
Therefore f o r  a given b i t  wi th  d e t e c t i o n  of n ,  t h e  p r o b a b i l i t y  of 

f a l s e  alarm i s  

The p r o b a b i l i t y  of f a l s e  alarm f o r  t h e  system w i l l  then  be 

+ 
where t h e  summation is done over a l l  t h e  p o s s i b l e  va lues  f o r  n .  I n  

a  s i m i l a r  way t h e  p r o b a b i l i t i e s  f o r  a  m i s s  a r e  given by 

This  l e a d s  t o  a  t o t a l  p r o b a b i l i t y  of e r r o r  f o r  t h e  system 

I n  w r i t i n g  t h e  above equat ion  f o r  t h e  e r r o r  p r o b a b i l i t y  of t h e  

system, we have assumed a n  e x a c t  knowledge of t h e  forms of t h e  



f u n c t i o n s  p l (n i )  and pO(ni) t o  determine t h e  l i ke l ihood  r a t i o n  a s  given 

i n  equat ion  ( 2 7 ) .  This  i s  obviously t h e  i d e a l  ca se  and t h e  r e c e i v e r  

using t h i s  l i k e l i h o o d  func t ion  g ives  t h e  l e a s t  e r r o r  p r o b a b i l i t y  

p o s s i b l e  f o r  t h e  given channel and s i g n a l  parameters .  This  r e c e i v e r  

may t h e r e f o r e  be  c a l l e d  t h e  "Exact Receiver." I n  a  r e a l  ca se  t h e  

exact  f  o m s  o r  va lues  of pl (ni) and po (n .  ) a r e  no t  a v a i l a b l e  and 
1 

a r e  u sua l ly  s u b s t i t u t e d  by t h e  approximate forms o r  va lues  P i  (nil 

and p l ( n i ) .  This  may be  due t o  va r ious  causes such a s  imperfect  

modeling of t h e  channel ,  e r r o r s  i n  t h e  e s t ima t ion  of t h e  r e l e v a n t  

parameters  and d e l i b e r a t e  approximations a s  i n  s e c t i o n  I11 of t h i s  

chap te r  . 
Using p i  (nil and p i  (ni) we w r i t e  t h e  coun te rpa r t  of 

equat ions  (48) - (53). 



Equations (53) and (59) a r e  of primary i n t e r e s t .  I n  Appendix 

A i t  i s  shown t h a t  PE a s  i n  equat ion  (53) i s  a monotonically 

decreas ing  func t ion  of t h e  number of d e t e c t o r s  D .  This  should 

no t  be s u r p r i s i n g ,  s i n c e  t h i s  on ly  means t h a t  t h e  performance of t h e  

r e c e i v e r  improves w i t h  inc reas ing  number of d e t e c t o r s .  However, t h e  

same cannot be  s a i d  of P '  a s  given i n  equat ion  (59),  and P '  may E E 

sometimes i n c r e a s e  wi th  inc reas ing  D .  This  i s  proved below by a  

counter  example. To make t h e  example e a s i e r  and hand v e r i f i a b l e ,  

on ly  a s imp les t  c a s e  is presented .  

Consider t h e  r e c e i v e r  system def ined  on page 1 3  and us ing  an 

a r r a y  of independent d e t e c t o r s  where t h e  func t ions  po ,  p l ,  p: and p i  

a r e  def ined  i n  Table I V .  

Using equat ions  ( 4 8 ) ,  (53) ,  (54) and (59) and Table I V  we 

c a l c u l a t e  P and P '  f o r  v a r i o u s  v a l u e s  of D. The r e s u l t s  a r e  as E E 

shown i n  Table V. 



TABLE IV 

PROBABILITY DENSITY FUNCTION FOR A SIMPLE 

CASE OF 1 1 ~ ~ ~ ~ ~ 1 1  AND REAL PHOTON 

COUNTING RECEIVER SYSTEMS 

TABLE V 

ERROR PROBABILITIES FOR THE "EXACT" AND 

REAL RECEIVERS OF TABLE I V  



It i s  evident  t h a t  w h i l e  t h e  performance of an Exact Receiver 

us ing  m u l t i p l e  d e t e c t o r s  should g e t  b e t t e r  w i t h  an i n c r e a s e  i n  t h e  

number of d e t e c t o r s ,  t h a t  of t h e  Real Receiver can d e t e r i o r a t e  

sometimes wi th  an  inc rease  i n  t h e  number of d e t e c t o r s .  Though 

h e r e  we have considered only quantum s i g n a l s ,  t h e  ex tens ion  t o  con- 

t i nuous  s i g n a l s  should be obvious when l e t t i n g  t h e  number of p o s s i b l e  

counts  tend t o  w. While t h e  r e s u l t  may be s u r p r i s i n g ,  i t  appears  

t h a t  t h i s  r e v e r s a l  of performance i s  n o t i c e a b l e  only i n  t h e  c a s e  

of channels  w i t h  i n h e r e n t l y  h igh  e r r o r  r a t e s  and when t h e  va lues  of 

p i  and p i  a r e  very poor approximations t o  po and p l  r e s p e c t i v e l y .  

A second p o i n t  of i n t e r e s t  as seen from Table V is t h e  f a c t  

t h a t  PE and Pi a r e  i d e n t i c a l  f o r  t h e  f i r s t  t h r e e  d e t e c t o r s .  This  

shows t h a t  i n  some cases  t h e  performance of a Real System can be 

i n d i s t i n g u i s h a b l e  from t h a t  of an  Exact System. This ,  of course,  

is a consequence of t h e  quantum n a t u r e  of t h e  s i g n a l s .  This  f a c t  

i s  very  easy t o  s e e  i n  t h e  case of a s i n g l e  d e t e c t o r  r e c e i v e r .  

For example, i n  a  c e r t a i n  case ,  t h e  Exact Receiver  may u s e  a  thresh-  

o l d  count of 3 .6 w h i l e  t h a t  of a Real Receiver may b e  us ing  3 . 4 .  

Since  t h e r e  can be no f r a c t i o n a l  counts ,  bo th  r e c e i v e r s  make i d e n t i -  

c a l  d e c i s i o n s  f o r  Ho o r  HI f o r  a l l  b i t s .  



Conclusion 

I n  t h i s  chapter  we f irst  considered t h e  t h e o r e t i c a l  b a s i s  and 

t h e  assumptions involved i n  de r iv ing  t h e  approximate optimum r e c e i v e r  

s t r u c t u r e  f o r  t h e  photon counting r e c e i v e r  us ing  a l a s e r  beam a s  t h e  

c a r r i e r ,  and t h e  atmosphere a s  t h e  channel.  Since t h e s e  s t r u c t u r e s  

a r e  complex, s impler  s t r u c t u r e s  were sought i n  o rde r  t h a t  a b e t t e r  

t r a d e  o f f  between complexity and performance might be obta ined .  

This  was done by approximating t h e  l i k e l i h o o d  f u n c t i o n s  and t h e  

equat ions  f o r  s t a t i o n a r y  fading,  and by us ing  an adpa t ive  th re sho ld .  

The r e l a t i v e  complexity of t hese  r e c e i v e r s  was es t imated  i n  terms 

of t h e  computing power t h a t  each r e c e i v e r  may r e q u i r e  during 

operat ion,  f o r  a communication system ope ra t ing  a t  l o 5  b i t s / s e c  

and us ing  an  a r r a y  of fou r  d e t e c t o r s .  S ince  t h e  l i k e l i h o o d  f u n c t i o n s  

i n  a photon counting r e c e i v e r  system have only a f i n i t e  number (about  

100) of va lues ,  a r e c e i v e r  s t r u c t u r e  which could s t o r e  t h e s e  va lues  

and u s e  them over  aga in  may need t h e  l e a s t  computing power and hence 

be t h e  l e a s t  c o s t l y .  Also, t h e  r e c e i v e r  s t r u c t u r e s  were modified t o  

inc lude  t h e  measurement of NS and u2 from t h e  photon counting readings .  I 

F i n a l l y  i t  was poin ted  ou t  t h a t  g ros s  approximations i n  t h e  l i k e l i h o o d  

f u n c t i o n  can sometimes l e a d  t o  an  increased  e r r o r  r a t e  f o r  increased  

number of d e t e c t o r s .  

A f i n a l  eva lua t ion  of t h e s e  r e c e i v e r  s t r u c t u r e s  l ead ing  t o  

d e f i n i t e  choices  i s  n o t  p o s s i b l e  u n t i l  t h e  a c t u a l  performances of 



t h e s e  r e c e i v e r s  a r e  a l s o  known. An experimental  i n v e s t i g a t i o n  of t h e  

e r r o r  ra tes  f o r  t h e  r e c e i v e r  s t r u c t u r e s  d i s cus sed  above i s  t h e  s u b j e c t  

f o r  t h e  next chap te r .  



CHAPTER 4 

EXPERIMENTAL INVESTIGATION OF ERROR RATES OF 

PHOTON COUNTING RECEIVERS 

I n  Chapter 3 w e  considered t h e  t h e o r e t i c a l  work of Teich and 

~ o s e n b e r g )  l ead ing  t o  t h e  optimum r e c e i v e r  s t r u c t u r e  f o r  t h e  ca se  

of a photon counting r e c e i v e r  us ing  a l a s e r  beam a s  t h e  c a r r i e r ,  

t h e  c l e a r  atmosphere a s  t h e  channel and an a r r a y  of d e t e c t o r s  a t  

t h e  r e c e i v e r  plane.  For t h e  c a s e  of p a r t i a l l y  c o r r e l a t e d  fad ing  

a t  t h e  d e t e c t o r s  t h e  r e c e i v e r  s t r u c t u r e  was too  unwieldy, e s p e c i a l l y  

due t o  t h e  covar iance  terms. The assumption of independent f ad ing  

a t  each d e t e c t o r  l e d  t o  an  approximate optimum r e c e i v e r  t h a t  was 

cons iderably  s impler  i n  s t r u c t u r e .  Addi t iona l  r e c e i v e r  s t r u c t u r e s  

were considered i n  an  a t tempt  t o  f i n d  even s impler  s t r u c t u r e s  w i t h  

a b e t t e r  t r a d e  o f f  between complexity and performance. I n  t h i s  

chapter  we cons ider  t h e  exper imenta l ly  i n v e s t i g a t e d  performances 

of t h e  r e c e i v e r  s t r u c t u r e s  considered i n  t h e  e a r l i e r  chapter .  

Er ror  r a t e s  a r e  exper imenta l ly  measured f o r  t h e  fo l lowing  r e c e i v e r  

s t r u c t u r e s :  

1 )  AOR - The Approximate Optimum Receiver developed by Teich 

and Rosenberg f o r  independent fad ing  a t  each  d e t e c t o r .  ( I t  is  c a l l e d  

"approximate" because a lognormal d i s t r i b u t i o n  f o r  i r r a d i a n c e  is  

assumed and because i t s  development involved c e r t a i n  approximations 

involv ing  t h e  eva lua t ion  of i n t e g r a l s  by t h e  method of s t e e p e s t  

descen t ,  ) 



2) EER - The "Exact" Experimental Receiver i s  a hypo the t i ca l  

r e c e i v e r  without  any of  t h e  approximations i n  AOR. (Because Teich 

and Rosenberg p r e d i c t  r e l a t i v e l y  high e r r o r  p r o b a b i l i t i e s  f o r  AOR, 3 1 

p a r t  of t h e  a i m  of t h e  experiment was t o  f i n d  ou t  how much t h e  

performance of AOR i s  a f f e c t e d  by t h e  above mentioned approximations.)  

3) SOR I, SOR I1 - Suboptimum Receivers  de r ived  d i r e c t l y  from 

AOR. (The s i m p l i c i t y  of t h e s e  r e c e i v e r  s t r u c t u r e s  compared t o  AOR 

i s  ve ry  appea l ing . )  

4 )  ATR - The Adaptive Threshold Receiver .  (This  r e c e i v e r  a s  

descr ibed  i n  t h e  l a s t  chap te r  is  both  s imple and performs b e t t e r  

than  t h e  AOR.) 

Also, p r o b a b i l i t y  d e n s i t y  func t ions  f o r  t h e  photon counts  f o r  log- 

normally faded i r r a d i a n c e  have been r epor t ed  by Diament, Teich and 

Rosenberg. 3 y  32 I n  t h e  p re sen t  e f f o r t  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  

f o r  t h e  photon counts  is  determined exper imenta l ly  and i s  compared 

3 
with  t h e  t h e o r e t i c a l l y  p red ic t ed  d i s t r i b u t i o n .  The exper imenta l ly  

determined d i s t r i b u t i o n  func t ions  are then  used t o  c a l c u l a t e  t h e  

e r r o r  r a t e  f o r  t h e  EER. 

F i n a l l y ,  t h e  e r r o r  r a t e s  of t h e  above r e c e i v e r s  as a f u n c t i o n  

of t h e  number of d e t e c t o r s  i n  t h e  a r r a y  a r e  determined up t o  fou r  

d e t e c t o r s .  For t h e  c a s e  of t h e  ATR, t h e  e r r o r  r a t e s  are a l s o  d e t e r -  

mined as a f u n c t i o n  of t h e  averaging f o r  t h e  adap t ive  th re sho ld .  



Experimental Approach 

It was judged t o  be imprac t i ca l  t o  measure t h e  e r r o r  r a t e s  f o r  

a l l  of t h e  d i f f e r e n t  r e c e i v e r  s t r u c t u r e s  (each wi th  1, 2 ,  3 ,  and 4 

d e t e c t o r s )  under i d e n t i c a l  atmospheric cond i t i ons  i n  o rde r  t o  compare 

t h e i r  performance. The v a r i a b i l i t y  of t h e  weather i s  one reason.  

It has  been observed by o the r s27  and a l s o  i n  t h e  pre l iminary  experi-  

ments of t h e  p re sen t  e f f o r t  t h a t  t h e  s t r u c t u r e  parameter c2 and t h e  n  

v a r i a n c e  of l og - in t ens i ty  u2 can v a r y  cons iderably  i n  a  few t e n s  of I 

minutes.  The cos t  and complexity of t h e  experiment is  another  

reason.  Consequently a  d i f f e r e n t  approach, a s  o u t l i n e d  below, was 

used. 

An ampli tude modulated photon counting s i g n a l  was t r ansmi t t ed  

and rece ived  under measured cond i t i ons  of t h e  atmosphere. For each 

b i t  pe r iod ,  a s t e p  v o l t a g e  of he igh t  p ropor t iona l  t o  t h e  number of 

pho toe l ec t rons  counted i n  t h e  b i t  i n t e r v a l  was genera ted  by pu l se  

i n t e g r a t i o n .  The r e s u l t i n g  wave form, a s  shown i n  F igu re  10,  was 

recorded  i n  an instrument  t a p e  r eco rde r .  These v o l t a g e s ,  and hence 

t h e  d a t a  regard ing  t h e  photoe lec t ron  counts ,  f o r  t h e  measured atmos- 

phe r i c  cond i t i ons  could be  reproduced any number of t imes  i n  t h e  

l abo ra to ry .  The reproduced d a t a  was g iven  as t h e  inpu t  f o r  t h e  

processors  of t h e  va r ious  r e c e i v e r s  considered above. Thus t h e  per- 

formance of t h e s e  r e c e i v e r s  could be  compared under i d e n t i c a l  

a tmospheric  condi t ions .  



I n  t h e  l a s t  chapter  i t  was explained t h a t  d i g i t a l  p rocess ing  of 

t h e  d a t a  f o r  t h e  purpose of d e c i s i o n  making i s  p o s s i b l e  i n  t h e  case  

of t h e  photon counting r e c e i v e r  system. For t h i s  reason ,  i t  was 

thought t o  be app ropr i a t e  t o  use  an e x i s t i n g  d i g i t a l  computer f o r  

t h e  process ing  i n  t h e  p re sen t  experiment. This  way, t h e  c o s t l y  

hardware and l abo r  f o r  c i r c u i t - b u i l d i n g  was exchanged f o r  t h e  

r e l a t i v e l y  easy and more f l e x i b l e  sof tware  p repa ra t ion ,  without  

s a c r i f i c i n g  t h e  t r u t h f u l n e s s  and use fu lnes s  of t h e  r e s u l t s .  

Determination of t h e  e r r o r  r a t e  f o r  an  a r r a y  of D d e t e c t o r s  

would need t h e  d a t a  f o r  t h e  photoe lec t ron  counts  from D d i f f e r e n t  

d e t e c t o r s  d i s t r i b u t e d  s p a t i a l l y .  However, i n  t h e  p re sen t  e f f o r t  we 

a r e  i n t e r e s t e d  only i n  t h e  case  where one can assume independent 

fad ing  f o r  each d e t e c t o r .  Th i s  makes i t  p o s s i b l e  t o  u s e  t h e  

d a t a  from only one d e t e c t o r  exchanging s p a t i a l  d i v e r s i t y  f o r  t ime 

d i v e r s i t y .  I n  exchanging s p a t i a l  d i v e r s i t y  f o r  t ime d i v e r s i t y ,  we 

t ake  t h e  d a t a  from a  s i n g l e  d e t e c t o r  and d i s p l a c e  i t  i n  t i n e  by T1 

seconds t o  o b t a i n  a  sequence of d a t a  f o r  t h e  second d e t e c t o r ,  d i s p l a c e  

i t  by 2T1 seconds t o  o b t a i n  t h e  sequence of d a t a  f o r  t h e  t h i r d d e t e c t o r  

and so on ( s e e  F igure  11)  If TI is l a r g e  enough, t h e  s t a t i s t i -  

c a l  independence of any one sequence from a l l  o t h e r s  can be assured .  

I n  t h e  experiment,  i t  was found t h a t  i n  a l l  c a ses ,  t h e  au toco r re l a -  

t i o n  of t h e  i r r a d i a n c e  was zero  (wi th in  experimental  e r r o r s )  i f  t h e  

temporal displacement  was g r e a t e r  than  about  50 msec. Three of t h e  
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Figure  10.  Recorded ( s o l i d  l i n e )  and reproduced (do t t ed  l i n e )  

v o l t a g e s  during d a t a  c o l l e c t i o n  and reproduct ion ,  

r e s p e c t i v e l y  . 
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extreme cases  of a u t o c o r r e l a t i o n  curves a r e  shown i n  F igu re  12 .  I n  

t h e  a c t u a l  experiment a displacement of 222 msec was used t o  ob ta in  

t h e  d a t a  f o r  t h e  second d e t e c t o r ,  a displacement of 444 msec f o r  

t h e  t h i r d  d e t e c t o r ,  and s o  on. 

The Experiment 

The schematic of t he  t r a n s m i t t e r  i s  shown i n  F igure  13.  The 

t r a n s m i t t e r  cons i s t ed  of an  argon i o n  l a s e r  wi th  v e r t i c a l  p o l a r i z a t i o n  

and operated a t  0.4880pm wavelength, w i t h  a chopper modulator.  The 

beam was focused t o  a s p o t  of about 0.02 mm on t h e  wheel. The 

chopper wheel had 150 r ec t angu la r  s l o t s  ( 1 mm x 6 mm) wi th  approxi- 

mately 27 pe r  c e n t  du ty  c y c l e  and was d r iven  by a synchronous 

motor. 33y 34 The beam poin t ing  e r r o r  d i scussed  i n  r e f e rence  33 d i d  

no t  a r i s e  i n  t h i s  c a s e  because of t h e  focus ing  of t h e  beam on the  

wheel. So, 4500 pu l se s / sec  of n e a r l y  r e c t a n g u l a r  shape, 6 0 p s e c  

du ra t ion  and 2 2 2 p s e c  per iod  were t r ansmi t t ed  through t h e  atmosphere. 

