
 

 

Lincoln Laboratory
MASSACHUSETTS INSTITUTE OF TECHNOLOGY 

LEXINGTON, MASSACHUSETTS 

DOT/TSC-RA-3-8-2 

Project Report
ATC-26
Vol. II 

Technical Assessment of Satellites for 
CONUS Air Traffic Control

Volume II: Random Access 
Aircraft-to-Satellite Techniques

K.S. Schneider
R.S. Orr

28 February 1974

 
Prepared for the Transportation Systems Center. 

 

This document is available to the public through 
the National Technical Information Service, 

Springfield, VA 22161 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This document is disseminated under the sponsorship of the Department 
of Transportation in the interest of information exchange.  The United 
States Government assumes no liability for its contents or use thereof. 



I .  Report No. 

DOT/TSC -RA-3 -8 -2 

1 
7. Authods) 18. Performing Organization Report NO. 

2. Government Accession 1 em 3. Recip ient ’s  Cata log No.  

K. S. Schneider and R. S. Or r  

4. T i t l e  and Subtit le 

Technical Assessment of Satellites for CONUS Ai r  Traffic Control. 
Vol. 11: Random Access Aircraft-to-Satellite Techniques 

1 ATC-26 Vol.11 

5. Report Date  

28 February 1974 

6. Performing Organization Code 

10. Work U n i t  N o .  9. Performing Organization N a m e  and Address 

Massachusetts Institute of Technolom 

17. K e y  Words 

I_ 

Lincoln Laboratory 
P.O. Box 73 
Lexinaon, Massachusetts 02173 

18. Distribution Statement 

1 1 .  Contract or Grant N o .  

DOT/TSC -RA -3 -8 

19. Security Classi f .  (o f  th is  report) 

Unclassified 

I 

13. T y p e  of  Report and Per iod Covered 
1 2 .  Sponsoring Agency Name and Address 

20. Security Classi f .  (of this page) 21. No. of P a g e s  22. P r i c e  

4.25 NC 
1.45 MF Unclassified 110 

Transportation Systems Center 
Department of Transportation 
55 Broadway 
Cambridge, Massachusetts 02142 

Project Report 

I 
15. Supplementary Notes 

The work reported in this document was performed at Lincoln Laboratory, a center for research operatcd 
by Massachusetts Institute of Technology. 

16. Abstract 

. .  

A number of satellite system techniques have been suggested as candidates to provide ATC surveillance, 
communication, and/or navigation service over CONUS. 
multilateration using a constellation of satellites. 
Aircraft-to-Satellite Techniques (CAST), 2) Random Access Aircraft-to-Satellite Techniques (RAST), 
3) Satellite-to-Aircraft Techniques (SAT). 
no one particular technique emerging as superior; several feasible alternatives a re  identified. The assess - 
ment indicates that satellite based techniques for CONUS ATC can be developed without relying on high 
risk technology. 

RAST could operate by having each aircraft transmit a unique signature periodically, without any coordination 
of transmissions. The position of an aircraft is then obtained by multilateration using the arrival times of its 
signature at four o r  more satellites. Since aircraft transmissions are not coordinated, there is  the possibility 
that different signatures may overlap at a satellite receiver. The resulting mutual interference is a factor 
in the performance of systems employing RAST. 
special emphasis on signaling formats, satellite coverage issues, degradation due to mutual interference and 
susceptibility to jamming. 

All techniques perform position determination by 
They can be categorized as  follows: 1) Coordinated 
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SECTION 1 

INTRODUCTION AND SUMMARY OF CONCLUSIONS 

1.1 OVERVIEW OF SATELLITE SYSTEM TECHNIQUES 

Over t h e  l a s t  h a l f  decade a number o f  s a t e l l i t e  system techniques have 

been advanced as candidates t o  p r o v i d e  A i r  T r a f f i c  Cont ro l  (ATC) s u r v e i l l a n c e ,  

communication and/or n a v i g a t i o n  s e r v i c e  over t h e  CONtinental U n i t e d  Sta tes  

(CONUS). Each technique has i t s  advantages and disadvantages. A l l  employ 

p o s i t i o n  de terminat ion  s e r v i c e  by m u l t i l a t e r a t i o n  u s i n g  a c o n s t e l l a t i o n  o f  s a t e l -  

1-7 

l i t e s .  These techniques can be grouped i n t o  t h r e e  b a s i c  ca tegor ies  based on 

c e r t a i n  key t e c h n i c a l  fea tures .  The t h r e e  c a t e g o r i e s  are:  

Coord inated A i r c r a f t - t o - S a t e 1 1  i t e  Techniques (CAST) 

Systems employing these techniques i n t e r r o g a t e  a i r -  
c r a f t  s e q u e n t i a l l y .  
i s  t h e  t ransmiss ion  of a t i m i n g  pu lse .  
i s  r e c e i v e d  by t h e  s a t e l l i t e s  and then r e l a y e d  t o  
a ground process ing f a c i  1 i ty .  The ground process ing 
f a c i l i t y  determines t h e  s i g n a l  t i m e  o f  a r r i v a l  (TOA) 
a t  each o f  t h e  s a t e l l i t e s  and es t imates  t h e  a i r c r a f t  
p o s i t i o n  by m u l t i l a t e r a t i o n .  The p o s i t i o n  in forma- 
t i o n  i s  then i n c o r p o r a t e d  i n t o  t h e  ATC s u r v e i l l a n c e  
da ta  base. The i n t e r r o g a t i o n  a l g o r i t h m  i s  designed 
t o  e l i m i n a t e  over lapp ing  s i g n a l  pu lses  a t  t h e  s a t e l -  
l i t e s  and hence mutual  i n t e r f e r e n c e .  

The response f rom an a i r c r a f t  
Th is  p u l s e  

Random Access A i r c r a f t - t o - S a t e 1  1 i t e  Techniques (RAST) 

Systems employing these techniques have each a i r c r a f t  
t r a n s m i t  a t i m i n g  pu lse  which i s  r e c e i v e d  by f o u r  o r  
more s a t e l l i t e s  and r e l a y e d  t o  a ground process ing 
f a c i l i t y .  T h i s  f a c i l i t y  determines T9A a t  each o f  
t h e  s a t e l  1 i t e s  and est imates t h e  a i r c r a f t  p o s i t i o n  
by h y p e r b o l i c  m u l t i l a t e r a t i o n .  
mat ion  i s  then i n c o r p o r a t e d  i n t o  t h e  ATC s u r v e i l l a n c e  
da ta  base. S ince a i r c r a f t  t r a n s m i t  i n  an uncoord inated 
manner, sys tem performance, i . e .  accuracy and update 
r a t e ,  i s  u l t i m a t e l y  l i m i t e d  by mutual i n t e r f e r e n c e  
caused by s i g n a l  over lap  a t  s a t e l l i t e  r e c e i v e r s .  

The p o s i t i o n  i n f o r -  
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Sate1 1 i t e - t o - A i r c r a f t  Techniques (SAT) 

Systems employing these techniques operate b y  hav ing f o u r  1 

o r  more s a t e l l i t e s  p e r i o d i c a l l y  t r a n s m i t  t i m i n g  pu lses  t o  
a i r c r a f t .  A n a v i g a t i o n  processor  (computer) aboard each 
a i r c r a f t  de tern ines  t h e  a i r c r a f t  p o s i t i o n  f rom t h e  s i g n a l  
TOA's. The i n f o r m a t i o n  a l s o  can be da ta  l i n k e d  t o  t h e  
ground f o r  i n c l u s i o n  i n  a ground main ta ined ATC s u r v e i l -  
lance da ta  base. 

' 

T h i s  volume i s  concerned w i t h  an assessment o f  t h e  c r i t i c a l  t e c h n i c a l  

aspects o f  Random Access A i  r c r a f t - t o - S a t e 1 1  i t e  Techniques (RAST) . 
two techniques a r e  t r e a t e d  i n  Volumes I and 111. 

The o t h e r  

8 9 9  

These t h r e e  volumes concent ra te  o n l y  on t h e  c r u c i a l  t e c h n i c a l  issues.  

They do n o t  a t tempt  t o  assess t h e  broad spectrum o f  o p e r a t i o n a l  o r  economic 

i m p l i c a t i o n s  o f  employing these techniques i n  t h e  N a t i o n a l  A i rspace System. 
I 

c o r m  ATC 

ques t ions  

m i g h t  evo 

a l s o  ou ts  

system a r e  beyond t h e  

concern ing t h e  manner 

Issues such as t h e  c o s t - e f f e c t i v e n e s s  o f  s a t e l l i t e s  as an element i n  fhe 

scope o f  these i n v e s t i g a t i o n s .  Detaided 

by which any o f  these s a t e l l i t e  techniques 

ve f rom p r e s e n t  day a r c r a f t  s u r v e i l l a n c e / n a v i g a t i o n  systems a r e  

de t h e  scope o f  t h i s  r e p o r t .  D e t a i l e d  o p e r a t i o n a l  requi rements 

t h a t  would be imposed upon a s a t e l l i t e  system f o r  CONUS ATC have n o t  been 

g i v e n  c o n s i d e r a t i o n  i n  depth. I 

The r e s u l t s  o f  t h e  t e c h n i c a l  assessment o f  a l l  t h r e e  s a t e l l i t e  techniques 

have v e r i f i e d  t h a t  s a t e l l i t e - b a s e d  techniques f o r  CONUS ATC c o u l d  be developed - 

w i t h o u t  r e l i a n c e  on h i g h  r i s k  technoloqy.  No one p a r t i c u l a r  technique has 

emerged as super io r ;  r a t h e r ,  severa l  f e a s i b l e  a l t e r n a t i v e s  have been identified-. 

b L., 

One o f  t h e  pr imary  a t t r a c t i v e  a t t r i b u t e s  o f  s a t e l l i t e s  i s  t h e i f  i n h e r e n t  

a b i l i t y  t o  p r o v i d e  broad coverage o f  low a l t i t u d e  a i rspace.  Unpress l r i zed  

genera l  a v i a t i o n  a i r c r a f t  a r e  predominant users o f  low a l t i t u d e  a i rspace.  

