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N a t i o n a l  Ae ronau t i cs  and Space A d m i n i s t r a t i o n  

Lewis Research Center  
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ABSTRACT 

The launch o f  a l a s e r  communication t r a n s m i t t e r  package i n t o  geosynchro- 
nous e a r t h  o r b i t  onboard the  Advanced Communications Technology ( A C T )  s a t e l -  
l i t e  w i l l  p resen t  an e x c e l l e n t  o p p o r t u n i t y  f o r  t h e  exper imenta l  r e c e p t i o n  o f  
l a s e r  communication s i g n a l s  t r a n s m i t t e d  from a space o rS i t .  The ACTS l a s e r  
package inc ludes  b o t h  a heterodyne t r a n s m i t t e r  ( L i n c o l n  Labs des ign )  and a 
d i r e c t  d e t e c t i o n  t r a n s m i t t e r  (Goddard Space F l i g h t  Center  des ign )  w i t h  b o t h  
s h a r i n g  some common o p t i c a l  components. NASA Lewis Research C e n t e r ' s  Space 
E l e c t r o n i c s  D i v i s i o n  i s  p l a n n i n g  t o  pe r fo rm a space communication exper iment  
u t i l i z i n g  the  GSFC d i r e c t  d e t e c t i o n  l a s e r  t r a n s c e i v e r .  
w i l l  be i n s t a l l e d  w i t h i n  an a i r c r a f t  p rov ided  w i t h  a g l a s s  p o r t  f o r  t h e  recep-  
t i o n  o f  the  s i g n a l .  Th i s  paper desc r ibes  t h e  exper iment  and t h e  approach t o  
p e r f o r m i n g  such an exper iment .  

The l a s e r  r e c e i v e r  

Descr ibed a r e  t h e  c o n s t r a i n t s  p laced  upon the  NASA Lewis exper iment  by 
t h e  performance parameters o f  the  l a s e r  t r a n s m i t t e r  and by t h e  ACTS s p a c e c r a f t  
o p e r a t i o n s .  The conceptual  des ign  o f  the  r e c e i v i n g  t e r v i n a l  i s  g i v e n ;  a l s o  
i n c l u d e d  i s  t he  a n t i c i p a t e d  performance c a p a b i l i t y  o f  t h e  d e t e c t o r .  

INTRODUCTION 

I n  r e c e n t  years ,  t h e  i n t e r e s t  i n  u s i n g  a modulated l a s e r  beam as a space- 
borne communications t r a n s p o r t  medium has been growing  s t e a d i l y  as ev idenced 
by  the  number o f  t e c h n i c a l  a r t i c l e s  pub l i shed .  What has been l a c k i n g  has been 
t h e  o p p o r t u n i t y  for hands-on exper ience w i t h  such systems. 
n i c a t i o n s  Technology S a t e l l i t e ,  a p r o j e c t  of NASA Lewis Research Center  w i t h  
e x t e n s i v e  i n d u s t r y  p a r t i c i p a t i o n ,  i s  scheduled fo r  launch i n  t h e  s p r i n g  o f  
1991. I t  i s  p lanned t o  have on-board a l a s e r  communication package. 
i n  the  package w i l l  be a heterodyne l a s e r  t r a n s c e i v e r ,  a p r o j e c t  o f  L i n c o l n  
Labs, and a d i r e c t  d e t e c t i o n  l a s e r  t r a n s c e i v e r ,  a p r o j e c t  o f  NASA Goddard Space 
F l i g h t  Center .  Also i n c l u d e d  w i l l  be an a c q u i s i t i o n  and t r a c k i n g  system, be ing  
implemented by L i n c o l n  Labs. 
r e c e i v e r  i n  geosynchronous o r b i t  w i l l  o f f e r  exper imenters  a r a r e  o p p o r t u n i t y  
f o r  hands on a c t i v i t i e s  w i t h  l a s e r  communication systems. I t  i s  t h e  c u r r e n t  
i n t e n t i o n  o f  NASA Lewis '  Space E l e c t r o n i c s  D i v i s i o n  t o  pe r fo rm a s e r i e s  o f  
exper iments u t i l i z i n g  t h e  d i r e c t  d e t e c t i o n  l a s e r  package on ACTS. 
w i l l  d e s c r i b e  SED'S approach t o  p e r f o r m i n g  t h e  exper iment ,  and a b r i e f  d e s c r i p -  
t i o n  o f  t h e  c a l c u l a t i o n s  i n v o l v e d .  

The Advanced Commu- 

I n c l u d e d  

The presence o f  t h i s  l a s e r  t r a n s m i t t e r  and 

T h i s  paper 



D E S C R I P T I O N  OF ACTS 

A c u r r e n t ,  ma jor  p r o j e c t  o f  NASA Lewis i s  t h e  Advanced Communications 
Technology S a t e l l i t e  w i t h  a launch p lanned fo r  t h e  Second Q u a r t e r  o f  1991. 
Much has a l r e a d y  been p u b l i s h e d  about  ACTS so v e r y  b r i e f  comments w i l l  s u f f i c e  
here .  Th is  s a t e l l i t e  has on-board many un ique techno logy  i tems such as a 
m a t r i x  sw i t ch ,  a baseband p rocesso r ,  and a m u l t i p l e  beam antenna t h a t  produces 
s t e e r a b l e  beams. Also i n c l u d e d  i s  an o p e r a t i n g  communication f requency  o f  
30 GHz fo r  the  u p l i n k  and 20 GHZ f o r  t h e  down l ink .  
i s  a v e r s a t i l e  e a r t h  t e r m i n a l ,  t he  High B i t  Rate-L ink E v a l u a t i o n  Terminal  
(HBR-LET), t o  p r o v i d e  maximum f l e x i b i l i t y  o f  o p e r a t i o n s  f o r  exper imenters .  The 
s a t e l l i t e  i s  i n tended  t o  be u t i l i z e d  i n t e n s e l y  as an exper imenters  t e s t  bed 
d u r i n g  t h e  f i rs t  years  o f  i t s  l i f e ,  and the  ACTS p r o j e c t  o f f i c e  i s  a c t i v e l y  
seeking exper imenters .  

A p a r t  o f  the  ACTS system 

Another  f e a t u r e  which adds c o n s i d e r a b l y  t o  ACTS uniqueness i s  t h e  pres-  
ence o f  a l a s e r  communication package on-board t h e  s a t e l l i t e .  Th i s  dev i ce  w i l l  
p e r m i t  ACTS t o  be used for combined RF / lase r  communication exper iments,  a r a r e  
o p p o r t u n i t y  i n  space. 

The l a s e r  communication package for t h e  ACTS i s  t hp  r e s u l t  o f  a c o l l a b o r a -  
t i o n  between M I T ' s  L i n c o l n  Labs, which has per formed the  development o f  a h e t -  
erodyne l a s e r  system as w e l l  as t h e  a c q u i s i t i o n  and t r a c k i n g  techno logy ,  and 
Goddard Space F l i g h t  Center  (GSFC), which has developed the  d i r e c t  d e t e c t i o n  
p o r t i o n  o f  the  package. The hardware f o r  these i tems i s  be ing  produced by 
aerospace hardware f a b r i c a t i n g  c o n t r a c t o r s .  

F i g u r e  1 i s  an i l l u s t r a t i o n  of t h e  ACTS system showing t h e  RF communica- 
t i o n  l i n k s  and t h e  assoc ia ted  t e r r e s t r i a l  system. 