The middle 40 p s e c  of t h i s  6 0 p s e c  pu l se  du ra t ion  was t r e a t e d  a s  t h e  

b i t  i n t e r v a l  corresponding t o  a hypothesis  HI. Another 4 0 p s e c  

i n t e r v a l  i n  between the  6 0 p s e c  pu l se s  was t h a t  corresponding t o  t h e  

hypothes is  Ho ( s e e  F igu re  14 ) .  This  r e s u l t s  i n  a b i t  r a t e  of 9 kHz. 

The beam t r a v e l s  h o r i z o n t a l l y  a t  a he igh t  of about  2.2 meters  

above extremely f l a t  farm land.  The d i s t a n c e  between t r a n s m i t t e r  and 

t h e  r e c e i v e r  was about  1.25 kms. The l / e 2  i n t e n s i t y  of t h e  beam a t  

t h e  r e c e i v e r  p lane  was ad jus t ed  t o  a diameter  of about 3 meters  w i th  
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Figure 1 2 .  Autocorrelation curves for  irradiance 
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Figure 13. Transmitter using chopper modulation. 



Figu re  1 4 .  Chopper modulated l a s e r  pu l se s .  



d e t e c t o r s  being a t  t h e  c e n t e r .  The l a s e r  was opera ted  a t  a  power 

l e v e l  of about 200 mW. A l l  experiments were done between 11 a.m. 

and 3 p.m. The turbul.ence could be expected t o  be w e l l  developed 

during t h i s  t ime of t h e  day. I n  a l l  c a ses ,  t h e  s t r e n g t h  of 

s c i n t i l l a t i o n s  was almost i n  s a t u r a t i o n .  35 A s  w i l l  be  seen l a t e r ,  

t h e  assumption of lognorna l  s t a t i s t i c s  even i n  s a t u r a t i o n  g ives  

a  good agreement between experimental  and t h e o r e t i c a l  r e s u l t s .  

A t  t h e  r e c e i v e r  end, t h e r e  were t h r e e  d e t e c t o r s ,  each f o r  a  

s p e c i f i c  purpose. The one of primary i n t e r e s t  he re  is  t h e  photon 

counter .  This  cons i s t ed  of a  pho tomul t ip l i e r  t ube  w i t h  a  t e l e -  

scope a t  t h e  f r o n t  t o  c o l l e c t  t h e  l a s e r  beam. A schematic of 

t h e  o p t i c s  making t h e  t e l e scope  i s  shown i n  F igu re  15. The s i g n a l  

t o  n o i s e  r a t i o  was increased  by t h e  use  of a  narrow band f i l t e r  

a t  t h e  f r o n t  of te lescope .  The n e u t r a l  d e n s i t y  f i l t e r s  reduce 

t h e  i n t e n s i t y  of both t h e  l a s e r  and t h e  background l i g h t .  I n  

t h i s  way t h e  l a s e r  beam i n t e n s i t y  was ad jus t ed  t o  a  mean photo- 

e l e c t r o n  counting r a t e  on t h e  o r d e r  of 5 0 / b i t  i n t e r v a l  wh i l e  t h e  

background i n t e n s i t y  was reduced t o  a  very  i n s i g n i f i c a n t  l e v e l  of 

l e s s  than  about 0 . 2 / b i t  i n t e r v a l .  Such a  r educ t ion  of t h e  a c t u a l  

background i n t e n s i t y  was done purposely t o  he lp  minimize any 

abrupt  and unexpected changes i n  the  background l i g h t  (due t o  a  

pass ing  cloud,  f o r  example), thereby  render ing  t h e  parameters  

uncont ro l led .  Our pre l iminary  experiments showed t h a t  such abrupt  
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Figu re  15. Cont ro l  o p t i c s  f o r  photon counter .  



v a r i a t i o n s  i n  t h e  background l i g h t  can  occur .  Addi t iona l  background 

i n t e n s i t y ,  when des i r ed  f o r  reduced s i g n a l  t o  n o i s e  r a t i o ,  was 

provided through a  t r a n s l u c e n t  window a t  t h e  s i d e  of t h e  t e l e scope .  

The window was i l l umina ted  by a  smal l  incandescent  lamp whose 

i n t e n s i t y  could be  con t ro l l ed  by a d j u s t i n g  t h e  d.c.  c u r r e n t  f o r  

t h e  lamp. This  way, any des i r ed  va lue  of N t he  mean background 
B ' 

photoe lec t ron  c o u n t l b i t  i n t e r v a l  could be  s e t .  A p o l a r i z e r  a t  t h e  

f r o n t  of t h e  n e u t r a l  dens i ty  f i l t e r s  provides  a  f i n e r  c o n t r o l  over 

t h e  i n t e n s i t y  of t h e  l a s e r  beam. This  provides  a  c o n t r o l  on NS 

t h e  mean photoe lec t ron  c o u n t l b i t  i n t e r v a l  due t o  l a s e r  l i g h t .  

Ca re fu l  cons ide ra t ion  w a s  given t o  choosing t h e  f i e l d  of view 

f o r  t h e  t e l e scope .  Due t o  turbulence  t h e  angle  of a r r i v a l  of t h e  

s i g n a l  wave v a r i e s  randomly. 36-38 Choosing too  smal l  a  f i e l d  of 

view can t h e r e f o r e  r e s u l t  i n  t h e  l o s s  of t h e  beam sometimes. On t h e  

o t h e r  hand, too  l a r g e  a f i e l d  of view w i l l  unnecessa r i l y  i n c r e a s e  

t h e  background l i g h t .  It must b e  expected t h a t  t h e  range of va r i a -  

t i o n  of t h e  ang le  of a r r i v a l  of t h e  wave can be cons iderably  h igher  

f o r  sma l l  a p e r t u r e s  than  f o r  l a r g e r  ones. This  i s  because, f o r  a  

smal l  a p e r t u r e ,  t h e  ang le  of a r r i v a l  can v a r y  n o t  only due t o  t h e  

v a r i a t i o n  i n  t h e  gene ra l  d i r e c t i o n  of t h e  wave f r o n t  bu t  a l s o  due t o  

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

t h e  later tend t o  average ou t  and hence p l ay  a  n e g l i g i b l e  r o l e  

(Figure 16) .  I n  t h e  p re sen t  c a s e  t h e  a p e r t u r e  w a s  chosen t o  be  2 m  



SOURCE 

ACTUAL (cor rupted)  WAVE FRONT 

Figure  16. Angles of a r r i v a l  f o r  a  corrupted wave f r o n t .  

- average angle  of a r r i v a l  f o r  l a r g e  s e c t i o n  
of wave f r o n t .  

82  - ang le  of a r r i v a l  a t  a  l o c a l  p o i n t .  



diameter .  Since t h e  F re sne l  zone s i z e  (fi) is  25 m, 2  m i s  

small  enough t o  assume complete f i r s t  o rde r  coherence over t h e  

ape r tu re .  The p r o b a b i l i t y  of t h e  ang le  of a r r i v a l  of t h e  s i g n a l  

was exper imenta l ly  measured by o r i e n t i n g  a t e l e scope  of 4 mm 

diameter  i n  d i f f e r e n t  d i r e c t i o n s  w i t h  r e s p e c t  t o  t h e  l a s e r  beam, 

and measuring t h e  photon counting r a t e .  A t y p i c a l  r e s u l t  i s  shown 

i n  F igure  17. The f u l l  ang le  of a r r i v a l  f l u c t u a t i o n  is  a s  h igh  

as 10  m i l l i r a d i a n s ,  o r  about one-half degree.  The f i e l d  of view 

f o r  t h e  r e c e i v e r  t e l e scope  was chosen t o  be  about 40 m i l l i r a d i a n s  

t o  a l low f o r  a  good margin of e r r o r  i n  t h e  alignment and d r i f t s  

l a t e r  on. 

The photon counter  used a photo-mul t ip l ie r  tube  (RCA 8850) 

followed by a n  a m p l i f i e r  and d i sc r imina to r  u n i t  (PAR 1121) which 

suppresses  t h e  n o i s e  pu l se s  and gene ra t e s  a  s tandard  p u l s e  of a  

cons tan t  he igh t  (e -1 v o l t )  and width (e 15 nsec)  f o r  every photo- 

e l e c t r o n  pu l se  from t h e  PMT. These pu l se s  a r e  t hen  i n t e g r a t e d  t o  

o b t a i n  a  v o l t a g e  p ropor t iona l  t o  t h e  number of photoe lec t ron  counts  

f o r  each b i t  i n t e r v a l  (F igure  10 ) .  These v o l t a g e s  a r e  then  recorded 

on an analog t a p e  us ing  an instrument  t ape  r eco rde r  (Ampex 1300).  

A second d e t e c t o r ,  almost i d e n t i c a l  t o  t h e  above, except  t h a t  

t h e r e  were no n e u t r a l  d e n s i t y  f i l t e r s  and t h a t  t h e  F'MT, RCA 931A ( s e e  

F igure  18)  was used t o  measure t h e  i r r a d i a n c e  (no photon count ing) .  

The d e t e c t e d  s i g n a l  w a s  i n t e g r a t e d  over  every b i t  i n t e r v a l  and t h e  
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Figure  17. P r o b a b i l i t y  d i s t r i b u t i o n  of a r r i v a l  of wave 
f r o n t  i n  t u r b u l e n t  atmosphere. 

The wave f r o n t  is Gaussian and has  a  diameter  
of 2 .5  m. The pa th  l eng th  is  1.25 lan. Aperture 
diameter i s  0.4 cm. u2 I = 1.9. 
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F igu re  18. Cont ro l  o p t i c s  f o r  PMT. 



r e s u l t i n g  wave form ( s i m i l a r  t o  t h a t  i n  F igu re  10) was s imultan-  

eous ly  recorded on t h e  analog t ape  i n  another  channel.  

The r e fe rence  s i g n a l  was obta ined  by us ing  a  l a r g e  F resne l  l e n s  

(40 cm x 20 cm) t o  c o l l e c t  l i g h t  from t h e  l a s e r  beam. The l a r g e  

a p e r t u r e  reduced t h e  turbulence  f l u c t u a t i o n s  cons iderably .  The 

l i g h t  was then  de t ec t ed  by a  semiconductor diode.  The r e s u l t i n g  

v o l t a g e  s i g n a l  was then  processed t o  o b t a i n  t h e  t iming and g a t i n g  

pu l se s  f o r  t h e  i n t e g r a t i o n .  The g a t i n g  pu l se  was a l s o  recorded 

s imultaneously on t h e  analog t a p e  i n  a  t h i r d  channel t o  provide  

t h e  c lock  pu l se s  f o r  reproduct ion  of t h e  da t a .  The b lock  diagram 

of t h e  t h r e e  d e t e c t o r s  i s  shown i n  F igure  19.  

The b lock  diagram f o r  t h e  reproduct ion  of t h e  d a t a  is shown i n  

F igu re  20. A f a i t h f u l  reproduct ion  of t h e  recorded v o l t a g e s  was 

achieved i n  t h e  fo l lowing  way. The reproduced v o l t a g e  wave form 

was passed through a c a r e f u l l y  designed f i l t e r .  The v o l t a g e  l e v e l s  

of t h e  r e s u l t i n g  wave form were made t o  co inc ide  w i t h  t h e  v o l t a g e  

l e v e l s  of t h e  recorded wave over  a  smal l  p o r t i o n  (= 20%) of t h e  

per iod  by a d j u s t i n g  t h e  f i l t e r  components. Voltage r ead ings  were 

taken over  t h e s e  p o r t i o n s  of t h e  wave form ( s e e  F igu re  1 0 ) .  The 

measured v o l t a g e s  were then w r i t t e n  on a d i g i t a l  t ape .  Recovering 

t h e  d a t a  f o r  photon counts  o r  i r r a d i a n c e  from t h e s e  v o l t a g e  r ead ings  

was then  s t r a i g h t  forward. 

Before doing t h e  a c t u a l  experiment,  c a r e f u l  pre l iminary  experi-  

ments were done a t  every s t a g e  w i t h  t h e  aim of f i n d i n g  and weeding 



Figure  19. Block diagram of experimental  photon count ing r e c e i v e r  and d a t a  record ing .  
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Figure 20. Block diagram for playback and data retr ieval .  



o u t  any bugs. One such f ind ing  was t h a t  s e t t i n g  t h e  v o l t a g e s  i n  t h e  

PMT t o  o b t a i n  maximum S/N r a t i o  may no t  be t h e  optimum th ing  t o  do 

i n  t h e  case  of a photon counting r e c e i v e r .  The reason  f o r  t h i s  is  

t h a t  i n  t h i s  ope ra t ion  t h e r e  can be  b u r s t s  of n o i s e  pu l se s  which 

tend t o  i n c r e a s e  t h e  r a t e  of f a l s e  alarm of t h e  r e c e i v e r  system. 

Fu r the r ,  i t  was found t h a t  t h i s  problem can be overcome by s l i g h t l y  

i nc reas ing  t h e  "optimum" threshold  vo l t age .  D e t a i l s  of t h i s  e f f e c t  

a r e  given i n  Appendix B. 

When t h e  experiments were done a t  t h e  f i e l d  s i t e  t h e  va lues  of 

N and N were s e t  approximately t o  d e s i r e d  va lues .  Observat ions S B 

were made f o r  t h e  wind v e l o c i t y  i n  t h e  d i r e c t i o n  perpendicular  t o  

t h e  pa th  of t h e  beam. Since t h e  wind v e l o c i t y  was f l u c t u a t i n g  

only an average and approximate va lue  was recorded. The va lue  of 

c2 a t  about t h e  same he ight  a s  t h e  beam w a s  measured us ing  a Contel  n 

MT-2 meter ,  

Pre l iminary  ana lyses  of t h e  d a t a  showed t h a t  i n  o rde r  t o  ade- 

qua te ly  and smoothly r ep re sen t  t h e  d i s t r i b u t i o n  of t h e  temporal 

f l u c t u a t i o n s  of i r r a d i a n c e ,  a minimum of 10 s e c  l e n g t h  of d a t a  would 

be needed. Therefore  i n  a l l  c a ses  of d a t a  process ing  a minimum d a t a  

s i z e  of 102,400 b i t s  (11.3 s e c s )  was used. A l a r g e r  d a t a  s i z e  was 

used when i t  was deemed necessary .  For each experimental  run,  t h e  

v a r i a n c e  of l o g  i n t e n s i t y  and t h e  a u t o c o r r e l a t i o n  f o r  t h e  temporal 

f l u c t u a t i o n s  (F igure  12)  were determined from t h e  d a t a  f o r  i r r a d i a n c e ,  



The coun te rpa r t  of t h e  d a t a  from t h e  t ape  f o r  t h e  photon counting 

was used t o  determine t h e  p r o b a b i l i t y  d i s t r i b u t i o n s  f o r  photon counts  

f o r  hypotheses H I  as  w e l l  a s  H o ,  These curves a r e  given i n  

Appendix C .  The same s e t  of d a t a  f o r  photon counting was then  used 

t o  determine t h e  p r o b a b i l i t y  of e r r o r  f o r  t h e  EER, AOR, SOR I ,  SOR I1 

and ATR. These p r o b a b i l i t i e s  were a l s o  determined a s  a  func t ion  of 

t h e  number of d e t e c t o r s  up t o  fou r .  For t h e  case  of t h e  ATR t h e  

e r r o r  p r o b a b i l i t y  was a l s o  determined a s  a  f u n c t i o n  of t h e  averaging.  

These r e s u l t s  a r e  l i s t e d  i n  Appendix C.  However, t h e  r e l e v a n t  d a t a  

needed f o r  t h e  d i scuss ion  a r e  presented i n  t h e  subsequent pages. 

Discussion of t h e  Resu l t s  

An in spec t ion  of t h e  p r o b a b i l i t y  d i s t r i b u t i o n  curves f o r  t h e  

photon counts  (F igures  21-23) shows t h a t  on t h e  whole t h e r e  is good 

agreement between t h e  exper imenta l ly  measured and t h e  t h e o r e t i c a l l y  

c a l c u l a t e d  va lues  us ing  equat ions  (30) and (31) i n  Chapter 3. The 

agreement i s  b e t t e r  i n  t h e  r eg ion  of low counts ,  which i s  t h e  most 

important  r eg ion  a s  f a r  a s  e r r o r  r a t e s  a r e  concerned. Because of t h e  

gene ra l ly  good agreement between t h e  measured and c a l c u l a t e d  va lues  

of t h e  p r o b a b i l i t y  d i s t r i b u t i o n  func t ions ,  one might expect  t h e  same 

f o r  t h e  e r r o r  p r o b a b i l i t i e s .  A s  can be seen  from F igu res  24-26, t h i s  

i s  indeed so.  Curiously,  i n  almost a l l  c a ses  experimental ly  measured 

va lues  a r e  s l i g h t l y  b e t t e r .  



NUMBER OF COUNTS 

Figure 21. Probability density function for  photoelectron counts. 

Dots g ive  the experimentally measured values.  
Solid l i n e  g ives  the theoreticar-CUM. - 
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Figure  22.  P r o b a b i l i t y  dens i ty  f u n c t i o n  f o r  photoe lec t ron  counts .  

, Dots g i v e  t h e  exper imenta l ly  measured va lues .  
Solid l i n e  g i v e s  t h e  t h e o r e t i c a l  curve. 
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Figure 23. Probab i l i ty  dens i ty  funct ion  f o r  photoelectron counts. 

Dots g ive  the  experimentally measured values.  

Sol id  l i n e  g ives  the  t h e o r e t i c a l  curve. 



Figure 24. P robab i l i ty  of e r r o r  a s  a  funct ion  of average 
s i g n a l  power a t  the  de tec to r .  
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Figure 25. Probability of error a s  a function of  average 
signal power a t  the detector. 
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Figure  2 6 .  P r o b a b i l i t y  of e r r o r  a s  a func t ion  of average 
s i g n a l  power a t  t h e  d e t e c t o r .  



Figures  27 and 28 i l l u s t r a t e  t h e  r e l a t i v e  performances of t h e  EER, 

AOR, SOR I, SOR I1 and ATR. F i r s t ,  cons ider  t h e  c a s e s  of t h e  AOR and 

EER. I n  Figure 2 7  we n o t e  t h a t  t h e  performances of t h e  AOR and EER a r e  

i n d i s t i n g u i s h a b l e .  The reason f o r  t h i s  i s  twofold. F i r s t ,  t h e  

approximations made i n  t h e  development of t h e  AOR a r e  very good 

approximations and t h e  d i f f e r e n c e  between t h e  AOR and EEE i s  r e a l l y  

very small .  Secondly, t h e s e  small  d i f f e r e n c e s  could no t  show up i n  

t h e  e r r o r  r a t e s  because of t h e  d i s c r e t e  n a t u r e  of t h e  l i k e l i h o o d  

func t ion .  Th i s  f a c t  was demonstrated i n  t h e  l a s t  chapter ,  s e c t i o n  

V. However, when N and D a r e  i nc reased ,  t h e  l i k e l i h o o d  func t ion  
S 

tends  t o  become " l e s s  d i s c r e t e "  i n  na tu re .  I n  such c a s e s  t h e  d i f f e r -  

ences  between t h e  AOR and EER can show up. This  po in t  i s  c l e a r l y  

s een  i n  F igure  28. I n  a l l ,  i t  appears  t h a t  t h e  thoery  of Teich and 

Rosenberg i s  a  v a l i d  theory  and s o  could be used wi th  confidence i n  

des igning  t h e  AOR system and p r e d i c t i n g  i t s  performance. 