2 



r 

- -  
.I 

Hence, a central issue i s  the complexity of general aviation avionics required 

for  s a t e l l i t e  operation. I t  has been concluded t h a t  a l l  three of the techniques 

considered require more sophisticated avionics ( for  a given user c lass)  t h a n  i s  

currently employed for comparable service w i t h  today's ground based system. 

1 . 2  RANDOM ACCESS AIRCRAFT-TO-SATELLITE TECHNIQUES (RAST) 

With RAST, each participating a i r c ra f t  i s  assumed to  periodically trans- 

mi t a uniquely identifying signature waveform t o  a constel 1 ation of sate1 1 i tes. 

These transmissions are relayed t o  a ground s ta t ion where they are used t o  

establish b o t h  the presence of the a i rc raf t  and t o  determine i t s  position. RAST 

i s  distinguished from CAST in t h a t  for the former the a i r c r a f t  transmissions are 

mutually uncoordinated and the possibil i ty ar ises  t h a t  signature receptions will 

overlap in time a t  s a t e l l i t e  receivers. The effects  of t h i s  mutual interference 

cannot be ignored in a performance assessment of RAST. 

Successful operation of a system employing RAST i s  contingent upon i t s  

ab i l i ty  t o  both acquire a n d  track a i rc raf t .  

acquisi tion/tracking performance, these issues have been studied in some depth. 

Because of the importance of the 

1.3 PRINCIPAL CONCLUSIONS 

As a resul t  of the study reported herein, a number of conclusions can be 

These conclusions pertain principally t o  the technological feas ib i l i ty  drawn. 

o f  RAST. 
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A. NO IMPENETRABLE TECHNOLOGICAL BARRIERS PRECLUDE THE F E A S I B I L I T Y  
OF EMPLOYING RANDOM ACCESS A I R C R A F T - T O - S A T E L L I T E  TECHNIQUES.  

The s a t e l l i t e  a n d  avionics technologies w h i c h  are pertinent to these 

Consequently, techniques appear t o  be well within present day capabi l i t ies .  

the f eas ib i l i t y  is  n o t  contingent upon any h i g h  r isk technological advance. 

8.  H I G H  G A I N  S A T E L L I T E  ANTENNAS ARE D I C T A T E D  BY THE D E S I R E  FOR LOW 
COST A V I O N I C S  WHICH A R I S E S  FROM THE I N C L U S I O N  OF GENERAL ;AVIAT IOPI  
I N  THE SYSTEM. 

I 

Among the numerous alternatives for the realization of a systim which 
I 

employs RAST, certain ones are strongly preferred w i t h  regard t o  t h e  ilnclusion 

of general aviation a i r c ra f t  with low cost avionics. Specifically,  by: employ- 

ing a large, high gain, narrow beamwidth antenna rather t h a n  a small, ,moderate 

gain, CONUS coverage antenna for  each s a t e l l i t e ,  the need for high pea:k o u t p u t  

power a t  the a i r c ra f t  transmitter i s  diminished. Such an  antenna must! u t i l i ze  

several beams in order t o  maintain CONUS coverage. Since coverage reghons are 

neither mutually exclusive nor identical from different s a t e l l i t e  positions, 
I 

I 

I care must be exercised i n  exploiting th i s  capability. 
~ 

C. A H I G H  G A I N  S A T E L L I T E  ANTENNA PROVIDES AN E F F E C T I V E  NAY TO REDUCE 
THE EFFECT OF THE MUTUAL INTERFERENCE CAUSED BY THE UNCOORDINATED 
(AND SOMETIMES OVERLAPPING)  A I R C R A F T  TRANSMISSIONS.  -4 

I 

-- I 

I 
In systems employing RAST which use a single beam CONUS coverage sa te l -  

l i t e  antenna, transmissions from a i r c ra f t  anywhere in CONUS can mutually i r t e r -  

fere .  

* 

, 
However, in systems which use a high gain multiple beam antennal t o  pro- 

vide CONUS coverage, mutual interference occurs only among a i r c ra f t  nikhin the 

same beam, I 
I 

I 
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D. THE REQUIRED A V I O N I C S  COMPLEMENT I S  SIGNIFICANTLY MORE COMPLEX 
(AND COSTLY TODAY) THAN THE CORRESPONDING ATCRBS A V I O N I C S .  

For adequate r a n g i n g  accuracy, coherent  p u l s e  t r a n s m i t t e r s  a re  requ i red .  

To l i m i t  the  disadvantage o f  any one user  r e l a t i v e  t o  t h e  f l e e t ,  care fu l  power 

m o n i t o r i n g  i s  e s s e n t i a l ,  L e . ,  t r a n s m i t t e r s  i d e a l l y  should have i d e n t i c a l  E R P ' s .  

The c o n t r a s t  w i t h  ATCRBS transponders ( w i t h  t h e i r  6-8.5 dB power t o l e r a n c e ,  

3 MHz frequency t o l e r a n c e  and incoherent  s h o r t  p u l s e  o p e r a t i o n )  i s  evidence of 

t h e  h i g h  complex i ty  o f  t h e  a v i o n i c s  r e q u i r e d  i n  systems which employ RAST. 

Desp i te  t h e  f a c t  t h a t  f o r  b a s i c  s u r v e i l l a n c e  s e r v i c e  w i t h  RAST no a i r c r a f t  

r e c e i v e r  i s  requ i red ,  t h e  complex i ty  o f  t h e  t r a n s m i t t e r  i s  expected t o  r e s u l t  i n  

an a v i o n i c s  c o s t  h i g h e r  than t h a t  o f  today 's  ATCRBS transponder.  

E. COMMONALITY OF EQUIPCIENT WITH UPGRADED THIRD GENERATION ATC 
A V I O N I C S  CANNOT SUPPORT SUBSTANTIAL SAVINGS I N  THE TOTAL A V I O N I C S  
COST. 

T o t a l  a v i o n i c s  c o s t  c o u l d  i n  p r i n c i p l e  be decreased by e x p l o i t i n g  com- 

m o n a l i t y  among onboard equipment. However, t h e  n e c e s s i t y  f o r  upper-hemispher i -  

c a l  coverage, o p e r a t i o n  i n  t h e  1535-1660 MHz a l l o c a t i o n  and coherent t ransmis-  

s i o n  prov ides  l i t t l e  o p p o r t u n i t y  f o r  apprec iab le  savings through i n t e g r a t i o n  w i t h  

o t h e r  a v i o n i c s  planned f o r  the  Upgraded T h i r d  Generat ion System. 

F. A LARGE CENTRALIZED DATA PROCESSING FACILITY R E Q U I R I N G  THE C O O R D I -  
NATED EFFORTS OF AT LEAST SEVERAL TENS OF PRESENT DAY GEPIERAL PUR- 
POSE C P U ' S  AND FAST RANDOM ACCESS STORAGE I S  NEEDED TO CONTROL THE 
SYSTEM. RELIABLE HARDWARE AND SOFTWARE ENGINEERING FOR SUCH A 
FACILITY IS A DIFFICULT BUT FEASIBLE GOAL. 

The da ta  r a t e s  a t  t h e  ground i n  t h i s  t y p e  o f  system are  such t h a t  a 

l a r g e  amount o f  simultaneous process ing i s  r e q u i r e d  f o r  f i l t e r i n g  and p o s i t i o n  

5 



determinat ion .  

t o  d a t a  i s  a l s o  requ i red .  

demanding than those o f ,  f o r  example, NAS Stage A. 

Rapid random access ( p o s s i b l y  p r e c l u d i n g  d i s c  and drum1 s to rage)  

A l l  t o l d ,  these process ing  requi rements are lmore 

G. SYSTEMS EMPLOYING RAST ARE VULNERABLE TO FAILURE OF THEIR: CENTRAL 
PROCESSING F A C I L I T Y  AND TO THREATS FROM A T E R R E S T R I A L  JAMMER. 

The f a c i l i t y  r e q u i r e d  t o  execute t h e  computat ional  f u n c t i o n s  must be 

c e n t r a l i z e d .  

o f  t h i s  f a c i l i t y .  

t e r r e s t r i a l  jammers. 

very  inexpensive technology c o u l d  d i s a b l e  an e n t i r e  s u r v e i l  lance s y s t e h  which 

A s  such, o p e r a t i o n  o f  t h e  e n t i r e  system i s  s e n s i t i v e  t o  f a i l u r e  

The a i r c r a f t - t o - s a t e l l i t e  l i n k  i s  v u l n e r a b l e  t o  t h r e a t s  f rom , 

Several  jammers a p p r o p r i a t e l y  l o c a t e d  i n  CONUS and u s i n q  

empl oys RAST. I 

H. W I T H  PROPER D E S I G N ,  THE A I R C R A F T  H A N D L I N G  C A P A B I L I T Y  OF RAST SHOIJLD, 
A T  A M I N I M U M ,  S U F F I C E  TO PROVIDE S E R V I C E  TO 50,000 A I R C R A F T  W I T H  A 
10 SECOND P O S I T I O N  UPDATE PERIOD. I 

I 

I 

T h i s  c a p a c i t y  should be adequate t o  p r o v i d e  s e r v i c e  t o  t h e  a n t i c i p a t e d  

1990's t r a f i c  i n  e i t h e r  t h e  enroute  environment or t h e  a i rspace o u t s i d e  the  

coverage o f  a ground based system. , 
I 

1.4 PROGRAM 
I 

The program o f  t h i s  volume i s  as f o l l o w s .  I n  Sec t ion  2 we b e g i n i b y  

d e s c r i b i n g  t h e  genera l  o p e r a t i o n  o f  a s u r v e i l l a n c e  system which employs RAST. 

C r i t i c a l  t e c h n i c a l  i ssues  concerning sate1 1 i t e  antennas and s i g n a t u r e  s e l e c t i o n  

are  discussed. S u r v e i l l a n c e  systems which employ RAST r e q u i r e  two p r i i a r y  sub- 

I 

systems; one f o r  a c q u i s i t i o n  o f  a i r c r a f t  and one f o r  t r a c k i n g  a i r c r a f t j p o s i t i o n .  
I 
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SECTION 2 

SYSTEM DESCRIPTION AND DESIGN ALTERNATIVES 

I n  t h i s  sec t ion , the  o p e r a t i o n  of  a s u r v e i l l a n c e  system employing RAST i s  

descr ibed.  

t i v e s  f o r  t h e  des ign o f  such a system. 

f i c a l l y  t h e  s e l e c t i o n  o f  s a t e l l i t e  antenna and s i g n a t u r e  formats,  c o n s t i t u t e  

the  b a s i s  f o r  a comparat ive a n a l y s i s  o f  systems employing RAST.  

cussed i n  some d e t a i l .  