Both L i n c o l n  Labs and GSFC a r e  c u r r e n t l y  p l a n n i n g  on u t i l i z i n g  s a t e l l i t e  
t o  e a r t h  l a s e r  l i n k s  f o r  the  i n i t i a l  o p e r a t i o n  o f  t h e  l a s e r  communications 
package. I n  s e l e c t i n g  a concept  for a l a s e r  communication exper iment  by  NASA 
Lew is '  Space E l e c t r o n i c s  D i v i s i o n ,  i t  was dec ided t h a t  another  s a t e l l i t e - t o -  
e a r t h  l i n k  would n o t  add usefu l  d a t a  t o  t h a t  p lanned for by LL and GSFC. 
The re fo re ,  c o n s i d e r a t i o n  was g i v e n  t o  a spaceborne or a i r b o r n e  l a s e r  t e r m i -  
n a l .  An examinat ion  o f  t h e  c o s t s  and d i f f i c u l t i e s  o f  implement ing a space- 
borne l a s e r  exper iment  l e d  t o  the  d e c i s i o n  t o  per fo rm t h e  exper iments  w i t h  an 
a i r b o r n e  l a s e r  t r a n s c e i v e r .  A v a i l a b i l i t y  o f  s u i t a b l e  a i r c r a f t  such as WPAFB's  
Laser Communications Tes t  Bed ( r e f .  1 )  was a d e c i d i n g  f a c t o r .  F i g u r e  2 shows 
the  l i n k s  i n v o l v e d ,  a duplex l a s e r  l i n k  between s p a c e c r a f t  and a i r c r a f t ,  and 
the  30/20 GHz RF l i n k  between s p a c e c r a f t  and the  HBR-LET e a r t h  t e r m i n a l .  The 
30120 GHZ l i n k  can be cons idered f i r m  as b o t h  t h e  s a t e l l i t e  and t h e  HBR-LET 
des ign  and hardware phases a r e  w e l l  underway. The lasercom package des ign  and 
hardware phases a r e  a l s o  underway b u t  t he  severe t e c h n i c a l  d i f f i c u l t i e s  o f  
t h i s  e f f o r t  a r e  caus ing  a s e r i e s  of ad jus tments  as the  program has progressed.  
Thus, t h e r e  a r e  u n c e r t a i n t i e s  as t o  the  s t a t u s  and s p e c i f i c  parameters o f  t h e  
lasercom f i n a l  p r o d u c t .  Consequent ly ,  what i s  b e i n g  desc r ibed  i n  t h i s  paper 
i s  proposed l a s e r  communication exper iment ,  and t h e  l i n k  parameters s t a t e d  
here  w i l l  n o t  n e c e s s a r i l y  be t h e  f i n a l  ones. F i g u r e  2 d i s p l a y s  what i s  p res-  
e n t l y  a n t i c i p a t e d  as t h e  NASA Lewis-SED lasercom exper iment  a t  t h e  t i m e  when 
ACTS i s  launched. 
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E X P E R I M E N T  DESCRIPTION 

NASA Lewis i s  p ropos ing  t o  do a lasercom exper iment  u s i n g  t h e  on-board 
d i r e c t  d e t e c t i o n  equipment developed by GSFC w i t h  t h e  a c q u i s i t i o n  and t r a c k  
systems developed by L i n c o l n  Labs. The NASA Lewis lasercom package i s  cur -  
r e n t l y  a n t i c i p a t e d  to  be a t r a n s c e i v e r ,  mounted on an a c t i v e l y  s t a b i l i z e d  p a t- 

The a i r c r a f t  f use lage  would need o form i n  a l a r g e  t r a n s p o r t  t ype  a i r c r a f t .  
c o n t a i n  a window o f  s u i t a b l e  m a t e r i a l  f o r  t r a n s m i s s i o n  o f  t h e  l a s e r  beams i n t o  
and o u t  o f  t h e  a i r c r a f t .  The lasercom package w i l l  i n c l u d e  a mic roprocesser  
which w i l l  a im t h e  lasercom o p t i c s  a t  t h e  ACTS, t h e  e l e c t r o n i c s  needed t o  store 
t h e  r e c e i v e d  communication b i t  s t ream and then i n i t i a t e  i t s  t r a n s m i s s i o n  back 
t o  t h e  s a t e l l i t e .  There w i l l  a l s o  be equipment for measur ing t h e  b i t  e r r o r  
r a t e  o f  t h e  incoming b i t  stream. F i g u r e  3 i s  a b l o c k  d iagram o f  t h e  t r a n s -  
c e i v e r  and i t s  assoc ia ted  equipment. 

An exper iment  d a t a  p o i n t  would be o b t a i n e d  by t r a n s m i t t i n g  a random b i t  
s t ream o f  s p e c i f i c  r a t e  r a n g i n g  from 1.72 t o  220 Mbps and w i t h  a z e r o  BER from 
t h e  RF e a r t h  t e r m i n a l  up t o  t h e  ACTS. On-board t h e  ACTS, t he  30 GHz s i g n a l  i s  
conver ted  t o  a l a s e r  s i g n a l  and t r a n s m i t t e d  f r o m  ACTS v i a  the  d i r e c t  d e t e c t i o n  
l a s e r  t r a n s m i t t e r  ( a f t e r  a c q u i s i t i o n  has occu r red  and t r a c k i n g  i n i t i a t e d )  t o  
t h e  a i r b o r n e  r e c e i v e r .  The incoming s i g n a l  w i l l  have i t s  BER measured and 
then w i l l  be r e t u r n e d  t o  ACTS v i a  a d i r e c t  d e t e c t i o n  l a s e r  channel ,  and thence 
t o  the  RF e a r t h  t e r m i n a l  as a 20 GHz s i g n a l  and aga in  t h e  BER w i l l  be measured. 

There a re  two p o s s i b l e  o p t i o n s  f o r  h a n d l i n g  the  d a t a  s t ream. One, as j u s t  
desc r ibed  i s  to  have t h e  o r i g i n a l  d a t a  s t ream complete t h e  e n t i r e  c i r c u i t ,  i . e ,  
e a r t h  t e r m i n a l  t o  ACTS, thence t o  a i r c r a f t  and r e t u r n ,  and then back t o  e a r t h .  
Th is  would s i m u l a t e  a communication channel i n  which t h e  a i r b o r n e  l a s e r  t r a n s -  
c e i v e r  served as a r e p e a t e r  and a l l  incoming errors were r e t r a n s m i t t e d .  How- 
eve r ,  baseband p rocess ing  appears t o  be a f u t u r e  r e a l i t y ,  and so fo r  o u r  
exper iment ,  baseband p rocess ing  c o u l d  be s imu la ted  i n  one sense by n o t  r e t r a n s -  
m i t t i n g  errors i n  the  s i g n a l  a r r i v i n g  a t  t h e  a i r c r a f t ,  b u t  i n s t e a d  o r i g i n a t i n g  
a new d a t a  s t ream o f  ze ro  BER and t r a n s m i t t i n g  t h i s  s i g n a l  to  ACTS and then t o  
t h e  e a r t h  t e r m i n a l .  S tud ies  have n o t  yet  been per formed to  determine which 
o p t i o n  shou ld  be u t i l i z e d  f o r  the  NASA Lewis lasercom exper iment .  For  t h i s  
paper ,  i t  i s  assumed t h a t  t h e  f i r s t  o p t i o n  w i l l  be u t i l i z e d  and t h a t  t he  incom- 
i n g  s i g n a l  t o  t h e  a i r b o r n e  t r a n s c e i v e r  w i l l  be r e t r a n s m i t t e d  i n c l u d i n g  i t s  
e r r o r s .  Th i s  s i t u a t i o n  c o u l d  change, because p r i o r  to  f i n a l  des ign  o f  the  
exper iment ,  a Phase A t ype  s tudy  sponsored by NASA Lewis w i l l  be per formed t o  
p r o v i d e  an accu ra te  and more complete d e f i n i t i o n  o f  t h e  exper iment .  

A l though  BER measurements would be t h e  pr ime t e s t  r e s u l t ,  and i s  t h e  t e s t  
parameter t h a t  cou ld  be the  p r i m a r y  de te rm inan t  i n  s e l e c t i n g  t h e  l e n g t h  o f  t e s t  
runs ,  many o t h e r  f a c t o r s  would be measured. Parameters concerned w i t h  the  a i r -  
c r a f t  v e l o c i t y  and a t t i t u d e  r e l a t i n g  t o  t h e  s p a c e c r a f t  need t o  be measured, 
p l u s  i n f o r m a t i o n  d e s c r i b i n g  t h e  performance o f  t h e  i s o l a t i o n  o p t i c a l  bench upon 
which t h e  t r a n s c e i v e r  i s  mounted. Th is  i n f o r m a t i o n  w i l l  be r e q u i r e d  i n  o r d e r  
t o  ach ieve  a c q u i s i t i o n  and t r a c k i n g  and t o  assess how w e l l  these systems pe r -  
formed d u r i n g  t h e  t e s t .  