Next l e t  u s  compare t h e  performance of t h e  AOR and ATR. 

McIntyre and ~ h u r n s i d e ~ '  p r e d i c t  t h a t  t h e  ATR can perform b e t t e r  than  

t h e  AOR i f  t h e  b i t  r a t e  i s  s i f f i c i e n t l y  h ighe r  than  t h e  s c i n t i l l a t i o n  

f r equenc ie s .  This ,  as we s a w  e a r l i e r ,  i s  because by averaging over a  

l a r g e  number of b i t s  over  a per iod  much sma l l e r  than  t h e  s c i n t i l l a t i o n  

time, a  very  p r e c i s e  va lue  of  t h e  fad ing  can be obta ined ,  which i s  

b e t t e r  t han  t h a t  es t imated  from equat ion  (31).  F i g u r e  27 shows t h a t  i n  

such c a s e s  t h e  ATR does perform b e t t e r  than  t h e  AOR (and EER, f o r  t h a t  

m a t t e r ) .  This ,  combined w i t h  t h e  f a c t  t h a t  t h e  ATR has a l s o  t h e  



Figure 27. Probability of error vs. number of detectors. 
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Figure  28. P r o b a b i l i t y  of e r r o r  vs. number of d e t e c t o r s .  



s imp les t  s t r u c t u r e  ( s e e  second column of Table 111) and t h a t  t h e  ATR 

does n o t  need t h e  va lues  of u2 and N S  can very  w e l l  make t h e  ATR a  I 

very  good choice.  F igure  28 shows a case ,  however, where t h e  ATR per- 

forms poorer  than  t h e  AOR. The reason why t h i s  i s  so  i n  t h i s  ca se  i s  

simply t h a t  due t o  winds perpendicular  t o  t h e  pa th  of t h e  l a s e r  beam 

t h e r e  were h igh  s c i n t i l l a t i o n  f r equenc ie s .  This  can be  e a s i l y  seen  

from F igu re  12 which shows t h e  a u t o c o r r e l a t i o n  func t ion  f o r  t h e  

ca ses  considered.  Simple c a l c u l a t i o n s  us ing  Figure  12 w i l l  show t h a t  

t h e  s c i n t i l l a t i o n  f requencies  f o r  t h e  run  34 a r e  roughly 10  t imes 

g r e a t e r  than  t h a t  f o r  t h e  run 5. Therefore  i t  would be  r easonab le  

t o  conclude t h a t  i f  a  b i t  r a t e  of 90 kHz ( i n s t e a d  of 9 kHz) had been 

used i n  t h e  experiment,  t h e  ATR could be shown t o  perform b e t t e r  

than  t h e  AOR i n  t h e  c a s e  of run  34 a s  w e l l .  

From t h e  above cons ide ra t ions ,  we might expect  t h a t  t h e  ATR w i l l  

perform ve ry  w e l l  provided t h e  b i t  r a t e  i s  l a r g e  enough i n  any given 

p r a c t i c a l  s i t u a t i o n .  Th i s  i s  an  easy cond i t i on  t o  meet: One only  

needs t o  know how l a r g e  is  " l a r g e  enough." To g e t  some rough i d e a  of 

t h i s  " largeness"  of b i t  r a t e  we look a t  Table V I .  Table VI shows t h e  

performance of t h e  ATR f o r  d i f f e r e n t  averaging f o r  t h e  runs  34 and 35. 

A s  can b e  seen,  an  approximate period f o r  t h e  optimum averaging is  

about 419000 s e c  (2 0.5 msec) f o r  run  34 and l e s s  than  219000 s e c  

(-" 0.2 msec) f o r  run  35. I n  t h e  experiment about  1 0  t o  20 b i t s  

averaged over  dur ing  t h i s  per iod  can g i v e  a  good averaging.  This  i s  



TABLE VI 

NUMBER OF BITS AVERAGED OVER VS. ERROR RATES FOR ATR 

(In all cases the number of d e t e c t o r s  i s  one.) 

Run 12 

N 

1 2  

1 6  

20 

24 

28  

2.94 E-1 

2 . 9 1 E - 1  

2 .91 E-1 

2 .91 E-1 

2.93 E-1 

Run 34 

N 

2 

4 

6 

1 0  

1 4  

Run 35 

P~ 

8 .46  E-2 

8.2OE-2 

8 . 5 6 E - 2  

9.45 E-2 

1 . 0 2 E - 2  

N 

2 

4 

6 

1 0  

1 4  

E 

6.04 E-2 

6.32 E-2 

6.58 E-2 

7.58 E-2 

8.46 E-2 



because i n  t h e  experiment t h e  H1 b i t s  and Ho b i t s  a l t e r n a t e  r e g u l a r l y  

and equal  number of H1 and Ho b i t s  f o r  t h e  averaging i s  obtained by 

simply averaging over  an  even number of b i t s .  But i n  a  p r a c t i c a l  

s i t u a t i o n  t h i s  cond i t i on  i s  t o  be met by choosing " l a rge  enough" 

number of b i t s .  It i s  easy t o  show t h a t  

where N i s  the  number of  b i t s  averaged over ,  q l  and qo a r e  t h e  

a  p r i o r i  p r o b a b i l i t i e s  f o r  HI and H o ,  and g i s  t h e  percentage of RMS 

d e v i a t i o n  of H1 b i t s  from t h e  expected va lue  Nq It should be noted 
1' 

t h a t  i n  p r a c t i c a l  c a s e s  t h e  e r r o r  i n  t h e  c a l c u l a t i o n  of Z us ing  i o  

equat ion  (36) depends mainly on t h e  dev ia t ion  of t h e  number of 

H1 ( o r  Ho) b i t s  from t h e  expected va lue .  Assuming we a l low a nominal 

va lue  of 10 (%) f o r  g and no t ing  t h a t  q l  and q a r e  equal  we f i n d  t h a t  
0 

N i s  100. Thus w e  a r r i v e  a t  a  b i t  r a t e  of a minimum of 200 K/sec 

f o r  t h e  c a s e  i n  run  34 and 500 K/sec f o r  t h e  c a s e  i n  run 35. 

One o the r  p o i n t  w e  may n o t e  i n  connect ion w i t h  t h e  AOR and ATR 

i s  t h a t  t h e  curves  i n  F igures  27 and 28 a r e  approximately l i n e a r .  This  

i n d i c a t e s  an approximately exponen t i a l  decrease  i n  t h e  e r r o r  r a t e s  of 

AOR and ATR a s  t h e  number of d e t e c t o r s  i s  increased .  

F i n a l l y ,  t ak ing  t h e  cases  of t h e  SOR I and SOR 11, we n o t e  they  

do n o t  perform w e l l .  A r e f e r e n c e  t o  Table  I11 may show t h a t  t h e s e  



r e c e i v e r  s t r u c t u r e s  a r e  cons iderably  s impler  i n  comparison wi th  t h e  

AOR and t h i s  was t h e  mot iva t ion  f o r  u s  t o  consider  t h e s e  r e c e i v e r  

s t r u c t u r e s .  But, because of t h e i r  poor performance t h e s e  r e c e i v e r  

s t r u c t u r e s  w i l l  be ignored i n  t h e  subsequent d i scuss ion .  

F igures  29 and 30 show t h a t  a s  NS i n c r e a s e s ,  t h e  e r r o r  r a t e s  of 

bo th  t h e  AOR and ATR decrease  i n  t h e  same gene ra l  manner. However, 

t h e  e r r o r  r a t e s  of t h e  ATR a r e  somewhat h igher  he re ,  because of winds, 

r e s u l t i n g  i n  high s c i n t i l l a t i o n  f requencies .  

F i n a l l y  we w i l l  b r i e f l y  d i s c u s s  t h e  ques t ion ,  "What kind of 

e r r o r  r a t e s  a r e  p o s s i b l e  i n  a  photon counting c o m u n i c a t i o n  system 

us ing  a  non-focused l a s e r  beam through a  c l e a r  a i r  t u r b u l e n t  atmos- 

phere?". F igu re  31 is  i n d i c a t i v e  of t h e  p r a c t i c a l  e r r o r  r a t e s  us ing  

t h e  AOR. I n  our  experiment only  po in t  d e t e c t o r s  were used, s i n c e  

p o i n t  d e t e c t o r s  a r e  more fundamental than  f i n i t e  s i z e  d e t e c t o r s .  

Also, a l l  experiments were done a t  tu rbulence  l e v e l s  c l o s e  t o  s a t u r a -  

t i o n .  Again t h i s  i s  because such l e v e l s  of tu rbulence  a r e  more 

fundamental; i n  most p r a c t i c a l  c a s e s  i f  t h e  pa th  l eng th  is more than  

a  few hundred meters ,  s a t u r a t i o n  is  i n e v i t a b l e . ) )  A s  such,  t h e  experi-  

mental  r e s u l t s  f o r  P should be  considered a s  worst  c a s e  va lues .  I n  E 

r e a l  ca ses ,  however, t h e  d e t e c t o r s  can b e  of cons iderable  s i z e .  

This  can reduce t h e  e f f e c t s  of t u rbu lence  through a p e r t u r e  averag- 

ing ,  r e s u l t i n g  i n  a  sma l l e r  v a l u e  f o r  u2 Therefore,  t h e  p r a c t i c -  I 

a l l y  p o s s i b l e  r e c e i v e r s  can have e r r o r  r a t e s  b e t t e r  t han  what 



Figure  29. P r o b a b i l i t y  of e r r o r  a s  a func t ion  of average 
signal power a t  t h e  d e t e c t o r .  
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Figure  30. P r o b a b i l i t y  of e r r o r  a s  a  func t ion  of average 
s i g n a l  power at t h e  d e t e c t o r .  



Figure 31. P r o b a b i l i t y  of e r r o r  vs. number of d e t e c t o r s .  



9 0 

Figure  31 shows. An i n v e s t i g a t i o n  of t h e  Photon Counting Receiver 

System using f i n i t e  s i z e  d e t e c t o r s  was beyond t h e  scope of t h e  p re sen t  

e f f o r t .  However, we saw e a r l i e r  t h a t  t h e  r e s u l t s  of t h i s  i nves t iga -  

t i o n  confirm t h e  v a l i d i t y  of t h e  theory  by Teich and Rosenberg. 
3 

Therefore,  we can now use  t h e  c a l c u l a t i o n s  from t h e  theory  t o  g e t  

some understanding of t h e  performance of t h e  system i n  a r e a s  n o t  

d i r e c t l y  covered i n  t h i s  experiment. 

The curves i n  F igures  32-34 were obta ined  from t h e  t h e o r e t i c a l  

c a l c u l a t i o n s .  An examination of t h e s e  curves  b r i n g s  ou t  two 

important f a c t s .  

1) When t h e  turbulence  i s  low (02 < 0.01) a l l  of t h e  cons t an t  
I - 

PE curves a r e  p a r a l l e l  t o  t h e  a2 a x i s .  Th i s  means t h a t  a t  t h e s e  low I 

tu rbulence  l e v e l s ,  t h e  P can be  reduced only b e  inc reas ing  S/M 
E 

r a t i o .  This  a l s o  means, a s  a  c o r o l l a r y ,  t h a t  i f  02 < 0.01, t h e r e  I - 

i s  l i t t l e  t o  be gained by reducing o: even f u r t h e r .  

2) When t h e  turbulence  i s  i n  s a t u r a t i o n  (0: 5 2) a l l  t h e  

cons t an t  P curves tend t o  be  p a r a l l e l  t o  t h e  N a x i s .  This  means E S 

t h a t  a t  t h e s e  l e v e l s  of tu rbulence ,  i nc reas ing  N even by a l a r g e  
S 

f a c t o r  is  not  l i k e l y  t o  improve t h e  e r r o r  r a t e  ve ry  much. On t h e  

o t h e r  hand, r educ t ions  i n  u even by a  smal l  f a c t o r  can r e s u l t  i n  

cons iderably  lower v a l u e s  f o r  P E ' 

Tables  V I I - A  and V I I - B  were prepared us ing  t h e o r e t i c a l  ca lcu la-  

t i o n s ,  t o  see the degree  of improvement p o s s i b l e  us ing  f i n i t e  



Figure 32.  Theore t ica l ly  ca lcu la ted  l a s e r  power i n  terms of 

Ns, f o r  achieving a p r o b a b i l i t y  of e r r o r  P E ' f o r  

D = 1, NB = 0.1 and f o r  any given value  of 0:. 



Figure 33.  Theore t i ca l ly  ca lcula ted  l a s e r  power i n  terms of 

NS, f o r  achieving a p robab i l i ty  of e r r o r  PE, f o r  

D = 1, Ng = 1.0 and f o r  any given value  of 0;. 



Figu re  34. T h e o r e t i c a l l y  c a l c u l a t e d  l a s e r  power i n  terms of 

NS, f o r  ach iev ing  a p r o b a b i l i t y  of e r r o r  P f o r  
E ' 

D = 1, NB = 2.0 and f o r  any g iven  v a l u e  of 0:. 



TABLE V I I - A  

PROBABILITY OF ERROR AS A FUNCTION OF 0: AND D 

(NS = 30.5, NB = 1.3)  

0 I 

Experimental 
2.5 

Theory 

1 .0  Theory 

0.5 Theory 

0.2 Theory 

0 .1  Theory 

No. of De tec to r s  

1 

1 . 0 E - 1  

1 .2  E-1 

3.7 E-2 

1.1 E-2 

1 . 8  E-3 

3.4 E-4 

2 

3.2 E-2 

4 .1  E-2 

4.6 E-3 

5.0 E-4 

1 .2  E-5 

7.5 E-7 

3 

1.1 E-2 

1 .4  E-2 

6 .3  E-4 

2.5 E-5 

1.4 E-7 

1 .5  E-9 

4 

4.0 E-3 

5 .3  E-3 

9 . 1  E-5 

1.4 E-6 

1 . 3  E-9 

3.7 E-12 



TABLE VII-B 

PROBABILITY OF ERROR AS A FUNCTION OF o: AND D 

(NS = 44.2, NB - 0.29) 

02 
I 

Exper imenta l  
2 .2  

Theory 

1 . 0  Theory 

0.5 Theory 

0.2 Theory 

0 .1  Theory 

No. of D e t e c t o r s  

4 

4 . 1  E-4 

3.2 E-4 

9 .9  E-7 

9 .7  E-10 

6 .8  E-15 

1.1 E-19 

1 

5.5  E-2 

5.4 E-2 

1 . 0  E-2 

1 . 7  E-3 

6 . 5  E-5 

4.2 E-6 

2 

9.4 E-3 

8 . 9  E-3 

4.4 E-4 

1 . 3  E-5 

2.4 E-8 

9.9 E-11 

3 

3.9 E-3 

1 . 7  E-3 

2 . 1  E-5 

1.1 E-7 

1 . 2  E-11 

3 . 1  E-15 



s i z e  d e t e c t o r s  and hence some a p e r t u r e  averaging.  The t a b l e s  show 

t h a t  even with good a p e r t u r e  averaging,  t h e  use  of m u l t i p l e  

d e t e c t o r s  may be necessary  t o  o b t a i n  low e r r o r  r a t e s  of t h e  o rde r  of 

o r  less. 

A s  one f i n a l  p o i n t  i t  must be mentioned t h a t  adding more d e t e c t o r s  

t o  improve t h e  performance ( i t  was mentioned t h a t  performance improves 

approximately exponent ia l ly  wi th  each a d d i t i o n a l  d e t e c t o r )  can be 

r e l a t i v e l y  an easy t h i n g  t o  do. This  i s  because each a d d i t i o n a l  

d e t e c t o r  c o s t s  p ropor t iona te ly  l e s s .  The end of Sec t ion  I1 and Sec t ion  

111 of Chapter 3 d i s c u s s  how t h e  d i s c r e t e  n a t u r e  of t h e  l i k e l i h o o d  

func t ion  i s  u s e f u l  i n  c u t t i n g  down t h e  d i g i t a l  p rocess ing  c o s t s  a f t e r  

each d e t e c t o r .  

To sum up, on t h e  b a s i s  of t h e  r e s u l t s  of t h e  present  i nves t iga -  

t i o n  a s  explained i n  Chapters  3 and 4, one may confirm t h e  fol lowing 

conclusions.  

3 1) The work of Teich and Rosenberg provides  a  good 

t h e o r e t i c a l  b a s i s  f o r  t h e  r e c e i v e r  s t r u c t u r e  and f o r  c a l c u l a t i n g  t h e  

e r r o r  r a t e s  f o r  a  photon counting r e c e i v e r  us ing  a t u r b u l e n t  channel 

modeled by a  lognormal d i s t r i b u t i o n  f o r  i r r a d i a n c e .  

2 )  Assuming independent f ad ing  f o r  each d e t e c t o r ,  t h e  approximate 

optimum r e c e i v e r  is  ve ry  n e a r l y  a s  good as t h e  exac t  r e c e i v e r  under 

t h e  g iven  channel and s i g n a l  parameters .  

3)  The adap t ive  th re sho ld  r e c e i v e r  performs b e t t e r  and a l s o  is 

l e s s  complex when compared t o  t h e  approximate optimum r e c e i v e r .  A 



p r a c t i c a l  adap t ive  th re sho ld  r e c e i v e r  may r e q u i r e  a  b i t  r a t e  t h a t  

i s  g r e a t e r  than  500 K/sec. 

4 )  The decrease  i n  t h e  e r r o r  p r o b a b i l i t y  of both t h e  adap t ive  

threshold  and approximate optimum r e c e i v e r  w i th  t h e  i n c r e a s e  i n  t h e  

number of d e t e c t o r s  i s  approximately exponent ia l .  

5) The suboptimum r e c e i v e r s  der ived  from t h e  approximate 

optimum r e c e i v e r  perform poorly.  

6) Receiver  s t r u c t u r e s  o t h e r  than  t h e  adap t ive  th re sho ld  

r e c e i v e r  need t h e  va lues  of o2 and NS f o r  t h e i r  ope ra t ion .  These I 

va lues  can b e  eva lua ted  from t h e  photon counting readings  and do not  

r e q u i r e  s e p a r a t e  measurement. 

7) The r e c e i v e r  s t r u c t u r e  con f igu ra t ion  w i t h  s t o r e d  l i k e l i h o o d  

func t ion  cons iderably  reduces t h e  computing power needed f o r  d i g i t a l  

processing.  For t h i s  reason,  t h i s  con f igu ra t ion  may be  very  appropri-  

a t e  when l a r g e  b i t  r a t e s  a r e  used. 

8) Er ro r  r a t e s  of t h e  o rde r  of o r  l e s s  can be obta ined  by 

t h e  combined use  of a p e r t u r e  averaging a s  w e l l  a s  m u l t i p l e  d e t e c t o r s .  