W i t h i n  t h e  general  framework o f  t h i s  d e s c r i p t i o n  l i e  many a1 terrra- 

Several  o f  these a l t e r n a t i v e s ,  spec i -  

These are  d i s -  

2.1 SYSTEM DESCRIPTION 

A p i c t o r i a l  r e p r e s e n t a t i o n  o f  a s u r v e i l l a n c e  system employing RAST 

i s  shown i n  Fig.  2.1. Each a i r c r a f t  t r a n s m i t s  i t s  s i g n a t u r e  waveform t o  a 

c o n s t e l  1 a t i o n  o f  s a t e l  1 i t e s .  The s a t e l  1 i t e s  operate as 1 i n e a r  (frequency 

t r a n s l a t i o n )  repeaters  which r e l a y  t h e  rece ived s ignatures  t o  one o r  more 

ground process ing s t a t i o n s .  

v i s i b l e  s a t e l l i t e s  a re  processed t o  determine which a i r c r a f t  a r e  i n  t h e  a i r -  

space and t o  t r a c k  t h e i r  c u r r e n t  p o s i t i o n .  It i s  convenient  t o  i d e n t i f y  two 

pr imary  ground process ing subsystems; a c q u i s i t i o n  and t r a c k i n g .  

The a c q u i s i t i o n  subsystem has as i t s  p r i n c i p a l  f u n c t i o n  t h e  d e t e c t i o n  o f  

A i r c r a f t  so detected are  passed on t o  t h e  t r a c k i n g  

A t  t h e  ground f a c i l i t y  t h e  s i g n a l s  r e l a y e d  by a l l  

a i r c r a f t  i n  the  a i rspace.  

subsystem f o r  accurate r e a l  t ime p o s i t i o n  de terminat ion .  

I t  i s  o p e r a t i o n a l l y  convenient t o  view t h e  a c q u i s i t i o n  subsystem a s  one 

which processes t h e  s e t  o f  rece ived waveforms w i t h  a bank o f  matched f i l t e r -  

envelope d e t e c t o r  r e c e i v e r s .  These a r e  used t o  d e t e c t  t h e  presence o f  an 

- rr 

-. 
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The assumed o p e r a t i o n  o f  these subsystems i s  descr ibed i n  Sec t ion  3. Sec:tion 4 

summarizes and compares t h e  performance o f  severa l  v a r i a n t s  o f  a s u r v e i  11 ance 

system employing RAST. 

t o  a t e c h n i c a l  assessment o f  RAST a r e  considered; t h e  s u s c e p t i b i l i t y  t o  - inten- 

t i o n a l  jamming and t h e  c o m p l e x i t y  of  t h e  computat ion r e q u i r e d  a t  t h e  ground 

f a c i  1 i ty  . 

I n  t h e  f i n a l  s e c t i o n  o f  t h i s  volume, two issues  c r i t i c a l  

I 

I 
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Figure 2 . 1 .  ATC Surveillance System Employing RAST. 
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a i r c r a f t  s i g n a t u r e  and t o  e s t i m a t e  t h e  corresponding s i g n a t u r e  t i m e  o f  a r r i v a l  

(TOA). 

a search o r d e r  determined by t h e  a p r i o r i  l i k e l i h o o d  o f  f i n d i n g  t h e  a i r -  

c r a f t  i n  t h e  a i r s p a c e  and t h e  importance o f  d e t e c t i n g  and t r a c k i n g  t h e  a i r -  

I n  genera l ,  s e t s  o f  a i r c r a f t  w i l l  be searched f o r  s e q u e n t i a l l y  fo l low' ing 

c r a f t .  

t h e  a c q u i s i t i o n  processor  f o r  f a i l u r e  t o  pass a t r a c k  r e l i a b i l i t y  t e s t  o r  a i r -  

c r a f t  about t o  t a k e - o f f  m igh t  be g i v e n  p r i o r i t y  i n  a c q u i s i t i o n  search. 

a i r c r a f t  i s  t r a n s f e r r e d  t o  t h e  t r a c k i n g  processor  o n l y  a f t e r  i t  i s  s a t i s f a c t o r i l y  

acqui red.  

and a r e s u l t i n g  s e t  o f  p e r m i s s i b l e  TOA's. The TOA s e t  i s  t o  be considered 

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

t i o n  equat ions i s  acceptable.  If, f o r  example, t h e  TOA's i n d i c a t e  an a i r c r a f t  

a t  an a l t i t u d e  of 200,000 ft, t h e y  would c l e a r l y  n o t  be considered p e t m i s s i b l e .  

The t r a c k i n g  subsystem i s  assumed t o  have a t r a c k  f i l e  c o n s i s t i n g  o f :  

For example, p r e v i o u s l y  t r a c k e d  a i r c r a f t  t h a t  have been r e t u r n e d  t o  

An 

A c q u i s i t i o n  r e q u i r e s  s i g n a t u r e  d e t e c t i o n  by a t  l e a s t  f o u r  s a t e l l i t e s  

1 )  a l i s t  o f  de tec ted  a i r c r a f t  c u r r e n t l y  i n  t h e  a i rspace,  
I i .e . ,  those p r e v i o u s l y  de tec ted  by t h e  a c q u i s i t i o n  sub- 

system and n o t  subsequent ly r e t u r n e d  t o  i t , and 

t h e  r e c e n t  p a s t  h i s t o r y  o f  t h e  p o s i t i o n a l  da ta  f o r  each 
such a i r c r a f t .  

I 

I 

2 )  

I n  opera t ion ,  t h e  t r a c k i n g  subsystem determines p o s i t i o n  f rom t h e  s e t  o f  TOA's 

f o r  each t ransmiss ion  from every a i r c r a f t  i n  i t s  f i l e .  It a l s o  migh t  use t h e  

p a s t  h i s t o r y  o f  t h e  p o s i t i o n a l  da ta  o f  an a i r c r a f t  t o  make a v e l o c i t y  est imate.  

For each t ransmiss ion  t h e  t r a c k  f i l e  i s  updated by new p o s i t i o n a l  da ta  for  

t h e  corresponding a i r c r a f t .  The r e s u l t i n g  i n f o r m a t i o n  can be entered i n t o  

the  a p p r o p r i a t e  ATC data base. 

, 

I 

I 
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In RAST, the individual aircraft transmissions are "free-running," i .e.,  

there i s  no pre-established synchronization or coordination in time among the 

transmissions of various aircraft. Each aircraft thus has random access t o  

the several satel l i te  uplink channels. The surveillance system must be able t o  

function in the presence of whatever mutual interference i s  caused by the over- 

lapping arrival of two o r  more signatures a t  any of the satell i te receivers. 

This mutual interference (mu1 tiple access noise) cannot be ignored in assessing 

RAST and i s ,  in f a c t ,  a major determinant of performance. 

2.2 DESIGN ALTERNATIVES 

2.2.1 Satellite Antenna Coverage Considerations 

In analyzing RAST, we will consider two quite different candidates for  the 

satell i te antenna. 

The beam i s  broad enough t o  provide CONUS coverage from synchronous o r b i t .  

a system employing such an antenna, there i s  l i t t l e  selectivity w i t h  respect t o  

angle of arrival a t  the receiver, and thus signatures must be detected and TOA 

estimates made i n  the presence of the mutual interference generated by the trans- 

missions of aircraft anywhere in CONUS. 

previous studies of RAST. 

The f i r s t  i s  a single beam antenna having a 10" beamwidth. 

I n  

Similar antennas have been assumed in 
1 

The second satell i te antenna candidate which will be considered has a 

narrower beamwidth and maintains CONUS coverage by utilizing multiple beams. 

This antenna i s  a 3 0 f t  parabolic dish, an example of which i s  the NASA ATS-F 

antenna!' I t  has a 1.5" beamwidth and a high (42 dB) gain a t  a frequency of 

1600 MHz. Since mutual interference results prlmarily from aircraft located 

w i t h i n  a common beam, the narrow beamwidth o f  such an antenna serves t o  

11 



decrease t h e  m u l t i p l e  access no ise .  

beamwidth antenna w i l l  f u r t h e r  enhance t h e  r e c e i v e d  s i g n a l s  r e l a t i v e  t o  rece ' iver  

no ise.  

The a d d i t i o n a l  antenna g a i n  o f  t h i s  narrow 

I n  o r d e r  t o  understand how t h i s  h i g h  g a i n  mult ibeam antenna c o u l d  be 

i n c o r p o r a t e d  e f f e c t i v e l y  i n t o  a system employing RAST, i t  i s  necessary t o  

determine t h e  coverage prov ided by t h e  antenna when t h e  s a t e l l i t e  i s  i n  a 

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

d i x  A f o r  a t e n  s a t e l l i t e  c o n s t e l l a t i o n  determined by Lee and Wade.''{ 

p a r t i c u l a r  c o n s t e l l a t i o n  has t h e  d e s i r a b l e  c h a r a c t e r i s t i c  o f  r e l a t i v e '  i n s e n s i -  

t i v i t y  o f  p o s i t i o n  d e t e r m i n a t i o n  accuracy t o  a i r c r a f t  o r i e n t a t i o n ,  s a ' t e l l i t e  

f a i l u r e  and a i r c r a f t  l o c a t i o n .  

CONUS coverage i s  shown t o  v a r y  cons iderab ly  w i t h  s a t e l l i t e  o r b i t a l  p b s i t i o n .  

When t h e  s a t e l l i t e  i s  a t  a low e l e v a t i o n  angle,as few as t h r e e  beams may 

s u f f i c e  f o r  COMUS coverage. 

antenna must be c a r e f u l l y  chosen t o  a v o i d  s i g n i f i c a n t  mutual i n t e r f e r e n c e  

through beam over lap .  

number o f  beams r e q u i r e d  f o r  CONUS coverage can exceed ten .  