I n  o r d e r  t o  v e r i f y  t he  l i n k  c a l c u l a t i o n s ,  v a r i o u s  losses w i l l  need t o  be 
measured. Th is  w i l l  i n v o l v e  c o l l e c t i n g  d a t a  on atmospher ic  c o n d i t i o n s ,  b o t h  
a t  t h e  a i r c r a f t  i t s e l f  and from wide area  NOAA o b s e r v a t i o n s .  
on type  and q u a n t i t y  o f  t h i s  da ta  a r e  y e t  t o  be determined.  Some l o s s e s  such 

S p e c i f i c  d e t a i l s  
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as o p t i c a l  l o s s e s  a r e  i n t r i n s i c  to  t h e  hardware and must be o b t a i n e d  by t e s t  
measurement a f t e r  t h e  hardware has been f a b r i c a t e d .  However ,  some i t e m s  such 
as l a s e r  d iode per formance and p o s s i b l e  loss i n  per formance w i l l  be mon i to red  
d u r i n g  t h e  l i f e  o f  t h e  lasercom exper iment .  I t  i s  c e r t a i n  t h a t  sensors should 
be b u i l t  i n t o  t h e  t r a n s c e i v e r  hardware, b u t  i t  i s  n o t  y e t  c e r t a i n  how many and 
a t  what s p e c i f i c  l o c a t i o n s .  The n e x t  s e c t i o n  d iscusses  the  r e q u i r e d  r e c e i v e r  
s e n s i t i v i t y ,  l i n k  c a l c u l a t i o n s ,  and losses  and parametewas t h a t  need t o  be 
s p e c i f i e d  t o  pe r fo rm these c a l c u l a t i o n s .  

i 

COMMUNICATION SYSTEM ANALYSIS 

S e n s i t i v i t y  o f  ACTSjAirborne D i r e c t  D e t e c t i o n  Rece ivers  

I n  t h i s  s e c t i o n  r e q u i r e d  r e c e i v e r  s e n s i t i v i t y  w i l l  be determined fo r  the  
ACTS and a i r c r a f t  o p t i c a l  communication r e c e i v e r s .  Rece iver  s e n s i t i v i t y  i s  
d e f i n e d  here t o  be t h e  average s i g n a l  power t h a t  must be i n c i d e n t  on t h e  pho- 
t o d e t e c t o r  i n  o r d e r  t o  ach ieve  a g i v e n  b i t  error r a t e  ( B E R ) .  A l though sens i -  
t i v i t i e s  w i l l  be computed o n l y  f o r  b i n a r y  p u l s e  p o s i t i m  modu la t i on  (BPPM), 
t he  equat ions  t o  be presented  can a l s o  be used t o  ana lyze  the  genera l  M-ary 
PPM case. 

A model o f  the  d i r e c t  d e t e c t i o n  r e c e i v e r  u s i n g  an avanlanche photod iode 
(APD)  i s  shown i n  f i g u r e  4 .  H e r e ,  t h e  d e s i r e d  o p t i c a l  s i g n a l  a long  w i t h  back- 
ground r a d i a t i o n  i s  c o l l e c t e d  and focused by t h e  r e c e i v i n g  op t i cs  o n t o  t h e  
d e p l e t i o n  r e g i o n  of a reve rse -b iased  APD. An o p t i c a l  f i l t e r  i s  p l a c e d  i n  f r o n t  
o f  t h e  d e t e c t o r  t o  reduce t h e  amount o f  background power. Photons i n c i d e n t  on 
t h e  APD w i t h  energy g r e a t e r  t han  or equal t o  t h e  band gap energy o f  t h e  detec-  
to r  m a t e r i a l  a r e  absorbed, thus  p roduc ing  f r e e  e l e c t r o n - h o l e  p a i r s .  These p r i -  
mary p h o t o c a r r i e r s  a r e  a c c e l e r a t e d  by a h i g h  e l e c t r i c  f i e l d  t h a t  e x i s t s  i n  t h e  
APD, and they ,  i n  t u r n ,  genera te  more p h o t o c a r r i e r s  th rough  impact  i o n i z a t i o n .  
Thus an avalanche process occu rs  w i t h i n  t h e  APD w i t h  each p r i m a r y  c a r r i e r  
undergoing a m u l t i p l i c a t i o n  t h a t  i s  s t a t i s t i c a l  i n  n a t u r e  w i t h  mean g a i n  G .  
The s i g n a l  i n p u t  to  the  d e c i s i o n  b l o c k  w i l l  have a d e s i r e d  s i g n a l  component, a 
background n o i s e  component, and n o i s e  components due to  t h e  p h o t o e l e c t r o n  and 
a m p l i f i e r  c i r c u i t r y .  These i n c l u d e :  

( 1 )  Quantum or shot  n o i s e  a r i s i n g  from t h e  random n a t u r e  o f  t h e  photon- to-  
e l e c t r o n  convers ion  process 

( 2 )  Bulk  dark  c u r r e n t  n o i s e  a r i s i n g  from the  thermal  g e n e r a t i o n  o f  photo-  
c a r r i e r s  i n  the  pn j u n c t i o n  o f  t h e  APD 

( 3 )  Sur face  da rk  c u r r e n t  n o i s e  t h a t  i s  dependent on s u r f a c e  d e f e c t s ,  
c l e a n l i n e s s ,  b i a s  v o l t a g e ,  and s u r f a c e  a rea  

( 4 )  Thermal n o i s e  due t o  the  a m p l i f i e r  l o a d  r e s i s t a n c e  

( 5 )  Avalanche g a i n  n o i s e  due t o  t h e  s t a t i s t i c a l  n a t u r e  o f  t h e  avalanche 
process and t h e  f a c t  t h a t  n o t  a l l  p h o t o c a r r i e r s  undergo t h e  same 
mu1 t i  p l  i c a t  i o n  

The d e c i s i o n  b l o c k  o f  the  r e c e i v e r  employs a MAP (maximum a p o s t e r i o r i )  
decoding s t r a t e g y  where in  the  d e t e c t o r  o u t p u t  c u r r e n t  i s  i n t e g r a t e d  ove r  each 
PPM t i m e  s lo t ,  and the  s l o t  w i t h  t h e  maximum p h o t o e l e c t r o n  count  i s  assumed t o  



. 

be the  one i n  which t h e  s igna  
the  pu lse  w i t h i n  the  PPM word 
da ta  b i t s  i s  s t r a i g h t - f o r w a r d  

p u l s e  was t r a n s m i t t e d .  Once t h e  p o s i t i o n  o f  
has been dec ided,  o u t p u t  of t h e  co r respond ing  

I n  genera l ,  r e c e i v e r  s e n s i t i v i t y  i s  a f u n c t i o n  o f  t h e  PPM o r d e r ,  b i t  r a t e ,  
amount o f  i n t e r f e r i n g  background power, and performance parameters c h a r a c t e r i z -  
i n g  the  APD and i t s  a s s o c i a t e d  r e c e i v e r  c i r c u i t r y .  The s teps  needed t o  ca lcu-  
l a t e d  r e q u i r e d  s e n s i t i v i t y  a r e  o u t l i n e d  below. Equat ions  were developed from 
i n f o r m a t i o n  i n  re fe rences  3 t o  6 i n c l u s i v e .  