9 )  The s e l e c t i o n  of t h e  ope ra t ing  v o l t a g e s  f o r  t h e  photon count- 

i n g  PMT t o  achieve  maximum S/N r a t i o  may no t  always be  t h e  b e s t .  A t  

l e a s t  i n  come c a s e s  t h i s  may r e s u l t  i n  h igh  r a t e s  of n o i s e  pu l se s  

causing f a l s e  alarms. The s i t u a t i o n  may be  remedied by simply 

inc reas ing  t h e  th re sho ld  vo l t age  s l i g h t l y  (about 25% - 50%). 



CHAPTER 5 

SOME GENERAL CONSIDERATIONS FOR PHOTON COUNTING RECEIVERS 

I n  t h i s  chapter  we b r i e f l y  consider  a  few more a s p e c t s  of a  photon 

counting r e c e i v e r ,  which were not  p a r t  of t h e  p re sen t  t h e s i s ,  bu t  

neve r the l e s s  a r e  important  i n  one way o r  t h e  o t h e r .  A f t e r  overcoming 

t h e  d e l e t e r i o u s  e f f e c t s  of  t h e  turbulence ,  t h e  forb idding  weather  

cond i t i ons  would be  a  ve ry  major concern e s p e c i a l l y  i n  t hose  a r e a s  

where clouds,  fog ,  snow o r  r a i n  may a l l  too  o f t e n  i n t e r r u p t  t h e  pa th  

of  t h e  l a s e r  beam. 

There a r e  two a s p e c t s  t o  t h e  above problem. One is t h a t  t h e  

p r e v a i l i n g  weather cond i t i ons  may cause a t o t a l  o r  nea r  t o t a l  ex t inc-  

t i o n  of  t h e  beam. I n  such cond i t i ons  t h e  most reasonable  t h i n g  t o  do 

might b e  t o  shut  o f f  t h e  communication and w a i t  f o r  c l e a r e r  weather .  

The p o s s i b i l i t y  of bor ing  a t r a n s p a r e n t  h o l e  through t h e  fog ,  c loud,  

e t c .  by t h e  l a s e r  beam w a s  considered by s v t t o n l 1  and Harney. 12 

Thei r  c a l c u l a t i o n s  i n d i c a t e  t h a t  no s i g n i f i c a n t  ho le  bor ing  can 

happen a t  moderate power l e v e l s ,  e s p e c i a l l y  i f  t h e  fog  o r  cloud i s  

f a i r l y  t h i c k .  

In  t h e  case  of s a t e l l i t e  t o  e a r t h  communications t h e  above 

problem may be  overcome i n  a d i f f e r e n t  way by s e t t i n g  up r e c e i v e r  

s t a t i o n s  i n  more than  one p l ace  which may have a  minimum of weather 

c o r r e l a t i o n . 6  So, i f  one s t a t i o n  could n o t  r e c e i v e  due t o  bad 



weather  cond i t i ons ,  t h e  t ransmiss ion  may be d i r e c t e d  t o  another  

s t a t i o n  where cond i t i ons  may be favorable .  

The o t h e r  a spec t  concerns t h e  d r i f t  from t h e  expected perform- 

ance of t h e  r e c e i v e r .  I n  a l l  communication systems, one needs t h e  

assurance  t h a t  t h e  e r r o r  r a t e s  of t h e  system w i l l  no t  i nc rease  

beyond a maximum prescr ibed  va lue  due t o  any inadve r t en t  changes 

i n  t h e  cond i t i ons  under which t h e  system may have t o  opera te .  

D r i f t s  and changes can occur  i n  t h e  uncon t ro l l ab l e  parameters  

r e s u l t i n g  i n  changes i n  t h e  performance. A photon counting communi- 

c a t i o n  system designed and optimized f o r  c l e a r  t u rbu len t  cond i t i ons  

may w e l l  be  a b l e  t o  o p e r a t e  wi thout  s e r i o u s  i n t e r r u p t i o n  i n  a l i g h t l y  

r a i n y  o r  mi ld ly  foggy condi t ion .  However, one should expect  a d r i f t  

from t h e  expected e r r o r  r a t e s  f o r  t h e  system. An understanding of 

t h e  magnitude and n a t u r e  of t h e s e  d r i f t s ,  and p o s s i b l e  methods t o  

p r e d i c t  and cope wi th  them need t o  be  i n v e s t i g a t e d  i n  o rde r  t o  

" b e t t e r  optimize" t h e  system and make it more usab le  under t h e s e  

mi ld  cond i t i ons  of weather.  It might be  p o s s i b l e  t h a t  t h e  e r r o r  

r a t e  of t h e  system could be monitored and d isp layed  cont inuous ly ,  

s o  t h a t  t h e  o p e r a t o r  could dec ide  whether t o  go on o r  t o  s h u t  o f f  

t h e  system. 

The u s e  of h igh  b i t  r a t e s  i n  t h e  photon counting r e c e i v e r  system 

may b e  d e s i r a b l e  on many occas ions ,  For example, t h e  a d a p t i v e  

th re sho ld  r e c e i v e r  r e q u i r e s  a h igh  b i t  r a t e  of t ransmiss ion .  But 



high  b i t  r a t e  makes c e r t a i n  o t h e r  problems more severe .  For  example, 

a .  photon counting r e c e i v e r  system ope ra t ing  a t  l o 6  b i t s l s e c  and 

NS = 20 w i l l  have t o  be a b l e  t o  count about 5 x 10' random events  pe r  

second. This  would r e q u i r e  a  r e s o l u t i o n  b e t t e r  than  1 nano second, 

which might be hard t o  o b t a i n  i n  d i sc r imina to r  c i r c u i t s .  The dead 

time of t h e  PMT w i l l  a l s o  begin t o  p lay  a s i g n i f i c a n t  r o l e ,  u n l e s s  

more s o p h i s t i c a t e d  c rossed  f i e l d  v e r s i o n s  of PMT a r e  used. I n  such 

cases  one p o s s i b i l i t y  is  t o  c a l c u l a t e  t h e  new p r o b a b i l i t y  d i s t r i b u -  

t i o n  f u n c t i o n  f o r  photon counts  a f t e r  t ak ing  t h e  dead t ime e f f e c t s  

i n t o  account ,  and u s e  i t  t o  d e s c r i b e  a  new r e c e i v e r  s t r u c t u r e .  

Such a  c a l c u l a t i o n  f o r  t h e  p r o b a b i l i t y  d e n s i t y  func t ion  has been done 

f o r  f r e e  space  by Canton and Teich. 39 The e f f e c t s  of t h e  dead t ime 

on t h e  e r r o r  r a t e s  of t h e  r e c e i v e r  system as compared t o  wi thout  

dead time has  been numerical ly  c a l c u l a t e d  by Stephens and Davidson. 
4 0 

From t h e i r  c a l c u l a t i o n s  i t  appears  t h a t  t h e  degrada t ion  may no t  be  

very  much (" 1 db) .  Th i s  might be  expected because dead time 

e f f e c t s  a r e  s e r i o u s  only  when t h e r e  i s  a su rge  of photons coming due 

t o  h igh  i n t e n s i t y  of t h e  rece ived  beam. But most of t h e  e r r o r s  occur  

only  when t h e r e  i s  a  low i n t e n s i t y  of t h e  beam due t o  f ad ing  and t h e  

problem of dead time of t h e  PKT i s  n o t  l i k e l y  t o  a f f e c t  t h e  e r r o r  

r a t e s  here .  However, i n  a system i n  which t h e  extreme v a r i a t i o n s  i n  

t h e  i n t e n s i t y  due t o  turbulence  have been reduced t o  a minimum by a  

good a p e r t u r e  averaging,  t h e  dead t ime e f f e c t s  can more s i g n i f i c a n t l y  

a f f e c t  t h e  performance of t h e  r e c e i v e r .  



A t  very  h igh  b i t  r a t e s ,  s i n c e  t h e  photoe lec t ron  pu l se  counting 

could become extremely d i f f i c u l t  ( i f  no t  imposs ib le ) ,  one may have 

t o  r e s o r t  t o  pas s ive  R-C i n t e g r a t i o n  of pu l se s  wi th  no dumping 

between subsequent b i t s .  This  would mean t h e  system would r e t a i n  

a  memory of t h e  previous b i t .  F luchel  e t  a l .  have ca l cu la t ed  t h e  

r e s u l t i n g  degrada t ion  i n  performance f o r  such a  ca se  f o r  t h e  f r e e  

space channel  and p u l s e  p o s i t i o n  modulation and r e p o r t  a  t y p i c a l  

degrada t ion  of an  o rde r  of magnitude i n  e r r o r  rates .41 High b i t  

r a t e s  can a l s o  g ive  r i s e  t o  a channel w i th  memory due t o  p u l s e  

s t r e t c h i n g .  There has  been a t  l e a s t  one r e p o r t  t h a t  due t o  

m u l t i p l e  s c a t t e r i n g  i n  clouds t h e  pulse  s t r e t c h i n g  can b e  reduced 

by narrowing t h e  f i e l d  of view s o  t h a t  on ly  t h e  d i r e c t  beam i s  

rece ived .  l5 But then,  i n  s i t u a t i o n s  where t h e  beam i n t e n s i t y  has  

been reduced by t h e  presence of c louds,  e t c . ,  t h e  f i e l d  of view may 

need t o  be increased  t o  c o l l e c t  more energy from t h e  s c a t t e r e d  

l i g h t . 1 6  Th i s  means an i n t e l l i g e n t  compromise w i l l  have t o  be made 

he re ,  

Time synchroniza t ion  is  another  problem which i s  more s e r i o u s  

i n  t h e  c a s e  of a  photon counting system. Because of t h i s  a  s e p a r a t e  

channel dedica ted  only  t o  t r a n s m i t t i n g  synchroniza t ion  pu l se s  may 

b e  needed. I n  p r a c t i c e ,  t h i s  can be  done us ing  a  s i n g l e  l a s e r ,  by 

us ing  one p o l a r i z a t i o n  f o r  sending t h e  message, and us ing  t h e  o t h e r  

f o r  sending t h e  synchroniza t ion  informat ion .  For t h e  c a s e  i n  

which a s e p a r a t e  channel  f o r  t h e  synchroniza t ion  pu l se s  i s  used,  



Haney and Gag l i a rd i  have i n v e s t i g a t e d  t h e  d e n s i t y  func t ion  f o r  t h e  

phase e r r o r  of a phase locked loop fol lowing photon count in  detec-  

t i ~ n . ~ ~  Gag l i a rd i  shows t h a t  t h e  i n c r e a s e  i n  t h e  e r r o r  p r o b a b i l i t y  

of t h e  system due t o  e r r o r  i n  t ime synchroniza t ion  i s  more f o r  on-off 

keying than  f o r  a b ina ry  pu l se  p o s i t i o n  modulation system. 43 1n te r -  

e s t i n g l y ,  he a l s o  observes t h a t  f o r  t h e  OOK system, t h e r e  is  an  

i r r e d u c i b l e  minimum e r r o r  r a t e  which cannot b e  overcome by any o t h e r  

means except  by swi tch ing  t o  a d i f f e r e n t  modulation. He f u r t h e r  

observes  t h a t  i nc reas ing  t h e  s i g n a l  s t r e n g t h ,  i n s t e a d  of improving 

t h e  performance, may a c t u a l l y  degrade i t  i n  such a case.  However, 

it must b e  poin ted  ou t  t h a t  h i s  observa t ions  could b e  t r u e  only  f o r  

a n  OOK system us ing  no guard r i n g s  ( i . e . ,  no dead space between 

ad jacen t  b i t  i n t e r v a l s ) .  I f  t h e  guard r i n g s  a r e  wide enough t o  

accomodate t h e  e r r o r  i n  t ime synchroniza t ion ,  t h e  above obse rva t ions  

f o r  an  OOK system need not  b e  t r u e .  ~ i t t e r t o n ~ ~  has  presented  

s e v e r a l  graphs showing t h e  degrada t ion  of performance of a system 

due t o  t iming e r r o r s  f o r  s e v e r a l  ca ses .  

It must be  noted t h a t  a l l  of t h e  above works on t h e  t iming e r r o r s  

and t h e  r e s u l t i n g  degrada t ion  assume a f r e e  space  channel ,  i . e . ,  no 

random fad ing  due t o  turbulence .  Na tu ra l ly  one should expect  a more 

s e r i o u s  degrada t ion  f o r  a t u rbu len t  channel and work i n  t h i s  a r e a  t o  

d a t e  i s  minimal. For t h e  p re sen t ,  however, i t  might be s a i d  t h a t  t o  

reduce t h e  e f f e c t s  of t iming e r r o r s ,  i t  would be  d e s i r a b l e  t o  make use  



of a s  s h o r t  pu l se s  a s  p o s s i b l e  and t o  u se  a  s e p a r a t e  channel  f o r  

sending t h e  synchroniza t ion  pu l se s .  Also,  u s ing  a  s e p a r a t e  channel  

f o r  sending t h e  synchroniza t ion  pu l se s  would be  very  h e l p f u l  i n  c a s e  

a  cont inuous monitor ing of t h e  e r r o r  r a t e  of t h e  system is  needed. 
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To prove that P is a monotonically decreasing function of D 
E 

we start with equations (48) and (53) of Chapter 3. 

To save writing we may use the following substitutions. 

Equation (2A) then becomes 

P is the error probability for the exact receiver using D detectors. 
E 

-+ 
The summation is done over all possible D dimensional vectors n. Let 



PEl be t h e  p r o b a b i l i t y  of e r r o r  f o r  t h e  same system us ing  (D + 1 )  

d e t e c t o r s .  Then, 

where N o  i s  t h e  maximum count per  b i t  t h a t  i s  p o s s i b l e  i n  p r a c t i c e .  

N 0 

Noting t h a t  
' 

a  P I  (n .  ) = a ,  and c o l l e c t i n g  terms t o g e t h e r ,  n  =O 
j J 



We may no te  t h a t  T1 < 0 and T2 0. We may f u r t h e r  n o t e  - 

and t h a t  

I n  view of equat ions  (IOA) and (11A) one could s e e  t h a t  t h e  RIIS of (9A) 

is  always p o s i t i v e  o r  zero;  i . e . ,  PE - PEl 0. 

.'. PE i s  always a  decreas ing  func t ion  of t h e  number of d e t e c t o r s  D. 
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The output  of a  photon counting F'MT would normally c o n s i s t  of 

pu l se s  due t o  photo emi t ted  e l e c t r o n s  a s  w e l l  a s  n o i s e  e l e c t r o n s  

(due t o  thermal emission, e t c . ) .  Since t h e  ga in  of t h e  PMT i s  

somewhat random, t h e  he igh t  of both k inds  of pu l se s  would be  d i s -  

t r i b u t e d  over  a  range of v o l t a g e s .  However, t h e  n o i s e  pu l se s  would 

be gene ra l ly  sma l l e r  i n  v o l t a g e  s i n c e  no t  a l l  of them would o r ig in -  

a t e  a t  t h e  cathode and so  experience less ga in .  Therefore,  most of 

t h e  n o i s e  pu l se s  can be stopped by s e t t i n g  a  t h re sho ld  v o l t a g e  and 

suppress ing  a l l  pu l se s  below t h a t  vo l t age .  

When t h e  threshold  vo l t age  i s  low, any a d d i t i o n a l  i n c r e a s e  i n  

t h e  th re sho ld  v o l t a g e  is  l i k e l y  t o  suppress  more n o i s e  pu l se s  than  

photoe lec t ron  pu l se s .  But when t h e  th re sho ld  vo l t age  i s  h igh ,  most 

of t h e  n o i s e  pu l se s  would a l r eady  have been suppressed and s o  any 

a d d i t i o n a l  i n c r e a s e  i n  t h re sho ld  v o l t a g e  would suppress  more of t h e  

photoe lec t ron  than  t h e  n o i s e  pu l se s .  S i m i l a r l y ,  when t h e  v o l t a g e  

between t h e  cathode and anode i s  small, any i n c r e a s e  i n  t h e  same 

w i l l  produce more photoe lec t ron  pu l se s  than  n o i s e  pu l se s .  But a t  

h igher  v a l u e s  t h i s  is  reversed .  So f o r  t h e  b e s t  SIN ope ra t ion  of 

t h e  PMT t h e  t h re sho ld  v o l t a g e  and t h e  anode v o l t a g e  should be chosen 

proper ly .  The methods f o r  doing t h i s  can b e  found i n  any of  t h e  

manufac turer ' s  l i t e r a t u r e  f o r  photon counting ins t ruments  u s ing  a  

PMT . 



I n  our  experiment,  w e  found t h a t  choosing t h e  vo l t ages  t o  g e t  

maximum SIN may not  always be  t h e  bes t .  Our experiment i s  aimed a t  

determining t h e  e r r o r  p r o b a b i l i t y  of a  b inary  coded on-off keying 

photon counting r e c e i v e r .  The anode vo l t age  and t h e  threshold  

v o l t a g e  f o r  maximum S/N were found t o  be  1800 V and 2 mV respec t ive-  

l y .  With t h e  PMT ope ra t ing  a t  t h e s e  v o l t a g e s  t h e  p r o b a b i l i t y  

d i s t r i b u t i o n  f o r  t h e  p u l s e  r a t e s  was determined. F igures  35-37 

show t h e  p u l s e  (due t o  n o i s e  o r  photoe lec t ron)  r a t e  d i s t r i b u t i o n  

f o r  1 )  w i t h  no l i g h t  f a l l i n g  on t h e  cathode of t h e  PMT; 2) a 

s teady  l i g h t  f a l l i n g  on t h e  cathode so t h a t  t h e  average p u l s e  r a t e  

was 2 . 6 / b i t  i n t e r v a l ;  and 3) a s teady  l i g h t  f a l l i n g  on t h e  cathode 

s o  t h a t  t h e  average p u l s e  r a t e  w a s  1 2 . 5 / b i t  i n t e r v a l .  The d o t s  g i v e  

t h e  measured p r o b a b i l i t i e s  whi le  t h e  s o l i d  curves  g i v e  t h e  theore t -  

i c a l l y  expected Poisson d i s t r i b u t i o n .  A s  can be  seen ,  t h e r e  a r e  a  

few cases  of unexpectedly h igh  r a t e s  of pu l se s .  The p r o b a b i l i t y  of 

observing t h e s e  h igh  pu l se  r a t e s  seems t o  i n c r e a s e  wi th  inc reas ing  

photon r a t e s .  While t h e  exac t  r ea son  f o r  t h i s  was not  understood,  

on c l o s e  examination i t  was found t h a t  t h e  h igh  p u l s e  r a t e s  were due 

t o  b u r s t s  of n o i s e  p u l s e s  w i t h i n  t h e  PET. 

While i n  o t h e r  a p p l i c a t i o n s  t h e s e  b u r s t s  of pu l se s  may no t  

amount t o  much, they  adverse ly  a f f e c t  t h e  performance of t h e  photon 

counting r e c e i v e r .  Th i s  is  because t h e s e  high r a t e s  of  pu l se s  w i l l  

b e  i n t e r p r e t e d  as due t o  high r a t e  of a r r i v a l  of photons and thus  

cause an  e r r o r  ( f a l s e  alarm).  A s  can be seen  from Figures  35-37, 

t h i s  e r r o r  can b e  of t h e  o r d e r  of 
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Fig.  35. P r o b a b i l i t y  d e n s i t y  f u n c t i o n  f o r  ou tpu t  p u l s e  (due t o  photo 
a s  w e l l  a s  n o i s e  e l e c t r o n s )  r a t e  when PMT v o l t a g e s  a r e  
optimized t o  o b t a i n  maximum S/M r a t i o  f o r  t h e  PMT. 