T h i s  i s s u e  i s  cons idered i n  d e t a i l  i n  Appen- 

The 

The number o f  antenna beams r e q u i r e d  f o r  complete 
I 

I 

The b o r e s i g h t  p o i n t s  o f  t h e  severa l  beams o f  thle 

When t h e  s a t e l l i t e  i s  a t  a h i g h  e l e v a t i o n  angle,  t h e  

I n  t h e  sequel ,  we w i l l  i n c o r p o r a t e  v a r i o u s  coverage extremes i n t o  t h e  

a n a l y s i s  o f  RAST. 

about coverage are consequences o f  t h e  f i r s t  o r d e r  a n a l y s i s  i n  Appendix A .  

I t  should,  however, be c l e a r l y  understood t h a t  a l l l a s s u m p t i o n s  

- . .  

_ c  

2.2.2 S ignature  S e l e c t i o n  Considerat ions I 

I 

The s i g n a t u r e  waveforms used i n  RAST may be s e l e c t e d  i n  a v a r i e t y  o f  ways. 

We have n o t  chosen t o  i n v e s t i g a t e  t h e  d e t a i l e d  des ign and/or " o p t i m i z a t i o n "  o f  
I 

I 
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signature sets .  

particular class of signature se t s  whose properties are described below. 

Rather, for our purposes, we have chosen to  concentrate on a 

For our analysis of variants of RAST, at tention i s  res t r ic ted t o  signa- 

ture waveform sets  i n  which each member signature consists of P equal length 

non-overlapping pulses selected from a population of N elementary pulses. 

interpulse spacing between adjacent pulses i s  selected from one of I possible 

The 

values. The maximum number o f  unique signatures i s  therefore given by 

6 As an example, 10 unique signatures could be constructed from P=3 pulses, 

N=16 possible waveforms and I=16 poss.ible interpulse spacings, i . e .  , 

6 Nmax = 1 6 ~  16' z I O  

With respect t o  RAST, the most significant parameters of the signature 

set  are;  ( 1 )  the i r  time-bandwidth occupancy, ( 2 )  the number of unique signatures, 

( 3 )  the relationship between signature waveform and the accuracy of TOA e s t i -  

mation, and  ( 4 )  the degree of mutual interference resulting from overlapping 

arr ivals  a t  a receiver. These parameters are principally determined by; 

( 1 )  the time-bandwidth occupancy of the elementary pulses, ( 2 )  the number of 

elementary pulses ( N )  , signature pulses ( P )  and interpulse spacings ( I )  , 
( 3 )  the elementary pulse autocorrelation functions, and ( 4 )  the elementary 

pulse crosscorrelation functions. 

1 3  



Previous i n v e s t i g a t i o n s  o f  concepts s i m i l a r  t o  RAST have employed mu1 t , i p l e  

pu lse  s ignatures .  These s i g n a t u r e  s e t s  a r e  members o f  t h e  genera l  c l a s s  in t i -o -  

duced above. 

t i n c t  s i g n a t u r e s  can be c o n s t r u c t e d  from a smal l  number o f  e lementary 'pu lses  

(see t h e  example represented  by Eq. (2 -23 ) ) .  The smal l  number of pu lses can 

u s u a l l y  be s e l e c t e d  t o  have near o p t i m a l  auto-and c r o s s - c o r r e l a t i o n  p r o p e r t i e s .  

When m u l t i p l e  p u l s e  s i g n a t u r e s  a r e  used, a l a r g e  number of  d i s -  

S ignature  s e t s  i n  which each s i g n a t u r e  c o n s i s t s  o f  a s i n g l e  Dulse Dreserlt  

t new a l t e r n a t i v e  t o  t h e  m u l t i p l e  p u l s e  s ignatures .  Both types o f  s ignatures  

w i l l  be considered i n  t h e  subsequent analyses o f  RAST. I 

For t h e  purpose o f  t h i s  r e p o r t ,  we w i l l  cons ider  o n l y  b i n a r y  ant i :podal  

phase s h i f t  keyed (PSK) pu lses  w i t h  i n c o h e r e n t  i n t e r p u l s e  phase. 

o f f  keyed p u l s e  ampl i tude modu la t ion  (PAM) is r e j e c t e d  because of t h e  : d i f f i c u l t y  

o f  c o n s t r u c t i n g  p u l s e  s e t s  w i t h  good c o r r e l a t i o n  p r o p e r t i e s  f rom b i n a r y  wave- 

forms w i t h  c h i p  t o  c h i p  incoherence. 

B i n a r y  on- 

I t  has been shown t h a t  good auto-  
I 

and c r o s s c o r r e l a t i o n  p r o p e r t i e s  can be ob ta ined even f o r  t h e  l a r g e  wav'eform 
6 se ts  r e q u i r e d  by s i n g l e  p u l s e  PSK s ignatures .  

pu lses ,  each composed of 500 PSK ch ips ,  can be found having! c r o s s c o r r e l a t i o n  

magnitude l e s s  than 0.3, and o f f  peak a u t o c o r r e l a t i o n  magnitude l e s s  t:han 0.2. 

For example, a s e t  of 110 

14 
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SECTION 3 

ACQUISITION AND TRACKING DESCRIPTION 

As a b a s i s  f o r  t h e  performance a n a l y s i s  ( S e c t i o n  4)  o f  RAST, t h e  assumed 

Th is  o p e r a t i o n  o f  t h e  a c q u i s i t i o n  and t r a c k i n g  subsystems w i l l  be descr ibed.  

d e s c r i p t i o n  i s  i n t e n d e d  as a v e h i c l e  f o r  t h e  performance a n a l y s i s ,  n o t  as an 

op t im ized design. 

i n v e s t i g a t e d  i n  an a c t u a l  system design a r e  beyond t h e  scope o f  t h e  present  

study. 

Many o f  t h e  ref inements and a l t e r n a t i v e s  which would be 

I n  d e s c r i b i n g  t h e  a c q u i s i t i o n  and t r a c k i n g  process ing,  i t  w i l l  be assumed 

t h a t  each a i r c r a f t  t r a n s m i t s  a s i g n a t u r e  c o n s i s t i n g  o f  P pu lses;  A1, A*,. . . 
w i t h  i n t e r p u l s e  spacings T1, T2,...Tp,l. 

i c a l l y  every a seconds, t h e  update per iod .  

the  s ignatures  r e l a y e d  t o  t h e  ground s t a t i o n  are r e c e i v e d  u s i n g  matched f i l t e r -  

envelope de tec tors  matched t o  t h e  i n d i v i d u a l  pu lses.  F igure  3.1 i l l u s t r a t e s  a 

r e p r e s e n t a t i v e  s i g n a t u r e  and F ig .  3.2 i l l u s t r a t e s  t h e  combined matched f i l t e r -  

* AP 
The s i g n a t u r e  i s  t r a n s m i t t e d  per iod-  

For  b o t h  a c q u i s i t i o n  and t rack ing ,  

envelope d e t e c t o r  ou tpu ts  generated by t h e  s ignature ;  i n  t h e  l a t t e r ,  i n t e r f e r e n c e  

and s ide lobes  a r e  n o t  shown. 

system w i l l  be descr ibed f o r  a c o n s t e l l a t i o n  of four  v i s i b l e  s a t e l l i t e s .  

The opera t ion  of t h e  a c q u i s i t i o n  and t r a c k i n g  sub- 

3.1 THE ACQUISITION SUBSYSTEM 

When a p a r t i c u l a r  a i r c r a f t  i s  t o  be acquired, re t ransmiss ions  from each 

o f  t h e  f o u r  s a t e l l i t e s  a re  processed s imul taneously .  

s i g n a l s  r e c e i v e d  from one s a t e l l i t e  i s  executed i n  t h e  f o l l o w i n g  manner. 

The process ing o f  t h e  

The 

* 
These should be considered as gener ic  l a b l e s  f o r  t h e  s i g n a t u r e  pulses and 

i n t e r p u l s e  spacings. 
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F i g .  3.1. A representative RAST signature. 

F i g ,  3 . 2 .  
t o  representative RAST signature. 

Matched filter-envelope detector outputs corresponding 
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o u t p u t  of t h e  matched f i 1 ter -envelope d e t e c t o r  corresponding t o  t h e  a i  r c r a f t  ' s 

A1 pu lse  i s  f i r s t  examined. 

r a t e  (e.g., a t  a r a t e  of  more than one sample/chip).  

t e s t e d  i n  o r d e r  t o  d e t e c t  t h e  A1 pu lse .  I f  an A1 pu lse  i s  detected,  t h e  t i m e  

of d e t e c t i o n  i s  s t o r e d  and d e t e c t i o n s  o f  t h e  subsequent pu lses,  A2, ... A , a r e  

sought a t  the ou tpu ts  o f  t h e  corresponding matched f i l  ter -envelope d e t e c t o r s  

a t  t h e  a p p r o p r i a t e  de lays.  

a i r c r a f t ' s  s i g n a t u r e  r e t r a n s m i s s i o n  i s  dec la red  de tec ted  and i t s  t ime o f  a r r i v a l  

(TOA) i s  computed by e f f e c t i v e l y  averaging t h e  P p u l s e  T O A ' s .  

t i o n  t h e  p u l s e  TOA i s  cons idered as t h e  t i m e  a t  which t h e  pu lse  i s  detected.  

It i s  sampled a t  a r a t e  which exceeds t h e  DPSK c h i p  

The samples a r e  t h r e s h o l d  

P 

I f  a l l  t h e  pulses are  found, then t h i s  p a r t i c u l a r  

Dur ing a c q u i s i -  

Regardless o f  whether o r  n o t  a s i g n a t u r e  d e t e c t i o n  i s  dec lared,  t h i s  pro-  

cess ing  cont inues i n  t h e  same manner f o r  an a second p e r i o d .  

o f  Alts envelope d e t e c t o r  a r e  f i r s t  tes ted ,  and when r e q u i r e d ,  o u t p u t  samples 

f rom t h e  o t h e r  pu lses a r e  t e s t e d .  Over t h e  a second p e r i o d  t h i s  procedure 

generates a l i s t  c o n s i s t i n g  o f  a l l  t h e  computed s i g n a t u r e  a r r i v a l  t imes and t h e  

corresponding p u l s e  a r r i v a l  t imes.  