Step 1 .  The PPM t ime  s l o t  d u r a t i o n  ( i n t e g r a t i o n  p e r i o d )  i s  c a l c u l a t e d  
from: 

1 og2M 

MRB 
1:=- s e c  

where 

( 1 )  

M PPM o r d e r  or t ime  s lo ts  pe r  word ( log2M b i t s  of i n f o r m a t i o n  a r e  con ta ined  
i n  each PPM word) 

RB da ta  r a t e  (bps)  

Step 2.  The amount o f  t h e  background power i n c i d e n t  on APD i s :  

where 

nR r e c e i v e r  o p t i c s  e f f i c i e n c y  

DR r e c e i v e r  a p e r t u r e  d iameter ,  cm 

OR p l a n a r  ang le  r e c e i v e r  f i e l d  o f  v iew ( F O V ) ,  r a d  

A\ t h e  r e c e i v e r  f i l t e r  o p t i c a l  bandwidth,  p 

W(X) s p e c t r a l  r a d i a n t  em i t tance  of background source,  W/cm2-p 

The e q u a t i o n  above i s  for an extended background source t h a t  covers  t h e  e n t i r e  
r e c e i v e r  FOV. Th i s  w i l l  a lways be t h e  case fo r  t h e  background sources consid-  
e red  here ,  s ince  the  background r a d i a t i o n  due t o  "con ta ined"  sources such as 
s t a r s  and and p l a n e t s  was found t o  be n e g l i g i b l e  i n  comparison t o  o t h e r  no i se  
components. Once background power has been c a l c u l a t e d ,  t h e  average number o f  
background counts /sec  and c o u n t s / s l o t  can be found from: 

- counts /sec  NB - hv  (3) 

KB = N T background c o u n t s / s l o t  ( 4 )  B 
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where 

h P l a n c k ' s  cons tan t  (6.62e-34 J-sec) 

v f requency  o f  r a d i a t i o n ,  sec- l  

nQ d e t e c t o r  quantum e f f i c i e n c y  (pho toe lec t rons /pho ton )  

Table I shows t h e  background count  r a t e s  f o r  t h e  ACTSILCS (Laser  Communication 
Subsystem) and A I R  d i r e c t  d e t e c t i o n  r e c e i v e r s  under d i f f e r e n t  background e n v i -  
ronments. For t h e  A I R  r e c e i v e r  a p e r t u r e  s i z e ,  a va lue  o f  30 cm (11.8 i n . )  was 
used i n  t h e  c a l c u l a t i o n  s i n c e  i t  rep resen ts  the  maximum d iameter  o f  a p r a c t i -  
c a l  s i z e d  te lescope t o  be mounted on t h e  a i r c r a f t .  These background count  
r a t e s  w i l l  be used l a t e r  on i n  c a l c u l a t i n g  r e c e i v e r  s e n s i t i v i t i e s .  

Step 3.  The mean o f  t h e  d e t e c t o r  thermal  n o i s e  i s  zero ,  and t h e  v a r i a n c e  
i s :  

( 5 )  2 K b T S ~  2 counts  2 Kth = - 
RLq2 

where 

Kb Bo l tzmann 's  cons tan t  (1.38e-23 J /K)  

TS r e c e i v e r  e q u i v a l e n t  n o i s e  tempera ture ,  K 

RL d e t e c t o r  l o a d  r e s i s t a n c e ,  i2 

q e l e c t r o n  charge (1.602e-19 coulomb) 

Step 4 .  The p r i m a r y  p h o t o e l e c t r o n  c o u n t s / s l o t  due t o  the  APD b u l k  dark  
c u r r e n t  and sur face leakage c u r r e n t  a r e :  

c o u n t s / s l o t  I BT 
K~~~ - q 

- -  

I S =  = - c o u n t s / s l o t  KDCS q 

where 

16 g a i n  dependent b u l k  da rk  c u r r e n t ,  A 

I s  g a i n  independent su r face  da rk  c u r r e n t ,  A 

( 6 )  

(7) 

. 

Step 5 .  The APD o u t p u t  can be e f f e c t i v e l y  approx imated u s i n g  Gaussian 
s t a t i s t i c s .  Hence, f o r  a t i m e  s l o t  w i t h  no o p t i c a l  s i g n a l  p u l s e ,  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  d e s c r i b i n g  t h e  number o f  c o u n t s / s l o t  i s :  
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where 

PO 

OO 
2 

G 

m 

F 

K S  

po = G(mKS + KB + K DCB) + K~~~ 

2 2  2 
) + KDCS + 'th u0 = G F(mKS + KB + KDCB 

( 9 )  

(10) 

mean p h o t o e l e c t r o n  count  i n  a nons igna l  s l o t  

va r iance  o f  t h e  p h o t o e l e c t r o n  count  i n  nons igna l  s lo t  

APD mean g a i n  

t r a n s m i t  l a s e r  modu la t i on  e x t i n c t i o n  r a t i o  ( r a t i o  o f  i n t e n s i t y  of  " o f f "  
s t a t e  t o  i n t e n s i t y  i n  "on" s t a t e )  

APD excess no ise  f a c t o r  (due t o  random avalanche g a i n )  

p h o t o e l e c t r o n  count  due t o  t h e  d e s i r e d  s i g n a l  

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

where 

t h a t  

2 2  -(x-pl ) /2a1 
f + x )  = - ' e  

e1 

pl = G(KS + K B  + KDCB) + KDcs 

2 2  2 
= G F ( K S  + KB + KDCB) + KDCS + Kth 

a1 

mean p h o t o e l e c t r o n  count  i n  a s i g n a l  s l o t  

va r iance  o f  the  p h o t o e l e c t r o n  count  i n  s i g n a l  s lo t  

( 1 1 )  

(12)  

(13)  

Step 6 .  Given t h a t  t h e r e  a r e  m t ime  s lo ts  i n  an M-ary PPM word and 
o n l y  one o f  the  t ime  s lo ts  c o n t a i n s  t h e  o p t i c a l  s i g n a l  p u l s e ,  t h e  proba- 

b i l i t  
count  
choos 

PWC = 

b i l i t y  of making a c o r r e c t  d e c i s i o n  on t h e  PPM word w i l l  be equal  t o  t h e  proba- 
t h a t  t he  p h o t o e l e c t r o n  count  i n  t h e  s i g n a l  s l o t  i s  g r e a t e r  t han  t h e  

i n  any o f  the  rema in ing  M-1 nons igna l  s lots.  Thus the  p r o b a b i l i t y  o f  
ng the  c o r r e c t  word i s :  

2 2 M-1 2 -(y-p ) 12a -(X-p1) /2Ul 
03 

0 dy] dx 

m 2 [ E r f  
-(X-p1) /2Ul 

' e  = I  -W el 
M- 1 -]I OO dx (14)  
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where 

E r f ( x >  "communicat ions" e r r o r  f u n c t i o n  d e f i n e d  here  as :  

,X n 

Note t h a t  t h i s  d e f i n i t i o n  i s  d i f f e r e n t  from the  " s t a t i s t i c a l "  e r r o r  f u n c t i o n  
d e f i n e d  by:  

2 
e r f ( x >  = dz (16)  

The two a r e  r e l a t e d  by the  equa t ions :  

1 1  
2 E r f ( x >  = - + 7 e r f  

or 

e r f ( x >  = 2 E r f (  p x )  - 1 

Once we have PWC, t h e  average b i t  e r r o r  r a t e  can be w r i t t e n  as:  

( 1  - PWC) 2(M - 1 )  BER = 

( 1 7 )  

(18)  

(19)  

Step 7 .  For t h e  case o f  BPPM ( M  = 21,  equa t ion  (19)  can be r e w r i t t e n  i f  
we d e f i n e  t h e  SNR o f  t h e  APD-based PPM r e c e i v e r  t o  be: 

2 

2 2 
p1 - Po 

OO + O1 

SNR = 

2 2  2 G K -  ( m  - 1 )  
SNR = ., > 

9 

GLF[KS(m + 1 )  + 2 ( K  B + KDCB) I  + 2(KECS + KthL) 

Then (19)  can be expressed as :  

where 

e r f c ( x )  = 1 - e r f ( x )  i s  t h e  " s t a t i s t i c a l "  complementary e r r o r  f u n c t i o n  

(20) 

(21)  

( 2 2 )  
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Step 8. Us ing  equa t ion  (19)  f o r  M > 2 or e q u a t i o n  ( 2 2 )  f o r  M = 2 ,  l e t  
K s ,  t h e  d e s i r e d  s i g n a l  coun ts /pu l se ,  v a r y  and compute t h e  r e s u l t i n g  BER f o r  t h e  
g i v e n  d a t a  r a t e ,  background power, and APD parameters.  The r e q u i r e d  K s  t o  
ach ieve  a d e s i r e d  BER can then be de termined.  Once the  t a r g e t  Ks  i s  known, 
t h e  t a r g e t  s i g n a l  c o u n t s l b i t ,  p h o t o n s / b i t ,  and photons/sec can be found from: 

c o u n t s l b i t  c = -  
s log2M 

b 

4 

P = p h o t o n s / b i t  
‘79 

(23)  

( 2 4 )  

X = PSRB photons/sec ( 2 5 )  S 

F i n a l l y ,  t h e  r e q u i r e d  average s i g n a l  power t h a t  must be i n c i d e n t  on t h e  APD to  
ach ieve  t h e  d e s i r e d  BER i s  s imp ly  g i v e n  by: 

PR = AShv w a t t s  (26) 

T h i s  i s ,  be d e f i n i t i o n ,  t h e  r e q u i r e d  r e c e i v e r  s e n s i t i v i t y .  The d i f f e r e n c e  
between t h e  a c t u a l  r e c e i v e d  power and t h i s  r e q u i r e d  power i s  t h e  l i n k  marg in .  