Dots g ive  t h e  exper imenta l ly  measured va lues .  
So l id  l i n e  is  t h e  t h e o r e t i c a l l y  expected Poisson  curve.  
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Fig.  36. P r o b a b i l i t y  d e n s i t y  func t ion  f o r  t h e  output  pu l se  (due t o  
photo as w e l l  a s  n o i s e  e l e c t r o n s )  r a t e  when PMT v o l t a g e s  
a r e  optimized t o  o b t a i n  maximum S/N r a t i o  f o r  t h e  PMT. 

Dots g i v e  t h e  exper imenta l ly  measured va lues .  
S o l i d  l i n e  i s  t h e  t h e o r e t i c a l l y  expected Poisson curve. 
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Fig. 37. Probability density function for the output pulse (due to 
photo as well as noise electrons) rate when PllT voltages 
are optimized to obtain maximum S/N ratio for the PMT. 

Dots give the experimentally measured values. 
Solid line is the theoretically expected Poisson curve. 



It was f u r t h e r  found t h a t  t he se  b u r s t s  of pu l se s  can be  stopped 

by s l i g h t l y  i n c r e a s i n g  t h e  t h r e sho ld  vo l t age .  F igu re  38 g i v e s  t h e  

p r o b a b i l i t y  d i s t r i b u t i o n  of  pu l se  r a t e s  w i t h  PPlT ope ra t i ng  a t  1800 V 

and 3 mV. Thi s  o f f s e t  t h e  "optimum cond i t i ons"  f o r  t h e  PMT and 

r e s u l t e d  i n  about  10% less va lue  f o r  SIN, bu t  completely s topped t h e  

b u r s t s  of n o i s e  pu lses .  It should be  obvious t h a t  f o r  a  photon 

count ing r e c e i v e r  system designed t o  o p e r a t e  w i t h  an e r r o r  p r o b a b i l i t y  

of 10'~ o r  less, a  l o s s  of 10% S/N r a t i o  is worth s u f f e r i n g  i n  o r d e r  

t o  reduce f a l s e  a larm by 10'~. 
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Fig .  38.  P r o b a b i l i t y  d e n s i t y  f u n c t i o n  f o r  t h e  ou tpu t  p u l s e  (due t o  
photo a s  w e l l  a s  n o i s e  e l e c t r o n s )  r a t e  a f t e r  t h e  
t h r e sho ld  v o l t a g e  has  been inc reased  from i t s  optimum 
v a l u e  f o r  maximum S/N of t h e  PMT. 

Dots g i v e  t h e  exper imenta l ly  measured va lues .  
So l id  Line is  t h e  t h e o r e t i c a l l y  expected Poisson curve.  
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Experimental r e s u l t s  ob ta ined  i n  connect ion wi th  t h e  photon 

counting r e c e i v e r  system a r e  presented i n  t h i s  Appendix. The prob- 

a b i l i t y  d e n s i t y  func t ion  f o r  HI b i t s  ( s e e  F igure  14)  i s  shown f o r  

35 d i f f e r e n t  ca ses  obta ined  by changing the  parameters NS and NB. 

The normalized va r i ance  of i r r a d i a n c e ,  a2 was ca l cu la t ed  from a I ' 
d i r e c t  measurement of t h e  i n t e n s i t y  f l u c t u a t i o n s  and used i n  t h e  

t h e o r e t i c a l  c a l c u l a t i o n  of t h e  d e n s i t y  func t ions .  For comparison, 

t h e  t h e o r e t i c a l  va lue ,  ( u ) ,  was c a l c u l a t e d  from a measurement of 

c:. Relevant parameters (e .  g . , t h e  t r a n s v e r s e  wind v e l o c i t y ,  ( vL) ) 

were measured f o r  each case  and a r e  presented  along w i t h  t h e  d e n s i t y  

func t ions .  The dens i ty  func t ions  f o r  runs  1-30 a r e  shown i n  F igu res  

39-68, and t h e  d e n s i t y  func t ions  f o r  runs  31-35 a r e  given i n  Tables  

V I I I - A  through VIII-E. 

Experimentally measured e r r o r  r a t e s  f o r  t h e  r e c e i v e r s  EER, AOR, 

SOR I, SOR I1 and ATR w i t h  1 through 4 d e t e c t o r s  a r e  presented  i n  

Tables  IX-A t o  IX-G. Table  X p re sen t s  experimental  a s  w e l l  a s  

t h e o r e t i c a l  va lues  of e r r o r  r a t e s  f o r  AOR f o r  a s i n g l e  d e t e c t o r .  

Tables  X I  and X I 1  do t h e  same f o r  a  two d e t e c t o r  and a  f o u r  d e t e c t o r  

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

a r r a y s  were c a l c u l a t e d  only  f o r  s e l e c t e d  cases .  
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Figure 40. Probability density function for photoelectron counts. 

Dots give the experimentally measured values. 
Solid line gives the theoretical curve. 



NUMBER OF COUNTS 

Figure 41. Probability density function for photoelectron counts. 

Dots give the experimentally measured values. 
Solid line gives the theoretical curve. 
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Figure 42. Probability density f unc'tion for photoelectron counts. 

Dots give the experimentally measured values. 
Solid line gives the theoretical curve. 



NUMBER OF COUNTS 

F igure  4 3 .  P r o b a b i l i t y  d e n s i t y  f u n c t i o n  f o r  pho toe l ec t ron  counts .  

Dots g ive  t h e  exper imenta l ly  measured va lues .  
So l id  l i n e  g i v e s  t h e  t h e o r e t i c a l  curve.  
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Figure  44. P r o b a b i l i t y  d e n s i t y  func t ion  f o r  photoe lec t ron  counts .  

Dots g i v e  t h e  exper imenta l ly  measured va lues .  
So l id  l i n e  g i v e s  t h e  t h e o r e t i c a l  curve.  
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Figure 45. Probability density function for photoelectron counts. 

Dots give the experimentally measured values. 
Solid line gives the theoretical curve. 
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F igure  46. P r o b a b i l i t y  d e n s i t y  func t ion  f o r  photoe lec t ron  counts .  

Dots g i v e  t h e  exper imenta l ly  measured va lues .  
S o l i d  line g i v e s  t h e  t h e o r e t i c a l  curve. 
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Figure 47. Probability density function for photoelectron counts. 

Dots give the experimentally measured values. 
Solid line gives the theoretical curve. 
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Figure  48. P r o b a b i l i t y  d e n s i t y  f u n c t i o n  f o r  photoe lec t ron  counts .  

Dots g ive  the  exper imenta l ly  measured va lues .  
So l id  l i n e  g i v e s  t h e  t h e o r e t i c a l  curve. 
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Figure  49. P r o b a b i l i t y  d e n s i t y  f u n c t i o n  f o r  photoe lec t ron  counts .  

Dots g ive  t h e  exper imenta l ly  measured va lues .  
S o l i d  l i n e  g ives  t h e  t h e o r e t i c a l  curve. 
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Figure  50. P r o b a b i l i t y  dens i ty  func t ion  f o r  photoe lec t ron  counts .  

Dots g i v e  t h e  experimental ly measured va lues .  
So l id  l i n e  g ives  t h e  t h e o r e t i c a l  curve. 
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Figure  51. P r o b a b i l i t y  d e n s i t y  f u n c t i o n  f o r  photoe lec t ron  counts .  

Dots g i v e  t h e  exper imenta l ly  measured va lues .  
So l id  l i n e  g i v e s  t h e  t h e o r e t i c a l  curve.  
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F igure  52, P r o b a b i l i t y  d e n s i t y  f u n c t i o n  f o r  pho toe l ec t ron  counts .  

Dots g ive  t h e  exper imenta l ly  measured va lues .  
So l id  l i n e  g ives  t h e  t h e o r e t i c a l  curve.  
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Figure 53. Probability density function for photoelectron counts. 

Dots give the experimentally measured values. 
Solid line gives the theoretical curve. 
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Figure 54. Probability density function for photoelectron counts. 

Dots give the experimentally measured values. 
Solid line gives the theoretical curve. 



NUMBER OF COUNTS 

Figure  55. P r o b a b i l i t y  d e n s i t y  funct ion  f o r  photoelec t ron  counts.  

Dots g ive  t h e  experimental ly measured va lues .  
S o l i d  l i n e  g ives  t h e  t h e o r e t i c a l  curve. 
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Figure  56. P r o b a b i l i t y  d e n s i t y  func t ion  f o r  photoe lec t ron  counts .  

Dots g ive  t h e  exper imenta l ly  measured va lues .  
So l id  l i n e  g i v e s  t h e  t h e o r e t i c a l  curve. 
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Figure 57. Probability density function for photoelectron counts. 

Dots give the experimentally measured values. 
Solid line gives the theoretical curve. 
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Figure 58. P r o b a b i l i t y  d e n s i t y  func t ion  f o r  photoe lec t ron  counts .  

Dots g ive  t h e  experimental ly measured va lues .  
So l id  l i n e  g i v e s  t h e  t h e o r e t i c a l  curve. 
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F igu re  59. P r o b a b i l i t y  d e n s i t y  func t ion  f o r  photoe lec t ron  counts .  

Dots g i v e  t h e  exper imenta l ly  measured va lues .  
S o l i d  l i n e  g i v e s  t h e  t h e o r e t i c a l  curve.  
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F igure  60. P r o b a b i l i t y  d e n s i t y  f u n c t i o n  f o r  pho toe l ec t ron  counts .  

Dots g i v e  t h e  exper imenta l ly  measured va lues .  
So l id  l i n e  g i v e s  t h e  t h e o r e t i c a l  curve.  
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Figure  61. P r o b a b i l i t y  d e n s i t y  f u n c t i o n  f o r  pho toe l ec t ron  counts .  

Dots g i v e  t h e  exper imenta l ly  measured va lues .  
S o l i d  l i n e  g i v e s  t h e  t h e o r e t i c a l  curve.  
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Figure 62. Probability density function for photoelectron counts. 

Dots give the experimentally measured values. 
Solid line gives the theoretical curve. 
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Figure  63. P r o b a b i l i t y  d e n s i t y  func t ion  f o r  photoe lec t ron  counts .  

Dots g i v e  t h e  exper imenta l ly  measured va lues .  
So l id  l i n e  g i v e s  t h e  t h e o r e t i c a l  curve. 
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Figure 64. Probability density function for photoelectron counts. 

Dots give the experimentally measured values. 
Solid line gives the theoretical curve. 
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Figure 65. Probability density function for photoelectron counts. 

Dots give the experimentally measured values. 
Solid line gives the theoretical curve. 
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Figure  6 6 .  P r o b a b i l i t y  d e n s i t y  f u n c t i o n  f o r  photoe lec t ron  counts .  

Dots g ive  t h e  exper imenta l ly  measured va lues .  
So l id  l i n e  g i v e s  t h e  t h e o r e t i c a l  curve.  
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Figure 67. Probability density function for photoelectron counts. 

Dots give the experimentally measured values. 
Solid line gives the theoretical curve. 
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Figure  68. P r o b a b i l i t y  d e n s i t y  f u n c t i o n  f o r  pho toe l ec t ron  counts .  

Dots g i v e  t h e  exper imenta l ly  measured va lues .  
S o l i d  l i n e  g i v e s  t h e  t h e o r e t i c a l  curve. 



TABLE V I I I - A  

MPERIMENTALLY DETERMINED PROBABILITIES FOR PHOTON COUNTS 

RUN 31 

(NS = 12.4, NB = 2.2, u2 = 2.3, = 10.5, (vL) 2 5 mph.) 
I 

Count Probabil i ty Count Probabi l i ty  ! Count Probabi l i ty  

7 2 0.742 E-3 
73 0.781 E-3 
74 0.957 E-3 
7 5 0.430 E-3 
7 6 0.645 E-3 
7 7 0.352 E-3 
7 8 0.586 E-3 
79 0.371 E-3 
8 0 0.469 E-3 
81  0.410 E-3 
82 0.430 E-3 
83  0.703 E-3 
8 4 0.430 E-3 
8 5 0.496 E-3 
86 0.410 E-3 
87 0.430 E-3 
88 0.430 E-3 
89 0.449 E-3 
90 0.527 E-3 
9 1 0.430 E-3 
9 2 0.293 E-3 
93 0.449. E-3 
94 0.352 E-3 
9 5 0.293 E-3 
96 0.352 E-3 
9 7 0.469 E-3 
9 8 0.332 E-3 

0 0.187 E-1 
1 0.519 E-1 
2 0,796 E-1 
3 0.920 E-1 
4 0.875 E-1 
5 0.801 E-1 
6 0.650 E-1 
7 0.527 E-1 
8 0.436 E-1 
9 0.383 E-1 

10 0.316 E-1 
11 0.293 E-1 
12 0.245 E-1 
13 0.212 E-1 
14 0.205 E-1 
15 0.171 E-1 
16 0.157 E-1 
17 0.141 E-1 
18 0.138 E-1 
19 0.114 E-1 
2 0 0.104 E-1 
2 1 0.945 E-2 
22 0.854 E-2 
2 3 0.928 E-2 
2 4 0.729 E-2 
2 5 0.652 E-2 
2 6 0.646 E-2 

36 0.326 E-2 
3 7 0.322 E-2 
3 8 0.283 E-2 
39 0.262 E-2 
4 0 0.283 E-2 
41 0.223 E-2 
4 2 0.248 E-2 
4 3 0.244 E-2 
44 0.215 E-2 
4 5 0.217 E-2 
4 6 0.209 E-2 
4 7 0.197 E-2 
4 8 0.176 E-2 
4 9 0.164 E-2 
50 0.164 E-2 
51 0.150 E-2 
5 2 0.148 E-2 
5 3 0.152 E-2 
5 4 0-150 E-2 
55 0.129 E-2 
56 0.977 E-3 
5 7 0.141 E-2 
58 0.146 E-2 
59 0.113 E-2 
60 0.137 E-2 
6 1 0.937 E-3 
62 0.918 E-3 

2 7 0.637 E-2 
2 8 0.504 E-2 
2 9 0.549 E-2 
3 0 0.486 E-2 
31 0.391 E-2 
32 0.463 E-2 
33 0.437 E-2 
34 0.398 E-2 
35 0.381 E-2 

63 0.820 E-3 
64 0.801 E-3 
65 0.996 E-3 
66 0.918 E-3 
6 7 0.104 E-2 
6 8 0.937 E-3 
69 0.527 E-3 
7 0 0.879 E-3 
7 1 0.918 E-3 

9 9 0.312 E-3 
100 0.430 E-3 
101 0.293 E-3 
102 0.371 E-3 
103 0.391 E-3 
104 0.469 E-3 
105 0.332 E-3 
106 0.215 E-3 
107 0.195 E-3 



149 

TABLE V I I I - A ,  Continued 

*See Appendix D. 

Count P r o b a b i l i t y  

136 0.273 E-3 
137 0.293 E-3 
138 0.195 E-3 
133 0.234 E-3 
140 0.254 E-3 
141 0.176 E-3 
14 2 0.312 E-3 
143 0.273 E-3 
144 0.723 E-2* 
145 0.000 E 0 
146 0.000 E 0 
147 0.000 E 0 
148 0.000 E 0 
149 0.000 E 0 

--- -- 7 
Count P r o b a b i l i t y  

108 0.273 E-3 
109 0.273 E-3 
110 0.391 E-3 
111 0.215 E-3 
112 0.352 E-3 
11 3 0.273 E-3 
114 0.312 E-3 
115 0.273 E-3 
116 0.391 E-3 
117 0.234 E-3 
118 0.234 E-3 
119 0.254 E-3 
120 0.312 E-3 
121  0.117 E-3 

4 Count P r o b a b i l i t y  

122 0.234 E-3 
123 0.137 E-3 
124 0.156 E-3 
125 0.332 E-3 
126 0.137 E-3 
127 0.234 E-3 
128 0.273 E-3 
129 0.215 E-3 
130 0.254 E-3 
131 0.117 E-3 
132 0.293 E-3 
133 0.117 E-3 
134 0.215 E-3 
135 0.293 E-3 



TABLE VIII-B 

EXPERIMENTALLY DETERMINED PROBABILITIES FOR PHOTON COUNTS 

RLJN 32 

(NS = 25.3, N B =  1.9 ,  o2 = 2.2, ( o : ) ~ =  7.6,  (?) '7mph.)  
I 

Count P r o b a b i l i t y  

0 0.113 E-1 
1 0.299 E-1 
2 0.460 E-1 
3 0.569 E-1 
4 0.581 E-1 
5 0 -  545 E-1 
6 0.490 E-1 
7 0.431 E-1 
8 0.377 E-1 
9 0.363 E-1 

1 0  0.316 E-1 
11 0.287 E-1 
12 0.260 E-1 
1 3  0.221 E-1 
14  0.214 E-1 
1 5  0.204 E-1 
1 6  0.190 E-1 
17  0.173 E-1 
18  0.153 E-1 
19 0.148 E-1 
2 0 0.139 E-1 
21  0.131 E-1 
2 2 0.128 E-1 
23 0.111 E-1 
24 0.961 E-2 
2 5 0.108 E-1 
26 0.947 E-2 
27 0.957 E-2 
2 8 0.885 E-2 
2 9 0.824 E-2 
3 0 0.852 E-2 
31 0.684 E-2 
32 0.709 E-2 
33 0.645 E-2 
34 0.707 E-2 
35 0.617 E-2 

Count P r o b a b i l i t y  

3 6 0.596 E-2 
37 0.561 E-2 
3 8 0.582 E-2 
39 0.455 E-2 
40 0.510 E-2 
4 1 0.473 E-2 
4 2 0.512 E-2 
4 3 0.410 E-2 
44 0.389 E-2 
45 0.424 E-2 
4 6 0.428 E-2 
4 7 0.373 E-2 
4 8 0.322 E-2 
4 9 0.348 E-2 
50 0.332 E-2 
51  0.314 E-2 
5 2 0.289 E-2 
5 3 0.299 E-2 
5 4 0.295 E-2 
55 0.299 E-2 
5 6 0.283 E-2 
57 0.289 E-2 
58  0.262 E-2 
59 0.209 E-2 
60 0.189 E-2 
6 1  0.244 E-2 
62 0.238 E-2 
6 3 0.273 E-2 
64 0.187 E-2 
6 5 0.229 E-2 
66 0.193 E-2 
67 0.209 E-2 
6 8 0.184 E-2 
6 9 0.189 E-2 
7 0 0.164 E-2 
7 1 0.189 E-2 

Count P r o b a b i l i t y  

7 2 0 . I95  E-2 
7 3 0.170 E-2 
74 0.143 E-2 
7 5 0.166 E-2 
7 6 0.164 E-2 
77 0.148 E-2 
78 0.154 E-2 
7 9 0.162 E-2 
8 0 0.141 E-2 
8 1 0.143 E-2 
82 0.129 E-2 
83 0.162 E-2 
84 0.107 E-2 
85 0.113 E-2 
86 0.801 E-3 
87 0.137 E-2 
88 0.133 E-2 
89 0.133 E-2 
90 0.109 E-2 
9 1  0.115 E-2 
9 2 0.105 E-2 
9 3 0.129 E-2 
9 4 0.918 E-3 
95 0.104 E-2 
9 6 0.113 E-2 
9 7 0.625 E-3 
98 0.957 E-3 
9 9 0.977 E-3 

100 0.820 E-3 
101  0.918 E-3 
102 0.840 E-3 
103 0.996 E-3 
104 0.879 E-3 
105 0.820 E-3 
106 0.664 E-3 
107 0.625 E-3 



151 

TABLE VIII-B, Continued 

*See Appendix D. 