The ou tpu t  samples 

From each o f  t h e  f o u r  i n d i v i d u a l  s a t e l l i t e  TOA l i s t s  a new l i s t  of a l l  

The a i r c r a f t  p o s i t i o n  corresponding t o  p o s s i b l e  TOA quadrup le ts  i s  formed. 

each quadrup le t  i s  computed by h y p e r b o l i c  m u l t i l a t e r a t i o n  and s t o r e d  w i t h  t h e  

quadruplets .  

p o s i t i o n  computed from i t  w i l l  be t h e  c o r r e c t  a i r c r a f t  p o s i t i o n .  I n  any case, 

those p o s i t i o n s  which are  i n c o n s i s t e n t  w i t h  a p r i o r i  knowledge about the  a i r -  

c r a f t  a r e  d e l e t e d  f rom t h e  l i s t .  

n o t  e l i m i n a t e d  from the  l i s t  i s  then used t o  begin a t r a c k  on t h e  a i r c r a f t .  

I d e a l l y ,  each l i s t  w i l l  c o n t a i n  o n l y  one quadrup le t  and the  

* 

The f i r s t  s i g n a t u r e  TOA quadrup le t  which i s  

t 
E.g., general  a v i a t i o n  a i r c r a f t  a t  20k f t  a l t i t u d e .  
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The p o s i t i o n  corresponding t o  t h i s  TOA quadrup le t  i s  s u p p l i e d  t o  t h e  ATC data  

base as an a c q u i s i t i o n  p o s i t i o n  es t imate ,  and t h e  s i g n a t u r e  TOA quadrup le t  i s  

s u p p l i e d  t o  t h e  t r a c k i n g  subsystem. 

3.2 THE TRACKING SUBSYSTEM 

t o  t h e  r e c e p t i o n  o f  

t h e  i n i t i a l  TOA's m 

a re  used t o  compute 

a p a r t i c u l a r  

g h t  be suppl  

t h e  p o s i t i o n  

The o p e r a t i o n  o f  t h e  t r a c k i n g  subsystem can be descr ibed i n d u c t i v e l y .  

Dur ing  any g i v e n  update p e r i o d ,  a s e t  o f  TOA's {tl, t2, t3, t4) corresponding 

a i r c r a f t  s i g n a t u r e  i s  determined. 

ed b y  t h e  a c q u i s i t i o n  subsystem. These TOA's 

o f  t h e  a i r c r a f t  and a r e  a l s o  used to;  r e f i n e  any 

For example, 

e x i s t i n g  e s t i m a t e  o f  t h e  a i r c r a f t  v e l o c i t y  v e c t o r .  

a i r c r a f t  p o s i t i o n  ( e q u i v a l e n t l y  TOA q u a d r u p l e t ) ,  v e l o c i t y  e s t i m a t e  (v:) , and 

abso lu te  e r r o r  i n  v e l o c i t y  e s t i m a t e  ( E V )  i s  used b y  t h e  t r a c k i n g  subsbstem t o  

The combinat ion of p resent  

determine a s e t  o f  search windows f o r  the  n e x t  s e t  o f  s i g n a t u r e  pulse;  a r r i v a l s .  

The t r a c k i n g  subsystem searches w i t h i n  these windows f o r  t h e  s ignatur le pu lses 

t r a n s m i t t e d  d u r i n g  t h e  n e x t  update p e r i o d  and es t imates  t h e  TOA's o f  i the n e x t  

s e t  o f  s i g n a t u r e  pulses.  

then computed from these new TOA es t imates  and t h e  t r a c k i n g  procedure cont inues .  

Fo l low ing  i s  a more d e t a i l e d  d e s c r i p t i o n  o f  t h i s  process ing.  , 

I 

A i r c r a f t  p o s i t i o n  d u r i n g  t h e  n e x t  update pe ' r iod i s  

When a s i g n a t u r e  TOA e s t i m a t e  i s  determined, t h e  ground processor  assigns 

an 

ti 
a r r i v a l  t ime e s t i m a t e  f o r  t h e  A .  p u l s e  a t  t h e  i - t h  s a t e l l i t e ;  c a l l '  t h i s  t ime 

. Then, f o r  example, g iven  t2, v and E ,  t h e  processor assumes t h a t /  t h e  A1 
J I 

1 

p u l s e  o f  t h e  s i g n a t u r e  w i l l  be r e c e i v e d  a t  s a t e l l i t e  2 i n  t h e  n e x t  uqdate pfir  
~ 

p e r i o d  d u r i n g  t h e  u n c e r t a i n t y  i n t e r v a l  ( o r  window) I 
I 

I 

I 
~ 
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1 XQ2.k + 62]  v(l-s)a + 6*, t2 + fJ + 
C 

1 
C 

[t* i- ci + 

T h i s  s i t u a t i o n  i s  i l l u s t r a t e d  i n  F ig .  3.3. The parameter 62  accounts f o r  

s a t e l l i t e  mot ion  over  an update p e r i o d ;  i t  i s  a f u n c t i o n  o f  t h e  s a t e l l i t e  

p o s i t i o n  and o r b i t  and i s  assumed known a t  t h e  ground s t a t i o n .  The u n c e r t a i n t y  

i n t e r v a l  should be f u r t h e r  e longated t o  account f o r  u n c e r t a i n t i e s  i n  t h e  

es t imate  o f  ti, 6i and E. 

and accord ing ly ,  we n e g l e c t  them i n  our  d e f i n i t i o n  o f  t h e  u n c e r t a i n t y  i n t e r v a l .  

j EClV O r d i n a r i l y ,  these a r e  n e g l i g i b l e  compared t o  , 

The processor  determines t h e  peak o f  t h e  o u t p u t  o f  Ai's matched f i l t e r -  

envelope d e t e c t o r  i n  t h i s  u n c e r t a i n t y  , i n t e r v a l  and notes t h e  t ime a t  which t h i s  

occurs;  c a l l  t h i s  T ~ .  I t  takes T; as t h e  es t imate  o f  t h e  TOA o f  A, a t  s a t e l l i t e  

2 d u r i n g  t h e  n e x t  update per iod .  

1 

The same procedure i s  c a r r i e d  o u t  f o r  t h e  remain ing  s i g n a t u r e  pulses.  

A l l  t o l d ,  t h i s  generates TOA est imates,  T~ 1 ,. . .-rl P f o r  A , . , .AD d u r i n g  t h e  n e x t  
1 

update per iod .  

t h e  TOA d i f f e r e n c e s ;  T~ 2 - -rl, 1 3  T~ - T ~ ,  1 ... T - T ~ ,  T~ - T~,... a r e  then compared 

t o  t h e  corresponding i n t e r p u l s e  spacings o f  t h e  s i g n a t u r e  o f  the  a i r c r a f t  o f  

i n t e r e s t .  

spac ing t o  w i t h i n  some a l l o w a b l e  e r r o r  (e.g., a few c h i p s ) ,  then t h e  t r a c k i n g  

o f  t h i s  a i r c r a f t  te rmina tes  and t h e  a i r c r a f t  i s  p u t  on t h e  l i s t  o f  a i r c r a f t  t o  

be r e a c q u i r e d  i n  t h e  n e x t  update per iod .  

Once these est imates have been determined a t  a l l  f o u r  s a t e l l i t e s ,  

1 

I f  one t i m e  d i f f e r e n c e  does n o t  correspond t o  t h e  expected i n t e r p u l s e  

I f  t h e  pu lse  TOA est imates do s a t i s f y  t h e  i n t e r p u l s e  c o n s t r a i n t s ,  a t r a c k i n g  

r e l i a b i l i t y  t e s t  i s  performed. 

f o l l o w i n g  way. 

As  an example, t h i s  may be c a r r i e d  o u t  i n  t h e  

For each i=l, ...p, t h e  matched f i l t e r  o u t p u t  samples corresponding 
i i i i  t o  T ~ ,  -c2, -r3, T~ are  examined. A t h r e s h o l d  t e s t  i s  made on t h e  sample va lue  
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F i g .  3.3. Pulses and uncertainty window i n  the tracking system. 
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i n  o r d e r  t o  i nc rease  conf idence t h a t  t h e  maximum was a c t u a l l y  generated by t h e  

r e c e p t i o n  o f  an A .  pu lse.  I f  a l l  dec i s ions  a r e  a f f i r m a t i v e ,  t h e  t r a c k  r e l i a -  

b i l i t y  t e s t  i s  passed, o the rw ise  i t  i s  f a i l e d .  If t h e  t r a c k  r e l i a b i l i t y  t e s t  i s  

passed, then t h e  pu lse  T O A ' s  a re  averaged t o  determine an es t ima te  of t h e  s igna-  

1 

- -  - -  
t u r e  TOA a t  each s a t e l l i t e .  The r e s u l t i n g  quadrup le t  o f  s i g n a t u r e  TOA est imates 

i s  used t o  es t ima te  t h e  a i r c r a f t  p o s i t i o n  which i s  en tered  i n t o  t h e  ATC da ta  

base. 

c _  

Because o t h e r  implementat ions o f  t h i s  t e s t  a r e  poss ib le ,  t h e  t r a c k  r e l i a -  

?. b i l i t y  t e s t  i s  n o t  i nco rpo ra ted  i n t o  t h e  performance a n a l y s i s  i n  Sec t i on  4. 

The v e l o c i t y  es t imate ,  v ,  used t o  determine t h e  u n c e r t a i n t y  window can 

be ob ta ined by smoothing p a s t  a i r c r a f t  p o s i t i o n  data. Immediate ly  a f t e r  an 

a c q u i s i t i o n  pe r iod ,  when t h e r e  may be l i t t l e  r e l i a b l e  data a v a i l a b l e ,  t h e  

f r a c t i o n a l  e r r o r  E: may be q u i t e  l a r g e .  A s  t h e  a i r c r a f t  i s  t racked,  t h i s  can 

be expected t o  decrease. Table 3.1 i n d i c a t e s  the  window d u r a t i o n ,  f o r  severa l  

r e p r e s e n t a t i v e  va lues of E .  