Us ing  t h e  s teps  o u t l i n e d  above, p l o t s  of BPPM BER as a f u n c i t o n  o f  
r e q u i r e d  s i g n a l  c o u n t s / b i t  were c o n s t r u c t e d  for t h e  ACT/LCS and A I R  d i r e c t  
d e t e c t i o n  r e c e i v e r s  under d i f f e r e n t  background o p e r a t i n g  c o n d i t i o n s  ( f i g s .  5 
t o  8 ) .  Since s p e c i f i c  parameters d e s c r i b i n g  t h e  DDLT ( D i r e c t  D e t e c t i o n  Laser 
T ransce ive r )  S i - A P D  on t h e  ACTS were  n o t  a v a i l a b l e  a t  t $ e  t i m e  o f  t h i s  w r i t -  
i n g ,  t y p i c a l  va lues  f o r  a commerc ia l l y  a v a i l a b l e  dev i ce  were assumed. These 
a r e  shown i n  t a b l e  11. Th is  same s e t  of APD parameters was a l s o  used fo r  t h e  
A I R  APD. Curves w e r e  generated for each o f  the  d a t a  r a t e s  a t  which t h e  l a s e r  
l i n k s  m igh t  ope ra te .  
fewer  s i g n a l  c o u n t s / b i t  a re  r e q u i r e d  as the  da ta  r a t e  i nc reases .  Th is  i s  due 
to  the  f a c t  t h a t  a t  h i g h e r  da ta  r a t e s ,  s l o t  t i m e s  a re  nar rower  and l e s s  t h e r -  
mal ,  background, and da rk  c u r r e n t  n o i s e  counts  occur  w i t h i n  each s l o t ;  hence, 
fewer  s i g n a l  c o u n t s / s l o t  a re  needed t o  m a i n t a i n  t h e  same BER. What i s  n o t  e v i -  
den t  from the  p l o t s  i s  t h a t  h i g h e r  peak l a s e r  power i s  r e q u i r e d  t o  m a i n t a i n  
t h e  same s i g n a l  c o u n t s / s l o t  as d a t a  r a t e  i nc reases .  For example, d o u b l i n g  t h e  
d a t a  r a t e  c u t s  t h e  s l o t  i n t e r v a l  by h a l f ,  and thus  t o  m a i n t a i n  t h e  same s i g n a l  
c o u n t s / s l o t  r e q u i r e d  t w i c e  t he  peak power. 

From t h e  curves ,  one observes t h a t ,  f o r  a p a r t i c u l a r  BER, 

Table I11 i s  a summary of t h e  p l o t  i n f o r m a t i o n  shcwing t h e  r e q u i r e d  s i g -  
n a l  c o u n t s / b i t  and cor respond ing  r e q u i r e d  power ( i n  dbW) for error r a t e s  o f  
10e-3, 10e-6, and 10e-8. I t  can be seen t h a t  communication w i t h  t h e  a i r b o r n e  
t e r m i n a l  w i t h  the  sun i n  i t s  r e c e i v e  FOV i s  i m p r a c t i c a l .  Also, t h e  presence 
o f  a da rk  e a r t h  i n  the  ACTS FOV i n t r o d u c e s  n e g l i g i b l e  background r a d i a t i o n .  
The r e q u i r e d  powers shown i n  the  t a b l e  w i l l  be used i n  t h e  n e x t  s e c t i o n  f o r  
c a l c u l a t i n g  l i n k  marg ins.  

Communications L i n k  A n a l y s i s  

I n  t h i s  s e c t i o n ,  a c t u a l  r e c e i v e  power w i l l  be c a l c u l a t e d  for b o t h  the  f o r -  
ward l i n k  ( A C T S - t o - A I R )  and r e t u r n  l i n k  (A IR- to -ACTS)  and compared w i t h  
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r e q u i r e d  power t o  e s t i m a t e  t h e  amount o f  l i n k  marg in  a t  t h e  v a r i o u s  d a t a  r a t e s  
w i t h  d i f f e r e n t  a i r b o r n e  t e r m i n a l  a p e r t u r e  s i z e s .  

2 
‘R = ‘TqTqRGTGRLp[&] LALOTHER w a t t s  ( 2 7 )  

where 

PR 

P T  

Q T  

QR 

G T  

GR 

‘P 
Z 

x 
LA 

LOTHER 

average r e c e i v e d  power, W 

average t r a n s m i t t e d  power, 

t r a n s m i t  o p t i c s  e f f i c i e n c y  

r e c e i v e  o p t i c s  e f f i c i e n c y  

g a i n  o f  t h e  t r a n s m i t t e r  op 

W 

i cs 

g a i n  o f  t h e  r e c e i v e r  o p t i c s  

p o i n t i n g  loss 

range 

wavelength o f  source 

atmospher ic  l o s s  

o t h e r  l osses  such as source l a s e r  beam combin ing loss ,  secondary 
mirror o b s c u r a t i o n  l o s s e s  ( i n  Cassegra in ian  t e l e s c o p e s ) ,  and communi- 
c a t i o n / t r a c k i n g  power s p l i t  l osses  

The t r a n s m i t  and r e c e i v e  o p t i c s  ga ins  can be r e l a t e d  t o  t h e i r  a p e r t u r e  s i z e  
and wavelength by:  

GT RT numeric g a i n  

and 
2 

= [T] = *numer ic  g a i n  
GR RR 

where 

DT t r a n s m i t  a p e r t u r e  d iamete r ,  m 

DR r e c e i v e  a p e r t u r e  d iamete r ,  m 

R T  s o l i d  ang le  i n t o  which the  x m i t  s i g n a l  i s  r a d i a t e d ,  s r  

R R  s o l i d  ang le  i n t o  which the  r e c v  s i g n a l  i s  concent ra ted ,  s r  

(28)  

(29 )  
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The p o i n t i n g  loss assoc ia ted  w i t h  an angu la r  p o i n t i n g  e r r o r ,  8, from x m i t / r e c v  
l i n e - o f - s i g h t  (LOS) i s  g i v e n  by :  

2 2J1 (.rrBD/X) [ *D/X ] L =  
P 

where 

Lp x m i t / r e c v  p o i n t i n g  l o s s  (numer ic )  

8 x m i t / r e c v  angu lar  p o i n t i n g  e r r o r ,  r a d  

J1 0 denotes the  f irst o r d e r  Bessel  f u n c t i o n  

D x m i t / r e c v  a p e r t u r e  d iameter ,  m 

Received power can then be conver ted  t o  r e c e i v e d  s i g n a l  c o u n t s / b i t  by:  

'S = 'R RBhv c o u n t s j b i t  

(30)  

(31)  

Us ing  the  equat ions  above and t h e  l i n k  parameters shown i n  t a b l e  I V  f o r  
t h e  ACTS- to -A IR  and A I R - t o - A C T S  l i n k s ,  a pa ramet r i c  a n a l y s i s  was per fo rmed t o  
de termine t h e  e f f e c t  o f  a i r c r a f t  a p e r t u r e  s i z e  on t h e  l i n k  per formance.  
F i g u r e  9 shows a p l o t  o f  r e c e i v e d  s i g n a l  c o u n t s l b i t  versus  a i r c r a f t  a p e r t u r e  
d iameter  f o r  t h e  f o r w a r d  ACTS- to -A IR  l i n k .  
t o  be o p e r a t i n g  on the  ACTS w i t h  t r a n s m i s s i o n  th rough  a 20 cm (7 .9  i n . )  aper-  
t u r e .  F i g u r e  10 shows a s i m i l a r  p l o t  f o r  t h e  r e t u r e  A IR- to -ACTS l i n k  w i t h  a 
s i n g l e  CW 50 mW l a s e r  source aboard t h e  a i r c r a f t .  