Count P r o b a b i l i t y  

108 0.898 E-3 
109 0.742 E-3 
110 0.723 E-3 
111 0.547 E-3 
112 0.645 E-3 
113 0.645 E-3 
114 0.781 E-3 
115 0.664 E-3 
116 0.547 E-3 
11 7 0.508 E-3 
118 0.547 E-3 
119 0.605 E-3 
120 0.566 E-3 
121  0.488 E-3 

Count P r o b a b i l i t y  

122 0.664 E-3 
123  0,645 E-3 
124 0.527 E-3 
125 0.488 E-3 
12 6 0.547 E-3 
12 7 0.430 E-3 
128 0.547 E-3 
129 0.645 E-3 
130 0.527 E-3 
131  0.781 E-3 
132 0.430 E-3 
133  0.449 E-3 
134 0.723 E-3 
1 3  5 0.547 E-3 

Count P r o b a b i l i t y  

136 0.684 E-3 
137 0.762 E-3 
138 0.762 E-3 
139 0.918 E-3 
140 0.102 E-2 
141  - 0.107E-2 
142 0.125 E-2 
14  3 0.127 E-2 
144 0.265 E-1* 
145 0.000 E O 
146 0.000 E 0 
147 0.000 E 0 
148 0.000 E O 
149 0.000 E 0 



TABLE VIII-C 

EXPERIMENTALLY DETERMINED PROBABILITIES FOR PHOTON COUNTS 

RUN 33 

(NS = 31.0, NB = 1.7,  0: = 2.3, (o:)~ = 7.0, (vl) = 7 m ~ h . )  

Count P r o b a b i l i t y  

72 0.201 E-2 
7 3 0.170 E-2 
7 4 0.213 E-2 
7 5 0.211 E-2 
76 0.221 E-2 
7 7 0.189 E-2 
7 8 0.158 E-2 
79 0.211 E-2 
80 0.217 E-2 
8 1  0.131 E-2 
8 2 0.168 E-2 
83 0.191 E-2 
8 4 0.154 E-2 
85 0.215 E-2 
86 0.170 E-2 
8 7 0.162 E-2 
88 0.162 E-2 
89 0.156 E-2 
90 0.160 E-2 
9 1  0.143 E-2 
9 2 0.164 E-2 
93 0.146 E-2 
94 0.150 E-2 
95 0.117 E-2 
9 6 0.146 E-2 
9 7 0.139 E-2 
98 0.127 E-2 
99 0.996 E-3 

100 0.137 E-2 
101  0.125 E-2 
102 0.127 E-2 
103 0.137 E-2 
104 0.117 E-2 
105 0.111 E-2 
106 0.111 E-2 
107 0.164 E-2 

Count P r o b a b i l i t y  

0 0.119 E-1 
1 0.306 E-1 
2 0.440 E-1 
3 0.507 E-1 
4 0.466 E-1 
5 0.466 E-1 
6 0.417 E-1 
7 0.380 E-1 
8 0.328 E-1 
9 0.308 E-1 

10 0.306 E-1 
11 0.258 E-1 
12 0.233 E-1 
1 3  0.209 E-1 
14 0.198 E-1 
15  0.172 E-1 
16 0.187 E-1 
17 0.149 E-1 
1 8  0.153 E-1 
19 0.143 E-1 
2 0 0.151 E-1 
21 0.137 E-1 
2 2 0.121 E-1 
2 3 0.115 E-1 
2 4 0.104 E-1 
25 0.111 E-1 
26 0.842 E-2 
27 0.943 E-2 
28 0.932 E-2 
2 9 0.832 E-2 
30 0.828 E-2 
31 0.721 E-2 
32 0.805 E-2 
33 0.707 E-2 
34 0.660 E-2 
3 5 0.664 E-2 

Count P r o b a b i l i t y  

36 0.652 E-2 
3 7 0.582 E-2 
38 0.613 E-2 
39 0.512 E-2 
40 0.535 E-2 
41  0.535 E-2 
4 2 0.521 E-2 
43 0.520 E-2 
44 0.508 E-2 
4 5 0.482 E-2 
4 6 0.400 E-2 
4 7 0.385 E-2 
48 0.402 E-2 
4 9 0.408 E-2 
5 0 0.400 E-2 
51 0.377 E-2 
5 2 0.367 E-2 
53 0.357 E-2 
54 0.311 E-2 
55 0.299 E-2 
5 6 0.324 E-2 
5 7 0.307 E-2 
58 0.285 E-2 
5 9 0.301 E-2 
60 0.316 E-2 
6 1 0.295 E-2 
62 0.289 E-2 
6 3 0.266 E-2 
64 0.256 E-2 
6 5 0.309 E-2 
6 6 0.234 E-2 
6 7 0.242 E-2 
6 8 0.223 E-2 
69 0.209 E-2 
7 0 0.234 E-2 
7 1 0.221 E-2 



153 

TABLE V I I I - C ,  Continued 

*See Appendix D. 

Count P r o b a b i l i t y  

108 0.111 E-2 
109 0.104 E-2 
110 0.111 E-2 
111 0.937 E-3 
112 0.129 E-2 
113 0.107 E-2 
114 0.996 E-3 
115 0.898 E-3 
116 0.127 E-2 
117 0.859 E-3 
118 0.109 E-2 
119 0.801 E-3 
120 0.957 E-3 
121  0.840 E-3 

Count P r o b a b i l i t y  

122 0.918 E-3 
12 3 0.840 E-3 
124 0.104 E-2 
125 0.937 E-3 
126 0.742 E-3 
127 0.781 E-3 
12 8 0.820 E-3 
129 0.859 E-3 
130 0.107 E-2 
131  0.898 E-3 
132 0.820 E-3 
133 0.996 E-3 
134 0.801 E-3 
135 0.109 E-2 

Count P r o b a b i l i t y  

136 0.109 E-2 
137 0.121 E-2 
138  0.117 E-2 
139 0.170 E-2 
140 0.156 E-2 
1 4 1  0.186 E-2 
142 0.176 E-2 
143 0.273 E-2 
144 0.405 E-l* 
145 0.000 E 0 
14  6 0.000 E 0 
147 0.000 E 0 
148 0.000 E 0 
14  9 0.000 E 0 



TABLE V I I I - D  

EXPERIMENTALLY DETERMINED PROBABILITIES FOR PHOTON COUNTS 

RUN 34 

(NS = 41.0, NB = 1.6,  u2 = 2.1, ( u : ) ~  = 2.6, (vl) 2 5 mph.) 
I 

Count P r o b a b i l i t y  

0 0.736 E-2 
1 0.178 E-1 
2 0.292 E-1 
3 0.344 E-1 
4 0.321 E-1 
5 0.322 E-1 
6 0.302 E-1 
7 0.285 E-1 
8 0.265 E-1 
9 0.262 E-1 

1 0  0.236 E-1 
11 0.238 E-1 
1 2  0.225 E-1 
1 3  0.196 E-1 
14  0.192 E-1 
1 5  0.182 E-1 
16  0.176 E-1 
17  0.174 E-1 
1 8  0.157 E-1 
19  0.158 E-1 
2 0 0.143 E-1 
21  0.137 E-1 
22 0.138 E-1 
23  0.136 E-1 
2 4 0.119 E-1 
2 5 0.118 E-1 
26 0.109 E-1 
2 7 0.112 E-1 
28 0.101 E-1 
29 0.967 E-2 
30 0.988 E-2 
3 1  0.896 E-2 
3 2 0.961 E-2 
3 3 0.850 E-2 
34 0.836 E-2 
35 0.824 E-2 

Count P r o b a b i l i t y  

3 6 0.715 E-2 
3 7 0.779 E-2 
3 8 0.686 E-2 
39 0.691 E-2 
4 0 0.713 E-2 
4 1  0.631 E-2 
4 2 0.633 E-2 
4 3 0.629 E-2 
4 4 0.570 E-2 
4 5 0.572 E-2 
4 6 0.541 E-2 
47 0.586 E-2 
4 8 0.520 E-2 
4 9 0.520 E-2 
5 0 0.473 E-2 
5 1  0.516 E-2 
52 0.455 E-2 
5 3 0.484 E-2 
5 4 0.441 E-2 
5 5 0.432 E-2 
5 6 0.437 E-2 
5 7 0.424 E-2 
5 8 0.369 E-2 
5 9 0.453 E-2 
6 0 0.393 E-2 
61  0.389 E-2 
62 0.432 E-2 
6 3 0.404 E-2 
64 0.277 E-2 
65  0.355 E-2 
6 6 0.361 E-2 
67 0.334 E-2 
6 8 0.277 E-2 
69 0.281 E-2 
70 0.322 E-2 
7 1 0.295 E-2 

Count P r o b a b i l i t y  

72 0.285 E-2 
7 3 0.307 E-2 
7 4 0.316 E-2 
75 0.293 E-2 
7 6 0.291 E-2 
7 7 0.217 E-2 
78 0.250 E-2 
79 0.254 E-2 
8 0 0.271 E-2 
8 1 0.229 E-2 
8 2 0.293 E-2 
8 3 0.246 E-2 
84 0.205 E-2 
8 5 0.201 E-2 
8 6 0.205 E-2 
87 0.248 E-2 
8 8 0.213 E-2 
89 0.201 E-2 
90 0.232 E-2 
9 1  0.205 E-2 
9 2 0.189 E-2 
9 3 0.232 E-2 
94 0.230 E-2 
9 5 0.221 E-2 
96 0.195 E-2 
9 7 0.135 E-2 
9 8 0.162 E-2 
9 9 0.150 E-2 

100 0.193 E-2 
101  0.195 E-2 
102 0.111 E-2 
103  0.160 E-2 
104 0.172 E-2 
105 0.203 E-2 
106 0.123 E-2 
107 0.127 E-2 



TABLE V I I I - D ,  Continued 

*See Appendix D. 

Count P r o b a b i l i t y  

108 0.168 E-2 
109 0.121 E-2 
110 0.123 E-2 
111 0.117 E-2 
112 0.152 E-2 
113  0.137 E-2 
114 0.127 E-2 
11 5 0.123 E-2 
116 0.119 E-2 
117 0.104 E-2 
118 0.937 E-3 
119 0.957 E-3 
120 0.152 E-2 
12 1 0.119 E-2 

Count P r o b a b i l i t y  

122 0.131 E-2 
123 0.158 E-2 
124 0.937 E-3 
125 0.111 E-2 
126 0.107 E-2 
12 7 0.123 E-2 
128 0.117 E-2 
129 0.121 E-2 
130 0.840 E-3 
131  0.164 E-2 
132 0.137 E-2 
133 0.123 E-2 
134 0.115 E-2 
135 0.127 E-2 

Count P r o b a b i l i t y  

136 0.121 E-2 
137 0.174 E-2 
138 0.145 E-2 
139 0.162 E-2 
140 0.195 E-2 
141 0.187 E-2 
142 0.184 E-2 
14 3 0.283 E-2 
144 0.668 E-l* 
145 0.000 E 0 
14  6 0.000 E 0 
147 0.000 E 0 
148  0.000 E 0 
149 0.000 E 0 



TABLE VIII-E 

EXPERIMENTALLY DETERMINED PROBABILITIES FOR PROTON COUNTS 

RUN 35 

(% = 44.2, N B =  0.29, o: = 2.2, (o:)~ = 5.2, (vl) 2 8  mph.) 

Count P r o b a b i l i t y  

7 2 0.276 E-2 
7 3 0.267 E-2 
7 4 0.320 E-2 
7 5 0.270 E-2 
7 6 0.276 E-2 
7 7 0.249 E-2 
7 8 0.241 E-2 
79. 0.214 E-2 
80 0.243 E-2 
81 0.259 E-2 
8 2 0.221 E-2 
8 3 0.242 E-2 
8 4 0.219 E-2 
8 5 0.221 E-2 
86 0.190 E-2 
8 7 0.211 E-2 
8 8 0.171 E-2 
89 0.178 E-2 
90 0.190 E-2 
9 1  0.194 E-2 
9 2 0.210 E-2 
93  0.173 E-2 
94 0.194 E-2 
9 5 0.210 E-2 
96 0.180 E-2 
97 0.165 E-2 
9 8 0.171 E-2 
99 0.191 E-2 

100 0.178 E-2 
101  0.204 E-2 
102 0.145 E-2 
103  0.177 E-2 
104 0.148 E-2 
105 0.135 E-2 
106 0.161 E-2 
107 0.163 E-2 

Count P r o b a b i l i t y  

0 0.270 E-1 
1 0.370 E-1 
2 0.352 E-1 
3 0.349 E-1 
4 0.319 E-1 
5 0.303 E-1 
6 0.279 E-1 
7 0.249 E-1 
8 0.242 E-1 
9 0.219 E-1 

1 0  0.221 E-1 
11 0.209 E-1 
12  0.201 E-1 
1 3  0.170 E-1 
14  0.167 E-1 
1 5  0.160 E-1 
1 6  0.163 E-1 
17 0.145 E-1 
1 8  0.143 E-1 
19 0.138 E-1 
20 0.131 E-1 
2 1 0.126 E-1 
2 2 0.118 E-1 
2 3 0.119 E-1 
24 0.104 E-1 
25 0.115 E-1 
2 6 0.978 E-2 
2 7 0.107 E-1 
2 8 0.909 E-2 
2 9 0.897 E-2 
30 0.895 E-2 
3 1 0.842 E-2 
32 0.807 E-2 
3 3 0.828 E-2 
3 4 0.727 E-2 
3 5 0.758 E-2 

Count P r o b a b i l i t y  

36 0.693 E-2 
3 7 0.710 E-2 
38 0.684 E-2 
39 0.620 E-2 
40 0.628 E-2 
41  0.592 E-2 
4 2 0.626 E-2 
43 0.616 E-2 
44 0.539 E-2 
45 0.566 E-2 
4 6 0.513 E-2 
4 7 0.573 E-2 
4 8 0.490 E-2 
49 0.478 E-2 
5 0 0.513 E-2 
51  0.427 E-2 
5 2 0.474 E-2 
5 3 0.427 E-2 
5 4 0.473 E-2 
55 0.434 E-2 
56 0.379 E-2 
5 7 0.368 E-2 
58 0.342 E-2 
5 9 0.374 E-2 
60 0.357 E-2 
61  0.349 E-2 
6 2 0.344 E-2 
63  0.345 E-2 
64 0.316 E-2 
65 0.329 E-2 
66 0.335 E-2 
6 7 0.310 E-2 
68 0.277 E-2 
6 9 0.305 E-2 
70 0.280 E-2 
7 1 0.301 E-2 



TABLE V I I I - E ,  Continued 

*See Appendix D. 

Count P r o b a b i l i t y  

108 0.163 E-2 
109 0.138 E-2 
110 0.137 E-2 
111 0.141 E-2 
112 0.138 E-2 
113 0.145 E-2 
114 0.115 E-2 
115  0.143 E-2 
116 0.154 E-2 
117 0.135 E-2 
118 0.112 E-2 
119 0.138 E-2 
120 0.133 E-2 
121  0.124 E-2 

Count P r o b a b i l i t y  

122 0.132 E-2 
123  0.138 E-2 
124 0.121 E-2 
125 0.134 E-2 
126 0.125 E-2 
127 0.159 E-2 
12 8 0.104 E-2 
129 0.142 E-2 
130 0.133 E-2 
131  0.137 E-2 
132 0.139 E-2 
133 0.152 E-2 
134 0.116 E-2 
135 0.133 E-2 

Count P r o b a b i l i t y  

136 0.159 E-2 
1 3  7 0.173 E-2 
138 0.177 E-2 
139 0.214 E-2 
14 0 0.223 E-2 
141  0.251 E-2 
142 0.286 E-2 
143  0.306 E-2 
144 0.308 E-1* 
14 5 0.000 E 0 
146 0.000 E O 
14 7 0.000 E O 
148 0.000 E 0 
149 0.000 E O 



TABLE IX-A 

EXPERIMENTALLY DETERMINED ERROR RATES 

(Data  S e t  I ,  November 1 0 ,  1978, Tape PCR 1) 

Run 

- 

1 

- 

2 

- 

3 

- 
4 

- 
5 

No. of 
Detec- 

t o r s  

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

EER 

2.4 E-1 
2.0 E-1 
1 . 7 E - 1 1 . 7  
1 . 5  E-1 
1 . 3  E-1 
1.1 E-1 
9 .7  E-2 
8 .4  E-2 

2.2 E-1 
1 . 7  E-1 

2.9 E-1 

1 .4  E-1 

1 . 6  E-1 
1 . 0  E-1 
7.4 E-2 

1 .2  E-1 
7.0 E-2 

AOR 

2.4 E-1 
2 .0  E-1 

1 . 5  E-1 
1 . 3  E-1 
1.1 E-1 
9.7 E-2 
8 .4  E-2 

2.2 E-1 
1 .7  E-1 

2.9 E-1 

1 . 4  E-1 

1 . 6  E-1 
1 . 0  E-1 
7.4 E-2 

1 . 2  E-1 
7.0 E-2 

SOR 1 

3 . 6 E - l 3 . 6 E - l 3 . 6 E - l 3 . 6 E - l 3 . 6 E - 1  
3 . 9 E - l 2 . 9 E - l 3 . 3 E - l 3 . 3 E - l 2 . 8 E - 1  

3.2 E-1 
2 .8  E-1 

E - l 2 . 9 E - l 4 . 0 E - 1  
3 .1  E-1 
3.2 E-1 
3.0 E-1 
3 . 1  E-1 
3.2 E-1 

3 . 5 E - l 3 . 5 E - l 3 . 5 E - l 3 . 5 E - l 3 . 5 E - 1  
2 . 3 E - l 2 . 3 E - l 3 . 3 E - l 3 . 3 E - l 2 . 6 E - 1  

2.8 E-1 
2.8 E-1 

3.0 E-1 
2 . 0 E - l 2 . O E - l 2 . 5 E - l 2 . 9 E - l 1 . 8 E - l  

2.4 E-1 
9 . 9 E - 2 9 . 9 E - 2 2 . 3 E - 1 3 . 7 E - l 8 . 4 E - 2  

2 . 7 E - l 2 . 7 E - l 2 . 7 E - l 3 . 5 E - l 2 . 5 E - 1  
2 .4  E-1 
2 .3  E-1 
1 . 8  E-1 

2 . 2 E - l 2 . 2 E - l 2 . 3 E - l 3 . 3 E - l 2 . 1 E - 1  
2 .1  E-1 
1 . 5  E-1 