T A B L E  3.1 
U NC E RTA I NTY I N T  E RVAL S FOR VA R I OUS A I RC RA FT VE LOC I TY ASS UM PT I 0 11 S 

A P R I O R I  INFORMATION UNC ERTA I NTY W I N DOL' 14 I DTH 

a = 10 sec 

Heading Unknown 
v < - 1,000 f t / s e c  
v = 1,000 k 250 f t / s e c  ( ~ = 0 . 2 5 )  
v = 1,000 ? 50 f t / s e c  (s=G.O5) 

20 usec 
5 wsec 
1 p e c  
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SECTION 4 

PERFORMANCE ANALYSIS 

The performance a n a l y s i s  i n d i c a t e s  t h a t  s i n g l e  beam r e a l  i z a t i o n s ' e m p l o y i n g  

t r a n s m i t t e r s  w i t h  500 W peak power p rov ide  poor a c q u i s i t i o n  and t r a c k i n g  p e r -  

formance. 

performance becomes m a r g i n a l l y  acceptable and t h e  t r a c k i n g  performance adequate. 

Wi th  a 6 dB increase i n  t r a n s m i t t e r  power ( 2  kW), t h e  a c q u i s i t i o n  

I 

I The m u l t i p l e  beam r e a l i z a t i o n s  a r e  shown t o  be capable o f  adequate a c q u i s i t i o n  

and t r a c k i n g  us ing  500 W t r a n s m i t t e r  power. 

Our program of performance a n a l y s i s  i s  as f o l l o w s .  We beg in  by s t a t i n g  

t h e  measures which c h a r a c t e r i z e  t h e  performance o f  bo th  t h e  acqui s i  t i :on  and 

t r a c k i n g  subsystems. 

s i g n a l  and no ise  energ ies f o r  t h e  a i r c r a f t - t o - s a t e l l i t e  l i n k s  under c o n s i d e r a t i o n .  

E v a l u a t i o n  o f  these measures r e q u i r e s  es t imates  o f  t h e  

22 

I n  t h i s  s e c t i o n ,  we analyze t h e  performance o f  severa l  v a r i a n t s  o f  RAST. 

The performance o f  b o t h  t h e  a c q u i s i t i o n  and t r a c k i n g  subsystems o f  these v a r i -  

d n t s  i s  examined. The system r e a l i z a t i o n s  considered a r e  grouped accord ing  t o  

t h e  t y p e  o f  s a t e l l i t e  antenna which t h e y  employ; those which u t i l i z e  a s i n g l e  

beam CONUS coverage antenna and those which use a h i g h  g a i n  30 f t  d i s h ,  main- 

t a i n i n g  COllUS coverage w i t h  a m u l t i p l e  beam c a p a b i l i t y .  

based upon s i g n a t u r e  s t r u c t u r e  and/or t r a n s m i t t e d  power a r e  a l s o  considered i n  

e v a l u a t i n g  performance. A l l  analyses i n  t h i s  s e c t i o n  assume t h e  use o f  o n l y  

four  s a t e l l i t e s  w i t h  RAST; t h i s  i s  t h e  minimum number r e q u i r e d  f o r  h y p e r b o l i c  

m u l t i l a t e r a t i o n .  

S u b s i d i a r y  d i s t i n c t i o n s  

I 

4.1 SUMMARY OF PERFORMANCE CONCLUSIONS 

c 



. 

A power budget p r o v i d i n g  these va lues i s  i n t roduced  and d iscussed as a p re lude  

t o  t h e  analyses. 

4.2 PERFORMANCE MEASURES 

The remainder o f  Sec t i on  4 deals  w i t h  t h e  s p e c i f i c a t i o n  and performance 

There fore ,  i t  i s  p e r t i n e n t  a t  t h i s  a n a l y s i s  o f  severa l  r e a l i z a t i o n s  o f  RAST. 

p o i n t  t o  i d e n t i f y  t h e  c r i t e r i a  by which t h e  performance o f  RAST i s  t o  be judged.  

Performance measures f o r  t h e  a c q u i s i t i o n  and t r a c k i n g  subsystems are  now de f ined  

f o r  t h i s  purpose. 

4.2.1 Acqui s i  t i  on 

PM, t h e  a c q u i s i t i o n  miss p r o b a b i l i t y ,  w i l l  be used t o  measure t h e  

performance of t h e  a c q u i s i t i o n  subsystem. 

be acqu i red  as: 

I t  i s  d e f i n e d  f o r  t h e  a i r c r a f t  t o  

= 1 - Prob pM 

The TOA quadrup le t  which i s  supp l i ed  
t o  t h e  t r a c k i n g  subsls tem corresponds 
t o  t h e  c o r r e c t  TOA's o f  t h e  a i r c r a f t ' s  
s i g n a t u r e  a t  t h e  f o u r  s a t e l l i t e s .  

(4.1 1 

An " a c q u i s i t i o n  miss"  i m p l i e s  t h a t  t h e  a i r c r a f t  i s  e i t h e r  n o t  acqu i red  o r  i s  

acqu i red  i n c o r r e c t l y ,  i . e . ,  i t s  t r a c k  f i l e  i s  i n i t i a l i z e d  w i t h  a n , i n c o r r e c t  

p o s i t i o n .  PM depends upon a v a r i e t y  o f  parameters; t h e  update pe r iod ,  t h e  

sampling r a t e ,  s i g n a l  energy, r e c e i v e r  no ise? and mutual i n t e r f e r e n c e .  An 

upper bound t o  PM i s  de r i ved  i n  Appendix B. 

* 
A " c o r r e c t "  TOA es t ima te  i s  one t h a t  i s  w i t h i n  +_ one c h i p  d u r a t i o n  o f  t h e  t r u e  

TOA. 

'By r e c e i v e r  no i se  we s h a l l  mean the  w h i t e  Gaussian background n o i s e  a t  t h e  
i n p u t  t o  a matched f i l t e r  r e c e i v e r .  
thermal  no ise ,  g a l a c t i c  no ise ,  RFI , e t c .  

Th is  may r e s u l t  from a v a r i e t y  o f  sources; 
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4 . 2 . 2  Tracking 

The rms time of arrival error  due t o  receiver noise and m u t u a l  in ter-  

ference, E, will be used t o  measure the performance of the tracking sub- 

sys tem. 

E =  (4 .2 )  I 
The rms e r ro r ,  due t o  receiver noise 
and mutual interference, in estimating 
the a r r i v a l  time of an a i r c ra f t  signa- 
ture  a t  a s a t e l l i t e .  

A lower bound t o  E i s  derived i n  Appendix C .  

The value of E, measured in nsec, i s  approximately equivalent t o  the rms 
* 

a i r c ra f t  range e r ror  in f ee t .  This range error  i s  a principal component of the 

overall position error  of the a i r c ra f t .  Further discussion of position error 

is  found i n  Section 4.6. 

The value of E i s  determined primarily by the signal-to-receiver noise 

r a t i o ,  the number of in-beam interfering users and the a priori uncertainty 

i n  the signature TOA. 

of behavior as a function of these three parameters. 

fer ing users is  large, the accuracy i s  limited by the level o f  received inter-  

ference; an increase i n  a i r c ra f t  transmitter o u t p u t  power does n o t  decrease 

ranging error significantly.  I f  the number of users i s  small, E i s  limited 

by the received pulse signal-to-noise r a t i o  and the number of pulses i e r  s i g n a -  

Range estimation accuracy exhibits two contrasting modes 

When the number of inter-  
, 

, 

l 

ture .  The analysis i n  Section 4 .5  i l l u s t r a t e s  the manner i n  w h i c h  these factors 

interact t o  determine the range measurement accuracy possible w i t h  RAST. 

~~ * 
Due t o  receiver noise and  mutua l  interference. 
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4.3 

cons 

o f  s 
_. . 
d 

. 

AIRCRAFT-TO-SATELLITE LINK BUDGETS 

I n  ana lyz ing  t h e  performance o f  t h e  va r ious  RAST r e a l i z a t i o n s ,  we s h a l l  

de r  t h e  a c q u i s i t i o n  and t r a c k i n g  o f  a disadvantaged a i r c r a f t  i n  the  presence 

gnatures rece ived  f rom o t h e r  a i r c r a f t .  Th i s  t a s k  r e q u i r e s  es t imates  of t h e  

rece ived  s i g n a l  energy o f  s i g n a t u r e  pulses f rom bo th  a disadvantaged and a 

t y p i c a l  user .  I n  t h i s  sec t i on ,  power budgets a re  i n t roduced  which p rov ide  e s t i -  

mates o f  t he  s i g n a l  energ ies  and s igna l - to -no ise  r a t i o s .  

The q u a n t i t i e s  o f  major  i n t e r e s t  i n  t h e  subsequent analyses are:  t h e  

t y p i c a l  r e c e i v e d  s i g n a l  energy per  pu l se  ( E  ) ,  t h e  r e c e i v e r  no ise  power d e n s i t y  a 

( N o ) ,  t he  rece ived  s i g n a l - t o - r e c e i v e r  no i se  r a t i o  (Ea/No), t h e  e q u i v a l e n t  no ise  

power d e n s i t y  o f  t h e  m u t u a l l y  i n t e r f e r i n g  pu lses  (N,) , t h e  t o t a l  e f f e c t i v e  

no ise  power d e n s i t y  (Pleff, t h e  sum o f  N o  and N,), t h e  t y p i c a l  e f f e c t i v e  s i g n a l -  

t o -no ise  r a t i o  (Ea/Neff) and t h e  e f f e c t i v e  s i g n a l - t o - n o i s e  r a t i o  f o r  a disadvan- 

taged use r  ( E  / N  

power budget (Table 4.1) f o r  bo th  a s i n g l e  beam and a m u l t i p l e  beam r e a l i z a t i o n .  

A s i n g l e  pu lse  s i g n a t u r e  i s  assumed. 

* 

) .  Each of these i s  computed i n  the  a i r c r a f t - t o - s a t e l l i t e  p eff 

The f o l l o w i n g  b r i e f  d i scuss ion  o f  t he  

e n t r i e s  shou ld  be s u f f i c i e n t  t o  e x p l a i n  the  assumptions u t i l i z e d  i n  t h e  power 

budget. Many o f  t h e  e n t r i e s  a re  i d e n t i c a l  t o  those i n  Table 4.2 o f  Vol .  I,8 and 

t h e  reader  may w ish  t o  rev iew t h e  d i scuss ion  i n  Sec t i on  4 of t h a t  r e p o r t  i n  con- 

j u n c t i o n  w i t h  t h e  RAST power budget. 