A s i n g l e  CW 30 mW l a s e r  i s  assumed 

Table V shows r e c e i v e d  c o u n t s i b i t  and r e c e i v e d  average power (dbW) f o r  
a i r c r a f t  a p e r t u r e  s i z e s  o f  10, 15, 20, 25, and 30 cm (3 .9 ,  5.9, 7 .9 ,  9.8, and 
11.8 i n . ) .  By comparing t h e  a c t u a l  r e c e i v e d  power (or s i g n a l  c o u n t s / b i t >  shown 
i n  t a b l e  V w i t h  t h e  r e q u i r e d  power (or s i g n a l  c o u n t s / b i t >  shown i n  t a b l e  111, 
t h e  amount o f  marg in o b t a i n a b l e  for v a r i o u s  combina t ions  o f  BER, d a t a  r a t e ,  
background env i ronment ,  and a i r c r a f t  a p e r t u r e  s i z e  can be de termined.  
shown i n  t a b l e  V I ,  where each o f  t h e  l i n k  marg in  e n t r i e s  was c a l c u l a t e d  by sub- 
t r a c t i n g  t h e  r e q u i r e d  power ( f o r  t h e  BER, da ta  r a t e ,  and background c o n d i t i o n  
i n  q u e s t i o n )  from t h e  cor respond ing  a c t u a l  r e c e i v e d  power l i s t e d  i n  t a b l e  V .  
From the  l i n k  marg in t a b l e ,  i t  i s  apparent  t h a t  t h e  f o r w a r d  ACTS-to-AIRCRAFT 
l i n k  i s  t he  more c o n s t r a i n i n g  o f  t h e  two. Also, s u b s t a n t i a l l y  g r e a t e r  marg ins 
can be r e a l i z e d  i f  communications occu r  a t  n i g h t  when t h e  amount o f  i n t e r f e r -  
i n g  background r a d i a t i o n  i s  reduced. I n  a lmost  a l l  cases, t h e  per formance o f  
the  fo rward  l i n k  a t  t he  maximum d a t a  r a t e  o f  220 Mbps i s  unacceptab le  u s i n g  
the  s i n g l e  30 mW GaAs l a s e r  p lanned on t h e  ACTS. I n  f a c t ,  t h e  o n l y  c o n d i t i o n  
t h a t  y i e l d s  a marg in g r e a t e r  than 3 db a t  220 Mbps i s  a 30 cm a p e r t u r e  on t h e  
a i r c r a f t  and 10-3 BER. For o p t i c s  s i z e  i n  t h e  range o f  15 t o  20 cm and 10-6 
BER, o p e r a t i o n  a t  27.5 Mbps g i v e s  o n l y  about  2 t o  5 db o f  marg in  on t h e  ACTS- 
to-AIR l i n k .  I f  the  da ta  r a t e  i s  reduced t o  1.72 Mbps, t hen  10 t o  12 db mar- 
g i n  i s  a v a i l a b l e .  

T h i s  i s  

To inc rease  t h e  amount o f  marg in  on t h e  f o r w a r d  l i n k  a t  t h e  h i g h e r  da ta  
r a t e s ,  r e c e i v e r  s e n s i t i v i t i e s  were recomputed u s i n g  a lower  n o i s e  APD on the  
a i r c r a f t .  Th i s  APD was assumed t o  have an e f f e c t i v e  h o l e - e l e c t r o n  i o n i z a t i o n  
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r a t i o  ( ke f f )  o f  0.007, r e p r e s e n t a t i v e  o f  developmental  s i l i c o n  dev i ces .  I n  
a d d i t i o n ,  f o r  a g i v e n  d e s i r e d  s i g n a l  count  K,, APD g a i n  was computed t o  maxi- 
mize t h e  d e t e c t o r  SNR i n  e q u a t i o n  ( 2 1 ) .  Optimum g a i n  can be found by d i f f e r e n -  
t i a t i n g  equa t ion  (21)  w i t h  r e s p e c t  t o  G, s e t t i n g  t h e  r e s u l t  equal  t o  ze ro ,  and 
s o l v i n g  for G. By u s i n g  t h e  f a c t  t h a t  t h e  excess n o i s e  f a c t o r  F i s  r e l a t e d  
t o  t h e  APD g a i n  G and h o l e - e l e c t r o n  i o n i z a t i o n  r a t i o  keff by, 

t h e  optimum APD g a i n  can be approx imated by,  

F = keffG + ( 1  - keff  

K~~~ < <  
L J 

S KB < <  K 

2 
K t h  

( 3 2 )  

( 3 3 )  

Table V I 1  shows a comparison o f  t h e  a i r c r a f t  c e i v e r  e n s i t i v i t y  0 tween 
t h e  lower  no i se ,  optimum g a i n  APD and t h e  APD used e a r l i e r  (no  background r a d i -  
a t i o n  i s  p r e s e n t ) .  
s e n s i t i v i t y  i s  improved by l e s s  than 0.5 db f o r  10-6 BER a t  55, 110, or 
220 Mbps. Signa l  shot n o i s e  and avalanche g a i n  n o i s e  l i m i t s  t h e  SNR a t  these 
h i g h e r  da ta  r a t e s .  
r e q u i r e d  on the  ACTS t o  improve t h e  l i n k  marg in.  

U n f o r t u n a t e l y ,  even w i t h  the  lower no ise  APD, d e t e c t i o n  

Thus, a h i g h e r  o u t p u t  l a s e r  (or l a s e r  beam combin ing)  i s  

ACQUISITION 

For the  A C T S I A I R C R A F T  lasercom exper iment ,  i t  i s  n o t  necessary f o r  NASA 
Lewis t o  develop an a c q u i s i t i o n  procedure ,  as t h i s  p rocedure  has been es tab-  
l i s h e d  by the  des ign  o f  t h e  l a s e r  communication package on-board ACTS. 
a c q u i s i t i o n  hardware and so f tware  i s  c u r r e n t l y  b e i n g  des igned and implemented 
by  M I T I S  L i n c o l n  Labs as p a r t  o f  t h e i r  heterodyne lasercom e f f o r t .  
exper iments such as t h e  NASA Lewis ACTS t o  a i r c r a f t  l a s e r  l i n k  need o n l y  to  
implement an a c q u i s i t i o n  s y s t e m  compa t ib le  w i t h  t h a t  on t h e  ACTS. 
o r i g i n a t o r  of  t h i s  des ign  w i l l  r e p o r t  on t h e i r  e f f o r t  as a p p r o p r i a t e .  
s u f f i c i e n t  here  t o  g i v e  a b r i e f  d e s c r i p t i o n  o f  t h e  a n t i c i p a t e d  a c q u i s i t i o n  p ro -  
cedure sequence. 

The 

Thus, 

LL as t h e  
I t  i s  

A c q u i s i t i o n  w i l l  occu r  as fo l lows: 

( 1 )  F i r s t ,  each t e r m i n a l ,  ACTS and t h e  a i r c r a f t ,  must r e c e i v e  l o c a t i o n  
da ta  f o r  the  o t h e r  t e r m i n a l  and then genera te  a "most p robab le  d i r e c t i o n "  f o r  
a iming  t h e i r  a c q u i s i t i o n  o p t i c s .  

( 2 )  The s a t e l l i t e  t r a n s m i t s  an a c q u i s i t i o n  beacon, spread o u t  t o  a 1 mrad 
beamwidth. 

( 3 )  I f  the  "most p robab le  d i r e c t i o n "  has been s u f f l c i e n t l y  accu ra te ,  t h e  
a i r b o r n e  t e r m i n a l  w i l l  a c q u i r e  t h e  ACTS beacon and then t r a n s m i t  a beam o f  i t s  
own back t o  t h e  s a t e l l i t e .  I f  a c q u i s i t i o n  does n o t  occur  on t h e  f irst a t t e m p t ,  
t he  1 mrad beam i s  moved to  o t h e r  l o c a t i o n s  ad jacen t  to  t h e  i n i t i a l  "most prob-  
a b l e "  u n t i l  a c q u i s i t i o n  does o c c u r .  
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( 4 )  The ACTS d e t e c t o r  a c q u i r e s  t h e  beacon from t h e  a i r b o r n e  u n i t ,  and 
a f t e r  t h i s  has occu r red ,  b o t h  l a s e r  packages p e r f o r m  t h e  i n t e r n a l  ad jus tmen ts  
necessary f o r  i n i t i a t i o n  o f  f i n e  t r a c k i n g .  

t h a t  ACTS can m a i n t a i n  t r a c k i n g  of  t h e  a i r c r a f t .  
t i a t e d ,  t h e  ACTS beam i s  reduced t o  a beamwidth o f  4 mrad. 