3 . 8 E - 2 3 . 9 E - 2 1 . 7 E - l 4 . 8 E - l 2 . 5 E - 2  

P a r a m e t e r s  

Ng = 1 .9  

NB = 1 . 0  

a2 = 2.7 
I 
v = o  

NS = 2 .5  

NB = 1 . 0  

a2 = 2.8 
I 
v - 0  

NS = 4 . 5  

NB = 1 . 0  

a2 = 2.8 
I 
v = o  

Ns = 5 . 1  

NB = 0.85 

a2 = 2.7 
I 
v = o  

Ns - 6 . 9  

NB = 0.82 

a2 = 2 . 5  I 
v , o  

SOR I1 

3 .5  E-1 
3 .8  E-1 

4 .3  E-1 
4.5 E-1 
4 .6  E-1 
4 .7  E-1 
4 .8  E-1 

3 . 5  E-1 
3 .8  E-1 

3.0 E-1 

3 . 3  E-1 

4 .2  E-1 
4 .6  E-1 
4.8 E-1 

4 . 1  E-1 
4.6 E-1 

ATR 

2.3 E-1 
1 . 9  E-1 

2.0 E-1 
1 . 6  E-1 

2.9 E-1 

1 . 2  E-1 

1 . 4  E-1 
8.4 E-2 
5 .6  E-2 

1 . 0  E-1 
5 . 2  E-2 



TABLE IX-B 

EXPERIMENTALLY DETERMINED ERROR RATES 

(Data Set 11, March 1, 1979, Tape PCR 2, 1st H a l f )  

Run 

- 

6 

7 

8 

- 

9 

No. of 
Detec- 

t o r s  

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

EER 

2.9 E-1 

2.0 E-1 

1 . 2  E-1 

2.7 E-1 

1.1 E-1 

9.0 E-2 
5.9 E-2 

AOR 

2.9 E-1 

2 .0  E-1 

1 . 2  E-1 

2.7 E-1 

1.1 E-1 

9 .0  E-2 
5.9 E-2 

SOR I 

3 . 6 E - l 3 . 6 E - l 3 . 6 E - l 4 . 0 E - l 3 . 7 E - 1  
3.2 E-1 

2 . 4 E - l 2 . 4 E - l 3 . 0 E - l 4 . 7 E - l 2 . 4 E - 1  
3.0 E-1 

3 . 1 E - l 3 . 1 E - l 3 . 1 E - l 3 . 8 E - l 3 . 1 E - 1  
2 . 2 E - l 2 . 2 E - l 2 . 8 E - l 4 . 3 E - l 2 . 1 E - 1  
1 . 6 E - l 1 . 6 E - l 2 . 7 E - l 4 . 7 E - l 1 . 5 E - 1  

2.2 E-1 

2.7 E-1 
1 . 7 E - l 1 . 7 E - l 2 . 1 E - l 4 . 3 E - l 1 . 7 E - 1  

2 .0  E-1 
7 . 7 E - 2 7 . 8 E - 2 1 . 8 E - l 4 . 4 E - l 7 . 4 E - 2  

2 . 4 E - l 2 . 4 E - l 2 . 5 E - l 3 . 5 E - l 2 . 4 E - 1  
1 . 4 E - l 1 . 4 E - l 2 . 0 E - l 4 . 3 E - l 1 . 5 E - l  

1 .7  E-1 
1 . 8  E-1 

SOR I1 

4.4 E-1 

4 . 5  E-1 

4.4 E-1 

3.6 E-1 

3.9 E-1 

3.9 E-1 
4 .4  E-1 

ATR 

2.9 E-1 

1 . 9  E-1 

1.1 E-1 

2 .6  E-1 

1.1 E-1 

9 .5  E-2 
6.6 E-2 

Parameters 

Ns = 1.6 

NB = 0.94 

a2 = 2 . 3  
I 

= 2.5  

(vL) 2.5 mph 

NS = 2.9 

NB = 0.94 

a2 = 2.7 
I 

= 2.5  

(vL) * 2 . 5 m p h  

NS = 4.9  

NB = 0.95 

a2 = 2.2 
I 

(a& = 3.5 

(vl) * 2.5  mph 

N = 5 . 8  
S 

N~ 
= 0.95 

a2 = 2 .1  
I 

= 3.7 

(v,) - 2 . 5  mph 



TABLE IX-B, Continued 

- - 

Run 

1 0  

No. of 
Detec-  
tors 

1 
2 
3 
4 

EER 

2 .3  E-1 
1 . 3  E-1 

17.7 E-2 
4.5 E-2 

AOR 

2 . 3  E-1 
1 . 3  E-1 
7 . 7  E - 2 1 . 5  
4 .6  E-2 

SOR I 

2.6 E-1 
1 . 7  E-1 

E - 1 3 . 3  
1 . 3  E-1 

SOR I1 

2 .6  E-1 
2 .8  E-1 

3 . 8  E-1 

ATR 

2 .2  E-1 
1.1 E-1 

E - l 6 . 0 E - 2  
3 .3  E-2 

Parameters 

NS = 7 . 1  

NB = 1.1 

U* = 1 . 7  
I = 2.8  

(1) * 2 mph 



TABLE IX-C 

EXPERIMENTALLY DETERMINED ERROR RATES 

(Data S e t  111, March 1, 1979, Tape PCR 2,  2nd H a l f )  

Run 

11 

- 

1 2  

1 3  

- 

1 4  

No. of 
Detec- 

t o r s  

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3  
4 

EER 

2.7  E-1 
2 . 1  E-1 

1 . 5  E-1 
1 . 0  E-1 

6.9 E-2 

2.8 E-2 

AOR 

2.7 E-1 
2 .1  E-1 

1 . 5  E-1 
1 . 0  E-1 

7.0 E-2 

2 .8  E-2 

SOR I 

3 . 4 E - l 3 . 4 E - l 3 . 6 E - l 3 . 6 E - l 3 . 4 E - l  
3 . 0  E-1 
2.7 E-1 

1 . 8 E - 1 1 . 8 E - l 2 . 7 E - l 4 . 4 E - l 1 . 6 E - 1  

2 . 9 E - l 2 . 9 E - l 3 . 0 E - l 3 . 4 E - l 2 . 9 E - 1  
2 . 0 E - l 2 . 0 E - l 2 . 5 E - l 3 . 8 E - l 1 . 9 E - l  

2.4 E-1 
2.4 E-1 

2 . 6 E - l 2 . 6 E - l 2 . 7 E - l 3 . 2 E - l 2 . 5 E - 1  
1 . 6 E - l 1 . 6 E - l 2 . 4 E - l 3 . 8 E - l 1 . 5 E - 1  
1 . 1 E - l 1 . 1 E - l 2 . 1 E - l 4 . 3 E - l 9 . 0 E - 2  

2 .1  E-1 

2 . 0 E - l 2 . 0 E - l 2 . 5 E - l 3 . 2 E - l 2 . 1 E - l  
9 . 8 E - 2 9 . 8 E - 2 1 . 8 E - l 3 . 2 E - l 1 . 2 E - 1  
5 . 2 E - 2 5 . 2 E - 2 1 . 7 E - l 3 . 7 E - l 7 . 9 E - 2  

1 . 6  E-1 

SOR I1 

3 .7  E-1 
4 .1  E-1 

4 . 3  E-1 
4.6 E-1 

4.6 E-1 

4.2 E-1 

ATR 

2 .6  E-1 
2.0 E-1 

1 . 3  E-1 
8.8 E-2 

5.6 E-2 

P a r a m e t e r s  

Ns = 2.8  

NB = 2 .3  

a 2  = 2.0 
I 

( u : ) ~  = 2 .8  

v - 1 . 5 m p h  

NS = 4.7 

NB = 2.5  

a 2  = 2.3 I 
= 3 . 5  

(vl) " 2 .5  mph 

N = 6.9 
S 

NB = 2 . 6  

a; = 2 .3  

(a:)T = 4.2 

( (v,) - 0 m p h  

5.5  E-2 

NS = 13 .2  

NB = 3 . 0  

a2 = 2 . 3  I 
(u:)~ = 5 . 5  

(vl) " 2.5  mph 



TABLE IX-C, Continued 

Run 

1 5  

170. of 
Detec- 
tors 

1 
2 
3 
4 

EER 

1 . 7  E-1 
7.6 E-2 
3 .6  E-2 

AOR 

1 . 7  E-1 
7.5 E-2 
3 . 6  E-2 

SOR I 

2.0 E-1 
1 . 6  E-1 
1 . 4  E-1 

1 . 8 E - 2 1 . 8 E - 2 1 . 3 E - l 4 . 6 E - l 3 . 4 E - 2  

SOR I1 

2.8 E-1 
3 .6  E-1 
4 .2  E-1 

ATR 

1 .9  E-1 
9 . 3  E-2 
5.4 E-2 

Parameters 

NS = 17.5  

NB = 2.5 

a2 = 2.2 I 
(o: )~ = 3.5  

(vL) 2.5 mph 



TABLE IX-D 

EXPERIMENTALLY DETERMINED ERROR RATES 

(Data  S e t  I V ,  March 1, 1979, Tape PCR 3 ,  1st Ha l f )  

Run 

1 6  

1 7  

- 

18 

19 

1 1 I PT = 2 .0  E-1 I I I / 

No. of 
Detec- 
tors 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

EER 

2.0 E-1 

6.7 E-2 

2 .3  E-1 

7.7 E-2 
4.9 E-2 

3.9 E-2 
1 . 9  E-2 

AOR 

3 . 6 E - l 3 . 6 E - l 3 . 7 E - 1 3 . 9  

2 .1  E-1 

6.7 E-2 

2.3 E-1 

7.6 E-2 
4.9 E-2 

4 .0  E-2 
2 .0  E-2 

SOR I 

2 . 9 E - l 2 . 9 E - l 3 . 3 E - l 4 . 1 E - l 3 . 1 E - 1  
2 . 4 E - l 2 . 4 E - l 3 . 2 E - l 4 . 5 E - l 2 . 6 E - 1  

3.2 E-1 

2 . 6 E - l 2 . 7 E - l 2 . 9 E - l 3 . 4 E - l 2 . 7 E - 1  
1 . 6 E - l 1 . 6 E - l 2 . 5 E - l 3 . 9 E - l 1 . 8 E - l  
l . O E - l l . O E - l 2 ~ 3 E - 1 4 . 4 E - l 1 . 2 E - l  

2 .3  E-1 

2.7 E-1 
1 . 3 E - l 1 . 3 E - l 2 . 1 E - l 3 . 9 E - l 1 . 5 E - l  

2 .1  E-1 

1 . 8 E - l 1 . 8 E - l 2 . 3 E - l 2 . 8 E - l 1 . 9 E - l  
8 . 2 E - 2 8 . 3 E - 2 1 . 9 E - l 3 . 7 E - l 1 . O E - 1  

1 .8  E-1 
1.8 E-1 

SOR I1 

4.7 E-1 

4.7 E-1 

3 . 2  E-1 

4.4 E-1 
2 . 1 E - l 4 . 7 E - l 7 . 0 E - 2  

4 . 3  E-1 
4.6  E-1 

ATR 

E - l 3 . 8 E - 1  

2.2 E-1 

8 .6  E-2 

2.4 E-1 

9.8 E-2 

6 . 1  E-2 
4 .0  E-2 

Parameters 

NS = 3.6 

NB = 4 .6  

a 2  = 2.6 
I 

(a:)T = 5.6 

(vl) * 3 . 5  mph 

N = 9.5  
S 

NB = 4.7 

a 2  = 2.5 
I 

(a:)T = 4 . 3  

( v ~ ) ~  3.5 rnph 

NS = 12 .6  

NB = 4.7 

o2 = 2.5 I 
( a i l T  = 5.6 

(v,) 1 mph 

NS = 19.7 

NB = 4.5 

0: = 2.7 

(a:)T = 4.9 

(vl) " 2 mph 



- 
Run 

- 

2 0 

- 

TABLE IX-D, Continued 

SOR I 
No. of 
Detec- 

t o r s  
SOR I1 Lq=-- Parameters 

1 1 . 7  E-1 1 . 7  E-1 
2 7 . 3  E-2 7 . 5  E-2 
3  3 . 4  E-2 3 . 5  E-2 
4 1 . 6  E-2 1 . 7  E-2 

EER AOR 



TABLE IX-E 

EXPERIMENTALLY DETERMINED ERROR RATES 

(Data  S e t  V,  March 1, 1979, Tape PCR 3 ,  2nd H a l f )  

P a r a m e t e r s  

NS = 8.5 

N* = 7.2 

o2 = 2.4 
I 

( u : ) ~  = 2.8  

(vl) " 0.5 mph 

NS = 1 5 . 0  

NB = 7.2 

a2 = 2.6 I 
(v,) = 3.5 rnph 

N S  = 20.5 

NB = 7.0  

a2 = 2 .5  
I 

( u : ) ~  = 2.8 

(v,) = 5 mph 

NS = 31.4 

NB = 6.6 

u = 2 .4  

(vl) = 2.5  mph 

NS = 36.0 

NB = 6.7 

a2 = 2.4 
I 

( o i l T  = 3.5 

( v ~ )  = 0 . 5  mph 

AOR 

E - 1 2 . 9  
2 .0  E-1 
1 . 4  E-1 
9.9 E-2 

2.4 E-1 
1 . 4  E-1 
8 . 7  E-2 

5 . 0  E-2 
2.8 E-2 

4 . 8  E-2 
1 .9  E-2 
7 .3  E-3 

4 .8  E-2 
1.8 E-2 
7.2 E-3 

EER 

2 .9  
2 .0  E-1 
1 . 4  E-1 
9.9 E-2 

2.4 E-1 
1 . 4  E-1 
8 .7  E-2 

5 . 0  E-2 
2 .7  E-2 

4.7 E-2 
1 . 7  E-2 
6 .4  E-3 

4.5 E-2 
1 . 6  E-2 
6.5 E-3 

Run 

21  

- 

22 

2 3 

24 

25 

No. of 
Detec- 

t o r s  

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

SOR I 

2 .7  E-1 
2 .5  E-1 
2.5 E-1 

2.7 E-1 
2.2 E-1 
2 .1  E-1 

5 . 5 E - 2 5 . 5 E - 2 2 . 1 E - l 4 . 5 E - l 8 . 1 E - 2  

2 . 0 E - l 2 . 0 E - l 2 . 3 E - l 2 . 7 E - l 2 . 1 E - l  
9 . 6 E - 2 9 . 6 E - 2 1 . 9 E - l 3 . 3 E - l 1 . 2 E - 1  

1.8 E-1 
1 . 8  E-1 

1 . 3 E - l 1 . 3 E - l 2 . 2 E - l 2 . 7 E - l 1 . 4 E - 1  
1 . 5  E-1 
1 . 4  E-1 
1 . 4  E-1 

1 . 3 E - l 1 . 3 E - l 1 . 8 E - l 2 . 8 E - l 1 . 3 E - 1  
1 . 4  E-1 
1 .4  E-1 
1 . 3  E-1 

SOR I1 

E - l 3 . 3 E - l 3 . 3 E - l 3 . 1 E - 1  
3 .6  E-1 
4 . 1  E-1 
4.5 E-1 

3 .0  E-1 
3 . 5  E-1 
4 . 1  E-1 

3.9 E-1 
4.4 E-1 

3.7 E-1 
4 . 3  E-1 
4 .6  E-1 

3 . 8  E-1 
4.4 E-1 
4.7 E-1 

ATR 

2.2 E-1 
1 . 6  E-1 
1 . 3  E-1 

2.5 E-1 
1 . 6  E-1 
1.1 E-1 

7 .9  E-2 
5 . 5  E-2 

6 .3  E-2 
3 .3  E-2 
1.8 E-2 

5 .0  E-2 
2.3 E-2 
1.1 E-2 



TABLE IX-F 

EXPERIMENTALLY DETERMINED ERROR RATES 

(Data Set VI, March 29, 1979, Tape PCR 4, 2nd Half) 

No. of 

tors 
SOR I SOR I1 Parameters 

7.5 E-2 a2 = 2.4 I 
(o : )~  = 10.0 

( v ~ )  7 mph 

( vL) 4 mph 
I 



TABLE LX-F, Continued 

Parameters 

N S  = 30 

NB = 1 . 3  

o2 = 2 .5  
I 

( u ; ) ~  = 1 0 . 0  

Run 

3 0 

No. of 
Detec- 

t o r s  

1 
2 
3 
4 

EER 

1 . 0  E-1 
3 . 1  E-2 

3 . 7  E-3 

AOR 

1 . 0  E-1 
3.2 E-2 

4 .0  E-3 

SOR I 

1 . 2  E-1 
1.1 E-1 

1 . 1 E - 2 1 . 1 E - 2 1 . 0 E - l 3 . 7 E - l 2 . 1 E - 2  
9 . 5  E-2 

SOB I1 

2 .1  E-1 
3 .0  E-1 

4.2 E-1 

ATR 

1.1 E-1 
4.4 E-2 

1.1 E-2 



TABLE IX-G 

EXPERIMENTALLY DETERMINED ERROR RATES 

(Data S e t  V I I ,  March 29, 1979, Tape PCR 5 )  

Paramete rs  

' = 12.4  

NB = 2.2 

o2 = 2.3  
I 

(a:)T = 10.5  

( vl) % 5 mph 

% = 25.3 

NB = 1 .9  

o2 = 2.2 I 
(a:), = 7.6 

( vl) % 7 mph 

% = 31.0 

NB = 1 . 7  

o2 = 2.3  I 
= 7.0  

(v,) % 7 mph 

NS = 41.0 

NB = 1 . 6  

a2 = 2 . 1  I 
(o:)~ = 2 .6  

(vl) % 5 rnph 

SOR I1 

2 .6  E-1 
3.2 E-1 

4.2 E-1 

4 .1  E-1 
4.6 E-1 
4.7 E-1 

2.7 E-1 
3.7 E-1 
4.4 E-1 
4.7 E-1 

2 .5  E-1 
3.6 E-1 
4 . 3  E-1 
4 . 6  E-1 

ATR 

2 . 3  E-1 
1 . 3  E-1 

5 . 1  E-2 

7.2 E-2 
4 . 1  E-2 
2.5 E-2 

1 . 2  E-1 
5 .0  E-2 
2.4 E-2 
1 . 4  E-2 

9 . 5  E-2 
3.9 E-2 
1 .9  E-2 
9 . 5  E-3 

AOR 

2 .0  E-1 
1 . 0  E-1 

3 . 1  E-2 

4.4 E-2 
1 . 5  E-2 
5.6 E-3 

1.1 E-1 
3 .3  E-2 
1.1 E-2 
4 . 0  E-3 

7.4 E-2 
1 . 7  E-2 
4.2 E-3 
9.4 E-4 

EER 

2.0 E-1 
1 . 0  E-1 

3.0 E-2 

4 . 3  E-2 
1 . 4  E-2 
5.2 E-3 

1.1 E-1 
3 . 3  E-2 
1.1 E-2 
3.7 E-3 

7.4 E-2 
1 .7  E-2 
3 .8  E-3 
7.4 E-4 

Run 

- 

3 1  

- 

32 

- 

33 

34 

SOR I 

2.6 E-1 
1 . 8  E-1 

5 . 5 E - l 5 . 5 E - l 1 . 6 E - l 3 . 8 E - l 8 . 4 E - 2  
1 . 5  E-1 

1 . 3 E - l 1 . 3 E - l 1 . 9 E - l 3 . 0 E - l 1 . 5 E - 1  
1 . 3  E-1 
1 . 2  E-1 
1.1 E-1 

1 . 6  E-1 
1.1 E-1 
1.1 E-1 
9 .6  E-2 

1 . 4  E-1 
8 . 1  E-2 
7.2 E-2 
6 .5  E-2 

No. of 
Detec- 

t o r s  

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 



TABLE IX-G, Cont inued  

Run 

3 5 

No. o f  
Detec- 

t o r s  

1 
2 
3 
4 

EER 

5.4  E-2 
8 .6  E-3 
1 . 3  E-3 
2 .7  E-4 

AOR 

5.5 E-2 
9 .4  E-3 
3 .9  E-3 
4 . 1  E-4 

SOR I 

1 . 3  E-1 
6.4 E-2 
3.8 E-2 
3 . 1  E-2 

SOR I1 

1 . 3  E-1 
2.0 E-1 
2.7 E-1 
3 . 2  E-1 

ATR 

6 .6  E-2 
2 . 1  E-2 
9.7 E-3 
6.5  E-3 

P a r a m e t e r s  

NS = 44.2  

NB = 0.29  

a2 = 2 .2  I 
= 5 . 2  

L 
(v,) * 8 mph 



TABLE X 

THEORETICALLY CALCULATED VS. EXPERIMENTALLY MEASURED 

ERROR RATES FOR AOR (SINGLE DETECTOR ARRAY) 

P r o b a b i l i t y  of E r r o r  P r o b a b i l i t y  of E r r o r  
R u n  I R u n  

E x p e r i m e n t  T h e o r y  E x p e r i m e n t  T h e o r y  



TABLE X I  

THEORETICALLY CALCULATED VS. EXPERIMENTALLY MEASURED 

ERROR RATES FOR AOR (TWO DETECTOR ARRAY) 

P r o b a b i l i t y  of  E r ro r  
Run 

Experiment Theory 

P r o b a b i l i t y  of E r r o r  
Run 

Experiment Theory 



TABLE XI1 

THEORETICALLY CALCULATED VS. EXPERLYENTALLY MEASURED 

ERROR RATES FOR AOR (FOUR DETECTOR ARRAY) 

P r o b a b i l i t y  of error 
Run  

E x p e r i m e n t  T h e o r y  



APPENDIX D 



APPENDIX D 

I. C i r c u i t  Desc r ip t ion  

The i n t e g r a t i n g  c i r c u i t s  fo l lowing  t h e  d i sc r imina to r  ( f o r  t h e  

photon d e t e c t o r )  and t h e  i r r a d i a n c e  d e t e c t o r  can be understood i n  

terms of t he  f i v e  elemental  c i r c u i t s  i n  F igure  69. 