The t r a n s m i t t e d  pu lse  energy corresponds t o  a 500 ‘VJ t r a n s m i t t e r  and a 50 

psec pu lse  l eng th .  

sheet meta l  c a v i t y .  I t  i s  a reasonable choice based on today ’s  technology.  The 

Th is  should be ob ta inab le  w i t h  an ou tpu t  tube mounted i n  a 

du ty  c y c l e  f o r  a 50 psec pu lse  i s  smal l  enough t o  a l l o w  adequate heat  d i s s i p a t i o n  

had the  same e f f e c t  as an e q u i v a l e n t  power in-band w h i t e  no i se  source. 

* 
Th is  i s  t h e  no ise  power d e n s i t y  which would r e s u l t  i f  t h e  mutual i n t e r f e r e n c e  
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TABLE 4.1 

POWER BUDGET FOR SINGLE PULSE RAST 

S i n g l e  Beam Mu1 t i beam 

-16 dBJ 

2.5 dB 

= -  
T r a n s m i t t e d  P u l s e  Energy 

A i r c r a f t  Antenna Gain 

500 W ,  50 u s e c  

average upper  
hemisphere 

f e e d ,  
a tmospher i c ,  
c a b l e ,  e t c .  

1600 MIiz , 
35,000 m i  

-2 dB M i s c e l l a n e o u s  Losses 

-192 dB Pa th  Loss 

Peak S a t e l l i t e  Antenna 
Gain 
The m a  1 0 i s t o r t  i on 

Shadowing 

Rece ived  S i g n a l  Energy 
( T y p i c a l )  

Rece ived  No ise  Power 
Censi  t y  

Received S i g n a l - t o - N o i s e  
R a t i o  

lluniber o f  Pu lses  
Per  Second 

24 dB 

0 dB 
0 dB 

42 dB 

- 2  dB 

-1 dB 

-183.5 dBJ -168.5 dBJ 

-201 dBW/HZ 600" K 

17.5 dB 32.5 dB 
50,000 a i r c r a f t , ,  

a i r c r a f t  
37 dB 1 p u l s e / l r )  sec/  

0 dB - 7  dB F r a c t i o n  i n  Beam 

R e c e i v e r  Eandwidth 70 dB/Hz 100 nsec DPSI; 
c h i p s  , 

t?ul t i p l e  Access No ise  
Power D e n s i t y  

E f f e c t i v e  K o i s e  Power 
Dens i t y  
S i g n a l  - to-Ploi se R a t i o  

h t e n n a  Disadvantage (A/C) 
O f f  B o r e s i g h t  Loss 
( S a t e l  1 i t e )  

Power A m p l i f i e r  
D e g r a d a t i o n  

Deco r r e  1 a t  i on Loss 

-216.5 dBW/HZ -208.5 dBW/Hz 

-201 dBW/HZ 

17.5 dB 

-200 dBW/HZ 

31.5 dB 
-3.5 dB e .  2 v a t i  on 

a n g l e  > 15" 

-1  dB - 3  dB c 

-1  dB 

-1 dB 
-. . frequency  

o f f s e t 1 4 : 1 c 6  

-1 dB Excess Pa th  Loss 
R e s u l t a n t  S i g n a l  - t o -  
No ise  1 0  dB 22 dB 

I 

26 



(see, 8, p. 23). The entry for aircraft antenna gain corresponds to the esti- 

mated average gain of an antenna maintaining uniform upper-hemispherical coverage 

(see, 12, p .  52). 

the transmitter and the antenna are estimated to be 2 dB. 

The miscellaneous feed and cable losses which occur between 
." - 

The path loss is com- 

. -  puted at the apogee of the elliptical orbit in the constellation given in 

Appendix A.2 (35,000 mi). 

The peak satellite antenna gain for the single beam realization corresponds 

t o  an antenna having a 10" beamwidth, the beamwidth required to maintain CONUS 

coverage from the specified orbits. 

bolic dish (both antennas are discussed in Section 2.2.1). The 30 ft dish 

suffers additional losses for thermal distortion and shadowing. The entries 

indicated are based upon predictions for the 30 ft dish which is to be employed 

on the NASA ATS-F.l' 

Typical received signal energies are computed from these entries for both 

system realizations. When they are combined with the estimated receiver noise 

power density, the typical signal-to-noise ratios are found to be 17.5 and 

32.5 dB, respectively, for the single and multiple beam realizations. 

The multiple beam antenna is the 30 ft para- 

The acquisition analysis for RAST is carried out assuming that the effect 

of the mutual interference is the same as an equivalent power in-band white 

Gaussian noise source at the matched filter receiver. The results are given as 

a fpction of Ea/Neff. 

.9 

* 
e- Neff is calculated according to the following formula: 

+ Neff (4.3) 

* 
In this formula the signal energy is assumed t o  be spread over a bandwidth 

equal to the inverse of the chip duration. 
27 



where 

NT = Number of users 

f = F r a c t i o n  o f  a i r c r a f t  i n  beam 

= Chip d u r a t i o n  
TC 

The computation o f  Neff i n  Table 4.1 i s  c a r r i e d  o u t  f o r  t h e  case i n  which 

NT = 50,000 users,  f = 0.2 (one beam covers rough ly  1/5 o f  CONUS) and T~ = 100 

nsec. The coverage assumption corresponds t o  t h e  most w i d e l y  spread contours  

I 
found i n  t h e  maps i n  Appendix A .  I n  t h e  s i n g l e  beam r e a l i z a t i o n ,  t h e  rece ived  

i n t e r f e r e n c e  r a i s e s  t h e  e f f e c t i v e  no ise  power 1 dB above No. 

Thus f a r  t h e  rece ived  s i g n a l  energy o f  a s i g n a t u r e  pu lse  f rom a t y p i c a l  

a i r c r a f t  has been computed u s i n g  average l i n k  parameters. A d d i t i o n a l  losses  are  

taken i n t o  account i n  computing t h e  rece ived  energy, E 

user .  

energy a t  e l e v a t i o n s  g r e a t e r  t han  15" ( r e l a t i v e  t o  t h e  a i r c r a f t ) .  

f o r  a disadvantaged P '  
The a i r c r a f t  antenna d isadvantage i s  based on t h e  d e s i r e  f o r  usable s i g n a l  

For  example, 

t h i s  m igh t  correspond t o  an a i r c r a f t  i n  a 30" bank and a s a t e l l i t e  45" f rom 

z e n i t h .  The i n d i c a t e d  l o s s  corresponds t o  the  minimum g a i n  i n  t h e  meas,ured p a t -  

t e r n  o f  a c rossed-s lo t  antenna a t  75" o f f  b o r e s i g h t  r e l a t i v e  t o  t h e  average g a i n  

above 15" (see, 12, p .  5 2 ) .  
\ 

, 

The i n tended  a i r c r a f t  may n o t  be i n  p o s i t i o n  t o  exper ience t h e  peak 

s a t e l l i t e  antenna gain.  

be smal l  due t o  t h e  broad antenna beamwidth. 

I n  t h e  s i n g l e  beam case t h e  o f f  b o r e s i g h t  loss w i l l  

The es t imated  1 dB loss f o r  t h e  

A. 
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e a r t h  coverage beam assumes an overs ized antenna w i t h  tapered i l l u m i n a t i o n .  

These techniques a r e  n o t  as a p p r o p r i a t e  f o r  t h e  a l r e a d y  l a r g e  m u l t i p l e  beam 

antenna and hence a 3 dB l o s s  i s  taken f o r  a i r c r a f t  l o c a t e d  a t  t h e  beam edge. 

The power a m p l i f i e r  degradat ion o f  1 dB represents  a conserva t ive  e s t i -  

mate r e l a t i v e  t o  p resent  day standards.  

g r e a t e r  than 3 dB power v a r i a t i o n s  f o r  c u r r e n t  transponders,13 i t  may be reason- 

ab le  t o  a n t i c i p a t e  t n a t  power can be main ta ined t o  w i t h i n  1 dB. 

A l though Colby and Crocker r e p o r t  

The d e c o r r e l a t i o n  loss of 1 dB corresponds t o  a f requency o f f s e t - s i g n a l  

d u r a t i o n  produc t  o f  Af.c = 0.3. For a 50 psec s i g n a l  t h i s  i m p l i e s  an o f f s e t  

A f  = 6 KHz. T h i s  s t a b i l i t y  ( f o u r  p a r t s  i n  10 ) should be r e a d i l y  achievable 

f o r  even i nexpensi ve a v i  o n i  cs . 
6 

14 

To account f o r  p a t h  l e n g t h  d i f f e r e n c e s  and atmospher ic absorpt ion,  a 1 dB 

disadvantage i s  assumed. 

Tak ins a l l  d isadvantages i n t o  account, we f i n d  e f f e c t i v e  s i g n a l - t o - n o i s e  

r a t i o s  o f  10 and 22 dB, r e s p e c t i v e l y ,  f o r  t h e  s i n g l e  and m u l t i p l e  beam r e a l i z a t i o n s .  

4.4 ACQUISITION PERFORMANCE 

The a c q u i s i t i o n  performance o f  RAST i s  now analyzed. The a n a l y s i s  i s  

c a r r i e d  o u t  by f i r s t  computing a general  upper bound t o  t h e  a c q u i s i t i o n  miss 

p r o b a b i l i t y ,  PN. 

e n t  RAST r e a l i z a t i o n s .  

The bound i s  then evaluated and discussed f o r  severa l  d i f f e r -  

4.4.1 The Upper Bound t o  A c q u i s i t i o n  M i s s  P r o b a b i l i t y  

The d e r i v a t i o n  o f  t h e  upper bound t o  PM assumes t h a t  t h e  mutual i n t e r -  

fe rence has t h e  same e f f e c t  as an e q u i v a l e n t  power in-band w h i t e  Gaussian 

n o i s e  source. The bound i s  d e r i v e d  i n  Appendix B and i s  g iven  by 
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I n  (4 .4 ) ,  pf i s  t h e  f a l s e  a larm p r o b a b i l i t y  p e r  matched f i l t e r  sample and 6 i s  

t h e  maximum t i m e  d e l a y  between r e c e p t i o n s  o f  t h e  same s i g n a t u r e  r e t r a n s m i t t e d  

f rom two d i f f e r e n t  s a t e l l i t e s .  Q ( -  , - )  denotes t h e  Marcum "Q" f u n c t i o n .  