(5) The a i r b o r n e  t e r m i n a l  must c o n t i n u e  t o  t r a n s m i t  i t s  beacon i n  o r d e r  
Once communicat ion i s  i n i -  

Reference 2 d e s c r i b e s  a s u i t a b l e  a c q u i s i t i o n  a r r a y ,  g i v e s  i t  c h a r a c t e r -  
i s t i c s ,  and i n c l u d e s  a c q u i s i t i o n  l i n k  c a l c u l a t i o n s  t h a t  a r e  based on  these 
c h a r a c t e r i s t i c s .  

CONCLUSIONS 

The c a l c u l a t i o n s  d e s c r i b e d  above i n d i c a t e  t h a t  even w i t h  t h e  c o n s t r a i n t  
o f  t h e  30 mW o u t p u t  power o f  t h e  ACTS d i r e c t  d e t e c t i o n  l a s e r  t r a n s m i t t e r ,  j u d i -  
c i o u s  c h o i c e  o f  a p e r t u r e  s i z e ,  a i r c r a f t  r e c e i v e r ,  and d a t a  r a t e  makes f e a s i b l e  
an ACTS t o  a i r c r a f t  d i r e c t  d e t e c t i o n  l a s e r  communicat ion exper imen t .  A c q u i s i -  
t i o n  and t r a c k i n g  i s s u e s  have n o t  been addressed i n  t h i s  paper  b u t  work p e r -  
formed a t  L i n c o l n  Labs, Goddard Space F l i g h t  Cen te r ,  and W r i g h t - P a t t e r s o n  AFB 
i n d i c a t e  t h a t  t h i s  i s  a l s o  f e a s i b l e .  A t  t h e  t i m e  o f  t h i s  w r i t i n g ,  s u f f i c i e n t  
d e t a i l s  about  t h e  ACTS l a s e r  communicat ion package a r e  riot known, so a more 
s p e c i f i c  exper iment  p l a n  and hardware d e f i n i t i o n  than  t h a t  p r e s e n t e d  h e r e i n  
cannot  y e t  be developed. 
s p e c i f i c  d e s i g n  d e t a i l s  o f  t h e  a i r b o r n e  t r a n s c e i v e r  as t h e  d e f i n i t i o n  o f  t h e  
ACTS l a s e r  communicat ion package becomes f i n a l .  

The f o l l o w - o n  e f f o r t  t o  t h i s  Faper w i l l  be t o  r e s o l v e  
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Table 1. Receiver Background Count Rates for Selected Sources in the FOv 

RAouNcE 
w ~ n s  ecvopllcf R f X v m  
2 E F f q C f W  s I z E ( 0 1 )  
- 

01-Ma9oN 

SUNLIT 
SKY IN 20 35% 30 
FOV 

SUNIN 2000 35% 30 FOV 

3.OE-3 35% 30 MOON IN 
FOV 

mUT 

covERD Qou) 1.OE-1 60% 20 
m 

20 
Rnln 
m 
CUM 1.OE-2 60% 

OAAK 1.OE-3 60% 20 EARTH 
< 

Omw 
RKVFov ~ E R M  w " G l M  W W E F c  BrrXQKXHD 

(LI1cRoAADS) (uIcRoNs) ( WRONS 1 PQmR COUlTRATE 
(WATlS)  (COUNTSSEC) 

100 2.OE-3 .870 70% 2.47E-8 7.6MO 

100 20E-3 .870 70% 247E-6 7.6E12 

100 20E-3 -870 7096 3.71E-12 1.ln 

100 1.6E-2 -840 1096 7.53E-10 22E9 

100 1.6E-2 .840 70% 7.53E-11 22E8 

70% 7.53E-12 2.23 100 1.6E-2 .840 

Table 2. Typical Si-APD Based Direct Detection Receiver Parameters 

r7a 
k,, 

'€3 

Ts 
'9 

G 
F 

's 

QUANTUM EFFICIENCY 
EFFECTIVE HOLE-TO-ELECTRON IONIZATION RATIO 
AVERAGE DETECTOR GAIN 
EXCESS NOISE FACTOR 
GAIN DEPENDENT BULK LEAKAGE CURRENT 

GAIN INDEPENDENT SURFACE LEAKAGE CURRENT 

EQUIVALENT NOISE TEMPERATURE 

LOAD RESISTANCE 

7096 

0.01 
150 
3.5 
0.1 nA 

10.0 nA 

4 W K  

2000Jl 
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Table 3. Reauired Sensitivities for Aircraft and ACTS Receivers 

I 10-8 BER I 10-6 BER I SIGNAL 
W T S J B T -  I l0-3 BER 

1 I 

REQUIRED DATA RATE Mbps I DATA RATE Mbps DATA RATE MDS I 
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Table 4. ACTSlAircraft Communication Link Parameters 

DATA RATES 

MODULATION 
FORMAT 

SOURCE 
WAVELENGTH 

DETECTOR 
QUAMUM EFF 

AVG XMIT 
USERPOWER 

XMlT m 
EFFICIENCY 

XMlf DIAMETER 
AND GAIN 

PolNTlNG LOSS 

ATMOSPHERIC LO= 
CLEAR AIR 

RANGEIWm 
LOSS 

RECV OPTICS 
EFFICIENCY 

RECv DIAMETER 
AND GAIN 

I PARAMETER 

~~ 

ACTS-TO-AIRCRAFT 

1.72, 27.5,55, tx). AN0 220 MBPS 

DIRECT DETECTION BPPM 

.870 MICRON 

-15.23 dbW SINGLE 3OmW 
GaAs laser 

40% -3.90 db 

20 an APERTURE ll7.V db 

-1.02 db 0.5 mlcrorad rm 
pointlng error 

0.83 -0.8 db 

38070 km -294.81 db 

62% -208 db 

PARAMETER TO BE VARIED 

AIRCRAR-TO-ACTS 

1.72 27.5.55,llO. AND 220 MBPS 

DIRECT DETECTION BPPM 

.840 MICRON 

SI-nm 70% 

-13.01 dbW SINGLE 5OmW 
GaAs laser 

4w -3.98 db 

PARAMETER TO BE VARIED 

-1.02 db 
0.5 mkrmd rms 

pointing error 

0.83 -0.8 db 

Nom km -295.n db 

62% -2.08 db 

20 cm APERTURE tn.48 db 
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Table 5. ACTSlAircraft Received Power and Signal CountslBit vs, Aperture Size 

I AIRCRAFT OPTICS APERTURE MAMETER (CM I 

-66.06 -83.56 -81.63 -80.04 

55 61 138 245 383 552 
a 

no 31 69 123 192 276 
I 

220 15 34 61 96 138 

-83.54 -81.04 -79.m -77.52 AVGRECV 
POWER blwM 47-06 

7614 13535 21149 30455 172 3384 1 
476 847 1323 1905 

952 
W 5 55 lo6 238 423 661 

53 ns 212 33 476 s 
S no 

I I I I 

60 lo6 165 238 220 26 
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URCRUl reERTuRE SltE CM 
lo 5 2 0  25 3 0 1 0  MAAGlN bW- 

- 

AlRCRUl APERTURE SlZE UM AlRcAAFT APERTURE SUE CUI 

5 2 0  25 3 0 1 0  6 2 0  25 30 

OI%BGINAp: PAGE IS 
OE POOR QUALITY 

Table 6. Available ACTSlAircraft Link Margins 
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- 
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~ 

, l 
7 
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14.19 
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- 
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- 
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- 
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- 
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TABLE 7. AIRCRAFT RECEIVER SENSITIVITIES WITH TWO DIFFERENT APDS 