( a )  i s  a  pu l se  i n t e g r a t o r .  A nega t ive  pu l se  a t  t h e  e m i t t e r  

te rmina l  of t h e  t r a n s i s t o r  causes a  cu r r en t  p u l s e  a t  t h e  c o l l e c t o r ,  

which charges up t h e  c a p a c i t o r  and inc reases  t h e  v o l t a g e  a c r o s s  it 

by a  smal l  s t e p .  To t h e  ex t en t  t h a t  t h e  c o l l e c t o r  cu r r en t  is  

independent of t h e  c o l l e c t o r  v o l t a g e  t h e  magnitude of t h e  s t e p  w i l l  

be  of cons tan t  h e i g h t .  I n  t h e  a c t u a l  c i r c u i t  t h e  c o l l e c t o r  c u r r e n t  

can be  considered t o  b e  independent i f  t h e  c o l l e c t o r  v o l t a g e  i s  i n  

t h e  range of 2-5 v o l t s .  The he igh t  of t h e  s t e p  can be changed by 

changing e i t h e r  R1 o r  C1. S1 is  an  e l e c t r o n i c  switch.  S1 is  

closed a t  t h e  end of  t h e  b i t  i n t e r v a l  t o  dump t h e  charges ac ros s  

t h e  capac i to r .  S1 is opened a t  t h e  beginning of t h e  next  i n t e r v a l  

t o  s t a r t  t h e  pu l se  i n t e g r a t i o n  once aga in .  I n  t h e  a c t u a l  c i r c u i t ,  

S1 is  made of f o u r  CD4016 swi tches  i n  p a r a l l e l .  The c losed  c i r c u i t  

impedance i s  then  about 70 ohms and t h e  open impedance is  s e v e r a l  

g iga  ohms. The switch is  c losed  by applying +12 v o l t s  and opened 

by applying 0 v o l t .  The c a p a c i t o r  C1 must be  of  ve ry  h igh  q u a l i t y  

w i t h  no i n t e r n a l  leakage.  Also t h e  immediate v i c i n i t y  of C1 i n  t h e  

c i r c u i t  board must b e  c l e a n  t o  prevent  any leakage.  



Figure  69. C i r c u i t s  used i n  v o l t a g e  i n t e g r a t i o n s  of F igu res  70A-72B. 

(a )  pu l se  i n t e g r a t o r  
(b) continuous v o l t a g e  i n t e g r a t i o n  
( c )  v o l t a g e  fo l lower  
(d) v o l t a g e  hold c i r c u i t  
( e )  a m p l i f i e r  w i th  d .c .  adjustment 



(b)  is  a  convent ional  i n t e g r a t o r  using an  o p e r a t i o n a l  a m p l i f i e r .  

The func t ions  and f e a t u r e s  r e l a t i n g  t o  R2, C2 and S2 a r e  v e r y  much 

t h e  same a s  i n  case  ( a ) .  The swi tch  S2 has two CD4016 swi tches  i n  

p a r a l l e l .  

( c )  i s  a  v o l t a g e  fo l lower .  Because of t h e  100% feedback t h i s  

c i r c u i t  p rovides  an  extremely high input  impedance ( s e v e r a l  g iga  

ohms) and a  very  low output  impedance (a  few ohms). Such c i r c u i t s  

a r e  used i n  impedance matching between a  high impedance output  and 

a  low impedance inpu t .  

(d) is  a  v o l t a g e  hold c i r c u i t .  When t h e  switch SQ i s  c losed ,  

t h e  v o l t a g e  a t  p o i n t  A is quickly  t r a n s f e r r e d  t o  t h e  capac i to r .  

When S 3  is open, t h e  c a p a c i t o r  main ta ins  t h e  v o l t a g e  t o  t h e  e x t e n t  

t h a t  t h e r e  is  very  l i t t l e  leakage. This  means t h a t  C g  must b e  of 

ve ry  h igh  q u a l i t y  as were C 1  and C2 .  The v o l t a g e  fo l lower  is  used 

t o  o b t a i n  a  low impedance. 

( e )  i s  a t r a d i t i o n a l ,  i n v e r t i n g ,  feedback a m p l i f i e r  w i t h  pro- 

v i s i o n s  f o r  a d j u s t i n g  t h e  d . ~ .  l e v e l  of t h e  output .  

F igures  70A and 70B g i v e  t h e  o v e r a l l  pu l se  i n t e g r a t o r  c i r c u i t .  

F igu re  71  g i v e s  t h e  v a r i o u s  wave forms and c o n t r o l  pu l se s  involved 

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

( a )  is  t h e  c lock  p u l s e  generated from t h e  r e f e rence  s i g n a l  

and g iven  a s  i npu t  t o  t h e  pu l se  gene ra to r  ( s e e  F igures  19  and 76) .  

This  p u l s e  gene ra to r  ou tpu t s  t h e  p u l s e s  d,  f and h  (Figure 71).  







Fig. 71. Wave forms a t  var ious  s t ages  of pulse  i n t e g r a t i o n .  



(b)  i s  t h e  output  of t h e  photon counting PMT and t h e  input  f o r  

t h e  d i sc r imina to r .  It con ta ins  both  t h e  n o i s e  a s  we l l  a s  photo- 

e l e c t r o n  pulses .  

( c )  i s  t h e  output  of t h e  d i sc r imina to r .  The n o i s e  pu l se s  a r e  

suppressed and t h e  output  pu l se s  a r e  of cons tan t  he ight  (- -lV) and 

width ( - 1 5  nsec ) .  

(d)  i s  t h e  g a t i n g  pu l se .  When t h i s  v o l t a g e  i s  low t h e  in t eg ra -  

t i o n  s t a r t s ,  and when it  i s  high,  t h e  i n t e g r a t i o n  s t o p s .  By using 

a  de lay  c i r c u i t ,  t h e  g a t i n g  pu l se  was made t o  co inc ide  wi th  t h e  b i t  

i n t e r v a l  t imings . 
( e )  is  t h e  i n t e g r a t i n g  vo l t age .  It dec reases  by a  s t e p  f o r  

each pu l se  i n t e g r a t e d .  

( f )  i s  t h e  f i r s t  t r a n s f e r  p u l s e  which t u r n s  on t h e  swi tch ,  and 

t r a n s f e r s  t h e  i n t e g r a t i n g  v o l t a g e  t o  t h e  f i r s t  hold c i r c u i t  a t  t h e  

end of the i n t e g r a t i o n  f o r  t he  b i t  i n t e r v a l .  

(g)  is t h e  output  of t h e  f i r s t  hold c i r c u i t .  A s  can be  seen ,  

i t  con ta ins  s l i g h t  sp ikes .  These s p i k e s  posed a  very  d i f f i c u l t  

f i l t e r i n g  problem and t h e  subsequent s t a g e  i s  intended f o r  elimin- 

a t i n g  t h e s e  sp ikes .  

(h)  i s  t h e  second t r a n s f e r  pu lse .  This  p u l s e  is  used t o  t r ans -  

f e r  t h e  i n t e g r a t e d  v o l t a g e  t o  t h e  next  hold c i r c u i t  a t  a  t i m e  when 

t h e  s p i k e s  of t h e  previous  wave form have d i ed  o u t .  

( i )  is  t h e  r e s u l t i n g  wave form of t h e  previous  ope ra t ion .  



(j) i s  t h e  f i n a l  o u t p l t  a f t e r  an inve r s ion  and d .c .  adjustment .  
I 

A t  t h i s  s t a g e  t h e  v o l t a g e  wave form i s  recorded on t h e  instrument  

t a p e  r eco rde r .  

F igures  72A and 72B g ive  t h e  o v e r a l l  c i r c u i t  diagram f o r  t h e  

i n t e g r a t i o n  of t h e  i r r a d i a n c e  s i g n a l .  Except f o r  t h e  obvious 

d i f f e r e n c e s  a t  t h e  input  and an a d d i t i o n a l  i n v e r t i n g  a m p l i f i c a t i o n ,  

t h e  gene ra l  f e a t u r e s  and func t ions  of t h e  c i r c u i t  a r e  t h e  same a s  

f o r  t h e  previous c i r c u i t .  

F igu res  73-75 d e s c r i b e  t h e  reproduct ion  of t h e  d a t a .  The 

func t ions  a r e  explained i n  Chapter 4. 

F igu re  76 shows a t y p i c a l  c a s e  of t h e  number of occurrences 

of t h e  v a l u e s  of t h e  reproduced v o l t a g e  v s .  t h e  vo l t age .  This  i s  

a s e t  of approximate d e l t a  func t ions .  The a rea  under each d e l t a  

func t ion  corresponds t o  t h e  number of i n s t ances  t h a t  a  c e r t a i n  

number of pho toe l ec t rons  were counted during t h e  b i t  i n t e r v a l s .  

The f i r s t  one on t h e  l e f t  should correspond t o  a  zero  count ,  t h e  

second t o  a count of one, t h e  t h i r d  t o  a  count of two, and s o  on. 

F igu re  77 shows t h e  schematics  f o r  t h e  p u l s e  gene ra to r  f o r  

gene ra t ing  t h e  g a t i n g  and switching pu l se s  f o r  t h e  i n t e g r a t o r s  

shown i n  F igures  70A, 70B, 72A and 72B. 

F i g u r e  78 shows t h e  c i r c u i t  f o r  d e t e c t i n g  t h e  i r r a d i a n c e  of 

t h e  rece ived  s i g n a l  us ing  t h e  PMT (RCA 931A). 

F igu re  79 shows t h e  schematics  f o r  ob ta in ing  vo l t ages  +12, 

-12 and +5 from TM50 (Tektronix)  power supp l i e s .  





(Continued 
from Fig. 72A) 

2nd transfer pulse 

Pin 7 of CD 4016 is connected to 
-1.8 V (instead of ground) through 
the above circuit. 

Fig. 728. Integrator for irradiance signal. C3 is a low leakage capacitor. 



Output t e r m i n a l  
of t a p e  r e c o r d e r  

F i l t e r e d  o u t p u t  

F i g .  73. Output  f i l t e r  shown i n  F ig .  74. 
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Fig. 74. Block diagram of playback and data re tr ieva l .  (Wave forms a t  points marked with 
numerals are shown i n  Fig.  7 5 . )  



Recorded Voltage 

Binary Coded P u l s e s  
(7 1 

Fig.  75. Wave forms a t  v a r i o u s  s t a g e s  of d a t a  reproduct ion .  



-1.5 -1.0 

VOLTS 

Figu re  76. A t y p i c a l  p r o b a b i l i t y  d e n s i t y  curve f o r  reproduced 
v o l t a g e .  





F i g .  78. Schemat ics  for PMT, measur ing i r r a d i a n c e .  
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11. Correc t ion  f o r  NS Calcula ted  from t h e  Data 

A f t e r  t h e  d a t a  e r e r e a d  from t h e  analog t a p e  and w r i t t e n  on 

t h e  d i g i t a l  t ape ,  t h e  d a t a  were used t o  determine t h e  exac t  va lues  

of NB and NS. For t h i s ,  a l l  t h e  odd-numbered d a t a  were c o l l e c t e d  

and t h e  p r o b a b i l i t y  d i s t r i b u t i o n  f o r  t h e  photon counts  and t h e  mean 

photon counts  per  b i t  were determined. The same was done f o r  t h e  

even-numbered d a t a .  The smal le r  of t h e  two means g ives  N The B ' 

va lue  of was determined from equat ion  (38) .  

However, a l i t t l e  c o r r e c t i o n  may sometimes be  necessary .  

This  is  because t h e  r e c e i v e r  system we used h e r e  can count up t o  a 

maximum of only 143 pe r  b i t  i n t e r v a l .  I f  dur ing  any b i t  t ime t h e  

count exceeds 143, t h e  same w i l l  be counted a s  143. When high 

va lues  of NS a r e  used o r  when t h e  turbulence  i s  very  high t h e  counts  

i n  a b i t  may exceed 143 i n  many cases ,  b u t  a l l  of them w i l l  b e  

counted a s  143. The v a l u e  of NS c a l c u l a t e d  from such d a t a  would be 

sma l l e r  t han  t h e  a c t u a l  va lue ,  

F igure  80 shows t h e  p r o b a b i l i t y  d i s t r i b u t i o n  f o r  photoe lec t ron  

counts  f o r  t h e  ca se  of r u n  35. The peaking a t  143 i s  due t o  t h e  

f a c t  t h a t  a l l  counts  above 143 were counted a s  143, thereby causing 

an abnormally h igh  p r o b a b i l i t y  a t  143. The e r r o r  i n  t h e  e s t ima t ion  

of N a s  c a l c u l a t e d  from t h e  above c a s e  was es t imated  and proper  
S 

c o r r e c t i o n  app l i ed  be fo re  t h e  v a l u e  of NS was used elsewhere i n  

c a l c u l a t i o n .  Th i s  e s t ima t ion  was done by assuming t h a t  i n  c a s e  

t h e r e  had been no peaking a t  N, t h e  d i s t r i b u t i o n  would t a p e r  o f f  

uniformly up t o  N + N' as shown by t h e  dashed l i n e  i n  F igu re  81. 



+ P r o b a b i l i t y  dens i ty  f o r  Ho b i t s  

P r o b a b i l i t y  d e n s i t y  f o r  H1 b i t s  

- 
8 I 

PHOTON COUNTS 

F igu re  80. P r o b a b i l i t y  d e n s i t y  of photon counts  f o r  HI b i t s  showing 
abnormally high va lues  a t  n = 143. 
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Figure  81. Same as F igu re  80 b u t  magnif ied a t  t h e  peak a t  n  = 143. 



Le t  t h e  p r o b a b i l i t y  of having a count n be P (n ) .  

Le t  t h e  p r o b a b i l i t y  represented  by t h e  hatched a r e a  be P2. 

Le t  t h e  p r o b a b i l i t y  of t h e  count N be P1 as determined from Fig. 8 1  

under t h e  assumption of uniform t ape r ing  of p r o b a b i l i t y .  

2P2 + P 
Solving f o r  N '  , N '  = 

1 

p1 



Let M by the total number of bits used in evaluating the mean 

value of counts for H1 bits. 

. Total number of photons counted = M (N; + NB) + C 

where N' is the uncorrected value of N and C is a correction term. 
S S 

Now, -P2!fN, n > N  
n=N+l 

where C1 is the correction to be applied. 

From the above, 

C C 1  = - M 

2P2 
with N' = - 

1 



The va lue  of C1 was c a l c u l a t e d  and app l i ed  t o  (NI; + NB) 

from which t h e  c o r r e c t  va lue  of N S  was c a l c u l a t e d  us ing  equat ion  (38) .  

111. Some Miscel laneous D e t a i l s  of t h e  Experiment 

1 )  The record ing  of t h e  d a t a  was done a t  a  t a p e  speed of 60 

inches  per  second, which i s  t h e  maximum speed a v a i l a b l e .  Th i s  was 

done t o  a v a i l  of t h e  maximum band width f o r  record ing .  The FM mode 

was used s i n c e  d.c. l e v e l s  were important .  The reproduct ion  speed 

had t o  match t h e  t ape  d r i v e  speed f o r  PDP 11. The speed used i n  t h i s  

ca se  was 60/32 inches  pe r  second, though 60/16 inches  speed could 

have been used. 

2) While handl ing t h e  t a p e  i n  Ampex 1300, any change of opera- 

t i o n  (from f a s t  forward t o  d r i v e ,  e t c . )  must always be  done a f t e r  

s topping t h e  t ape  and g iv ing  s u f f i c i e n t  t ime s o  t h a t  t h e  t ape  might 

come t o  a  complete s top .  Any impatience t o  observe  t h i s  w i l l  r e s u l t  

i n  t a p e  squeezing o r ,  worse s t i l l ,  t h e  t a p e  may snap. 

3) Cleaning and demagnetizing t h e  head every t ime be fo re  

r eco rd ing  and reproduct ion  i s  necessary .  

4 )  The d i f f e r e n c e  i n  t h e  temperature between t h e  two micro 

thermal  probes  was recorded i n  channel  4  of t h e  t ape ,  though t h e s e  

r ead ings  were n o t  used i n  t h e  c a l c u l a t i o n  s o  f a r .  But t h e  same 

could be reproduced from t apes  PCR 1-4 i f  necessary ,  



5) To prevent  t h e  t ransmiss ion  of t h e  v i b r a t i o n s  from t h e  sync 

motor t o  t h e  o p t i c a l  components i s  important  i n  view of t h e  l a r g e  

d i s t a n c e  involved. The b e s t  method t o  do t h i s  was found t o  be  

mounting t h e  motor on a  4 o r  more inch  t h i c k  foam. 
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