10-3 10-6 

DATA RATE bAbps) DATA RATE Mbps) 
1.72 27.5 55 ll0 220 1.72 27.5 55 ll0 220 

10-8 

DATA RATE MIPS) 
1.72 27.5 55 110 220 

SYMBOL RATE, 
MSPS 

27.5, 11 0, 220 

d NARROW 
CHANNEL 
TT&C 

ROUND STATION . .re. n 

MVERSITY 
MASTER CONTROL 

EXPERIMENTER TERMINALS STATION LeRC 

CLEVELAND, OHIO 

CD-84-15055 
FIGURE 1. - ADVANCED COMMUNICATIONS TECHNOLOGY SATELLITE SYSTEM. 
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FIGURE 2. - LERC PROPOSED DIRECT DETECTION LASERCOI EXPERIENT. 
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FIGURE 3.  - AIRBORNE LASER TRANSCEIVER FUNCTIONAL BLOCK DIAGRM. 
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LINK PARAMETERS 

PPM ORDER 

B I T  RATE 

WAVELENGTH 

TRANSMIT MODULATION 
EXTINCTION RATIO 

TRANSMIT POWER 

OPTICS EFFICIENCY 

APERTURE DIAMETER 

RANGE 

POINTING LOSSES 

ATMOSPHERIC AND 
OTHER LOSSES 

DESIRED 
SIGNAL 

RECV OPTICS P A R m T E R S  

APERATURE DIAMETER D, 
PLANAR ANGLE FOV eR 
OPTICS EFFICIENCY qR 
OPTICAL FILTER Ah 

BANDWIDTH 

APD DETECTOR PARAMETERS 

QO QUANTUM EFFICIENCY 

Kef ,  EFFECTIVE HOLE-TO-ELECTRON 

AVERAGE DETECTOR GAIN G 

EXCESS NOISE FACTOR F 

GAIN DEPENDENT BULK 
LEAKAGE CURRENT 

IONIZATION RATIO 

1, 

4 

LOAD RESISTANCE RL 

GAIN INDEPENDENT SURFACE 
LEAKAGE CURRENT 

EQUIVALENT NOISE TEMPERATURE T, 

SLOT 1 COUNT rp$ 
TO PULSE 
POSITION 

COMPARE 

r ELECTRON 
COUNT 

OPT I CS 

I 
BACKGROUND DARK CURRENT NOISE 

POINTING 8 SHOT NOISE SI GNAL 
AVALANCHE GAIN NOISE 
BACKGROUND NOISE 
THERMAL NOISE 

BACKGROUND SIGNAL PARAMETERS 
SOURCE DIAMETER ( I F  ENCLOSED BY RECV FOV) D, 

SPECTRAL RADIANT EMITTANCE W ( A )  

i; RANGE TO RECVR ( I F  ENCLOSED BY RECV FOV) 

FIGURE 4. - DIRECT DETECTION M-ARY PPM RECEIVER MODEL AND RELEVANT PARANETERS. 

REQUIRED SIGNAL COUNTWBIT 

FIGURE 5. - BPPM BER VERSUS REQUIRED SIGNAL COUNTS/BITS. NO BACKGROUND RADIATION SOURCES I N  
ACTS OR AIRCRAFT RECV FOV. TS = 400 K: RL = 2000 OHMS: EXTINCTION - 5 PERCENT: G = 150: 
F = 3.5: IS = 10 NA: I B  = 0.1 NA; QE = 0.70; NB = 0 COUNTS/SEC. 
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FIGURE 6. - ACTS BPPM BER VERSUS REQUIRED SIGNAL COUNTWBIT. SUNLIT EARTH I N  ACTS RECV FOV. 
TS = 400 K; RL = ZOO0 OHMS; EXTINCTION - 5 PERCENT; G = 150; F = 3.5; IS = 10 NA: IB  = 0.1 
NA; E = 0.07; NB = 2.2~10~ COUNTS/SEC. 

10-1 

10-2 

10-6 

REQUIRED SIGNAL COUNTS/BIT 

FIGURE 7. - AIRCRAFT BPPM BER VERSUS REQUIRED SIGNAL COUNTS/BIT. 
FOV. 
IB  = 0.1 NA; QE = 0.70: NB = 7.6~10" COUNTS/SEC. 

SUNLIT SKY I N  ACTS RECV 
TS = 400 K: RL = 2000 OHMS: EXTINCTION - 5 PERCENT; G = 150; F = 3.5; IS = 10 NA; 

22 



io -O r 

DATA 
RATE, 
MBPS 

I . -,e 

10-1 - 

5 10-2 - 

10-1 - 

5 10-2 - 

t 
SIGNAL COUNTWBIT 

FIGURE 8. - AIRCRAFT BPPM BER VERSUS REQUIRED SIGNAL COUNTS/BITS. SUN I N  AIRCRAFT RECV FOV. 
TS = 400 K: RL = 2000 OHMS: EXTINCTION - 5 PERCENT: G = 150: F = 3.5: 
QE = 0.70: NB = 7 . 6 ~ 1 0 ~ '  COUNTS/SEC. 

IS = 10 NA: I B  = 0.1 NA: 
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AIRCRAFT RECEIVE APERTURE SIZE. CH 

FIGURE 9. - RECV SIGNAL COUNTS/BIT VERSUS AIRCRAFT APERTURE DIAMETER. ACTS-TO-AIRCRAFT 
COMMUNICATION. PT = 30 MU: XMIT EFF. = 40 PERCENT: DT = 20 CM: POINTING LOSS = 1.02 dB: 
ATMO LOSS = 0.8 dB; RANGE = 38 0 7 0  KM; RECV EFF. = 62 PERCENT: QE = 7 0  PERCENT. 
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FIGURE 10. - RECV SIGNAL COUNTS/BIT VERSUS AIRCRAFT APERTURE DIAMETER. DATA RATES: 27.5, 
55, 110 AND 220 MBPS. AIRCRAFT-TO-ACTS CMUNICATION.  

62 PERCENT; QE = 70 PERCENT. 

PT = 50 MW: XMIT EFF. = 40 PERCENT 
DR = 20 CH: POINTING LOSS = -1.02 dB: ATMO LOSS = -0.8 dB: RANGE = 38 070 KM; RECV EFF. = 
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16 Abstract 

The launch  of a l a s e r  communica t ion  t r a n s m i t t e r  package i n t o  geosynchronous e a r t h  
o r b i t  onboard  t h e  Advanced Communications Techno logy  ( A C T )  s a t e l l i t e  w i l l  p r e s e n t  
an e x c e l l e n t  o p p o r t u n i t y  fo r  t h e  e x p e r i m e n t a l  r e c e p t i o n  o f  l a s e r  communica t ion  
s i g n a l s  t r a n s m i t t e d  from a space o r b i t .  The ACTS l a s e r  package i n c l u d e s  b o t h  a 
he te rodyne  t r a n s m i t t e r  ( L i n c o l n  Labs d e s i g n )  and a d i r e c t  d e t e c t i o n  t r a n s m i t t e r  
(Goddard Space F l i g h t  C e n t e r  d e s i g n )  w i t h  b o t h  s h a r i n g  some common o p t i c a l  compo- 
n e n t s .  NASA Lewis  Research C e n t e r ' s  Space E l e c t r o n i c s  D i v i s i o n  i s  p l a n n i n g  t o  
p e r f o r m  a space communica t ion  exper imen t  u t i l i z i n g  t h e  GSFC d i r e c t  d e t e c t i o n  
l a s e r  t r a n s c e i v e r .  The l a s e r  r e c e i v e r  w i l l  be i n s t a l l e d  w i t h i n  an a i r c r a f t  p ro -  
v i d e d  w i t h  a g l a s s  p o r t  f o r  t h e  r e c e p t i o n  o f  t h e  s i g n a l .  T h i s  paper  d e s c r i b e s  
t h e  exper imen t  and t h e  approach t o  pe r fo rm ing  such an e x p e r i m e n t .  D e s c r i b e d  a r e  
t h e  c o n s t r a i n t s  p l a c e d  upon t h e  NASA Lewis  exper imen t  by  t h e  pe r fo rmance  parame- 
t e r s  o f  t h e  l a s e r  t r a n s m i t t e r  and by  t h e  ACTS s p a c e c r a f t  o p e r a t i o n s .  The concep- 
t u a l  d e s i g n  o f  t h e  r e c e i v i n g  t e r m i n a l  i s  g i v e n ;  a l s o  i n c l u d e d  i s  t h e  a n t i c i p a t e d  
per fo rmance c a p a b i l i t y  o f  t h e  d e t e c t o r .  
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