T h i s  upper bound i s  p l o t t e d  as a f u n c t i o n  o f  Ep/Neff i n  F i g s .  4 . la  and 

4 . l b .  

assuming a s i n g l e  pu lse  s i g n a t u r e .  

t h e  v a r i a t i o n  over  t h e  s m a l l e r  range 16 dB t o  19 dB and i n  a d d i t i o n  inc ludes  

t h e  r e s u l t s  f o r  t h r e e  pu lse  s ignatures .  

a = 10 sec and 6 = 24 msec. 

concern ing t h i s  bound t o  PM. 

F igure  4 . l a  i n d i c a t e s  t h e  v a r i a t i o n  over  t h e  range f rom 10 dE t o  20 dB 

F igure  4 . l b  i l l u s t r a t e s  an enlargement of 

The curves were computed assuming 

It i s  wor thwh i le  t o  no te  t h e  f o l l o w i n g  p o i n t s  

1 ) S e n s i t i v i t y  

The curves i n d i c a t e  a t h r e s h o l d  behav io r  and an extreme s e n s i t i v i t y  t o  

I n  t h e  g i v e n  curves, t h e  t h r e s -  changes i n  E /N 

h o l d  appears t o  be about Ep/Nef f  = 16  dB. 

t o  20 dB,  t h e  upper bound t o  PM v a r i e s  f rom approx imate ly  10-1 t o  

expected t h a t  t h e  a c t u a l  a c q u i s i t i o n  miss p r o b a b i l i t y  e x h i b i t s  s i m i l a r  behav io r .  

f o r  va lues above t h r e s h o l d .  p e f f  
As Ep/Neff i s  increased from 15 dP 

I t  i s  

T h i s  s e n s i t i v i t y  i n  performance i s  n o t  a d e s i r a b l e  c h a r a c t e r i s t i c .  A 

3 dB e r r o r  i n  e s t i m a t i n g  E /N 

a b l e  s i n c e  t h e  power budget e n t r i e s  are,  a t  bes t ,  es t imates ,  Such s e n s i t i v i t i e s  

must be w e l l  b u f f e r e d  by the  p r o v i s i o n  of s u f f i c i e n t  margin i n  t h e  power budget:. 

( i .e . ,  16 dB vs 19 dB) would n o t  be inconce iv -  p ef f  

c 
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. "  

2)  Gaussian Advantage 

Stud ies  have been performed which compare t h e  r e c e i v e r  ope ra t i ng  

c h a r a c t e r i s t i c s  ( R O C ' S )  ob ta ined  f o r  va r ious  analyses o f  s i g n a l  i n  i n te r fe rence -  

p lus -no ise  environments. For  example, Go ld fe in"  has s imu la ted  a cand ida te  sys- 

tem employing RAST and f i n d s  t h a t  t h e  sample ROC'S p r e d i c t  a c q u i s i t i o n  performance 

which i s  degraded r e l a t i v e  t o  t h a t  ob ta ined under t h e  "equ iva len t  in-band 

Gaussian no ise "  model f o r  i n t e r f e r e n c e .  

wide range o f  i n t e r f e r e n c e  environments and a re  suppor ted by analyses due t o  

Schneider, e t .  a1.I6 The e x t e n t  o f  t h e  d iscrepancy may be as much as 6 dB i n  

s i g n a l - t o - n o i s e  r a t i o .  F igu re  4.2 e x h i b i t s  an example o f  G o l d f e i n ' s  r e s u l t s .  

The ROC o f  t h e  matched f i l t e r - e n v e l o p e  d e t e c t o r  ope ra t i ng  i n  the  mixed mutual 

i n t e r f e r e n c e - w h i t e  Gaussian no ise  environment w i t h  E / N  = 22 dB and 

Ep/Neff = 20 dB i s  ve ry  c l o s e  t o  t h e  ROC o f  t h e  r e c e i v e r  ope ra t i ng  i n  the  pure 

w h i t e  Gaussian no ise  environment w i t h  E /N = 16 dB. These observa t ions  should 

be borne i n  mind i n  i n t e r p r e t i n g  F ig .  4.1; t h e  va lues o f  a c q u i s i t i o n  miss prob- 

a b i l i t y  g iven  t h e r e  m igh t  be regarded as o p t i m i s t i c .  

These f i n d i n g s  appear t o  h o l d  over  a 

P O  

p e f f  

Ep/N,f f 3) I n c r e a s i n g  

A c q u i s i t i o n  performance improves w i t h  i n c r e a s i n g  E /N There are  p e f f '  

severa l  d i f f e r e n t  ways t o  e f f e c t  an inc rease i n  E /N ef f .  

employ g r e a t e r  a i r c r a f t  t r a n s m i t t e r  power. However, t h e  b e n e f i t  of t h i s  i s  

l i m i t e d  by t h e  p r o p o r t i o n a l i t y  o f  t h e  s igna l  power and the  mutual i n t e r f e r e n c e  

n o i s e  power dens i t y .  

f unc t i on  o f  t r a n s m i t t e r  power. 

must be borne s o l e l y  by t h e  p a r t i c i p a t i n g  a i r c r a f t .  

One o f  these i s  t o  

Above a c e r t a i n  power l e v e l ,  Ep/Nef f  ceases t o  be a 

I n  a d d i t i o n ,  t h e  burden o f  t h i s  improvement 
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FALSE A L A R M  PROBABILITY 
p' 

F i g .  4.2. ROC for simulated interference-plus-Gaussian noise environment. 
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Use o f  a l a r g e r  ( h i g h e r  ga in )  s a t e l l i t e  antenna enhances t h e  s i g n a l s  

r e l a t i v e  t o  r e c e i v e r  n o i s e  and thus  increases E /N 

s m a l l e r  beamwidth o f  t h i s  antenna decreases t h e  e f f e c t i v e  number o f  i n t e r f e r i n g  

users,  and thereby  decreases Neff .  

improvement i s  d i s t r i b u t e d  over  t h e  user  p o p u l a t i o n ,  

E q u a l l y  impor tan t ,  t h e  p e f f '  

I n  t h i s  case, t h e  cos t  o f  t h e  two-way 

4.4.2 A c q u i s i t i o n  Performance f o r  S i n g l e  Beam R e a i i z a t i o n s  

We now examine P i  f o r  s i n g l e  beam r e a l i z a t i o n s  u s i n g  t h e  power budget nro-  

v ided i n  Table 4.1. For a s i n g l e  pu lse  s ignature ,  t h e  power budget est imates 

Ep/Nef f  a t  10 dB, assuming a 500 W t r a n s m i t t e r  power and 5000 a i r c r a f t  t r a n s -  

m i t t i n g  per  second. Wi th a 10 sec update p e r i o d  t h i s  would i m p l y  s e r v i c e  t o  

50,000 a i r c r a f t ,  c e r t a i n l y  enough t o  encompass en r o u t e  s u r v e i l  lance s e r v i c e  

d u r i n g  t h e  1990's.  Wi th  m u l t i p l e  p u l s e  s i g n a t u r e s  E / N  w i l l  be s l i g h t l y  

l e s s  than 10 dB. 
p ef f  

From Fig.  4.1 we see t h a t  t h e  upper bound t o  PM i s  very  c l o s e  t o  1. 

The p r e d i c t e d  performance w i l l  be even l e s s  d e s i r a b l e  when one takes i n t o  

account an al lowance f o r  margin and t h e  Gaussian advantage. 

s ignatures  are  used i n s t e a d  of s i n g l e  pu lse  s ignatures ,  t h e  performance d e t e r -  

i o r a t e s  f u r t h e r .  

I f  t h r e e  pu lse  

For  t h e  parameter va lues i n  t h i s  example,the performance i s  n o t  i n t e r -  

ference l i m i t e d ,  

f i c a n t l y  w i t h  i n c r e a s i n g  t r a n s m i t t e r  power. 

2 kW. 

From F i g .  4.1 i t  i s  noted t h a t  a t  Ep/Neff = 16 dB, the  upper bound t o  PM i s  

approx imate ly  0.1 f o r  P = 1 and P = 3 .  On t h e  surface t h i s  represents  acceptable 

Thus, t h e r e  i s  t h e  p o s s i b i l i t y  t h a t  PM w i l l  decrease s i g n i -  

Suppose t h e  power i s  increased t o  

For bo th  types o f  s ignatures  Ep/Nef f  w i l l  be increased t o  about 16 dB. 
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system performance. 

acqu i red  d u r i n g  one update w i l l  be missed. 

p robab ly  be acqu i red  i n  t h e  n e x t  update p e r i o d  o r  when any erroneous t r a c k s  

generated by t h e  misses f a i l  t h e  r e l i a b i l i t y  t e s t .  

I t  i m p l i e s  t h a t  on t h e  average 10% o f  t h e  a i r c r a f t  t o  be 

However, most o f  these a i r c r a f t  w i l l  

Again, one shou ld  be wary  of t h e  adequacy o f  t h i s  system, No marg in ha!; 

been a l l o t t e d  e i t h e r  f o r  t h e  Gaussian advantage o r  f o r  any o p t i m i s t i c  e n t r i e s  

i n  t h e  power budget. T h i s  

i s  h a r d l y  a d e s i r a b l e  o p e r a t i n g  p o i n t  f o r  a system. 

performance r e q u i r e s  a cons iderab le  inc rease i n  a v i o n i c s  c o s t  (see, 8, F i g .  3 .5 ) .  

The Ep/Nef f  o f  16 dB i s  near  t h e  t h r e s h o l d  p o i n t .  

I n  a d d i t i o n ,  t h i s  marg ina l  

4.4.3 A c q u i s i t i o n  Performance w i t h  M u l t i p l e  Beam R e a l i z a t i o n s  , 

For t h e  m u l t i p l e  beam r e a l i z a t i o n s ,  t h e  power budget p rov ided i n  Table 

4.1 i n d i c a t e s  t h a t  E / N  

t u r e s .  

e q u a l l y  among f i v e  s a t e l l i t e  antenna beams. 

power i s  assumed. 

i s  about 22 dB f o r  bo th  s i n g l e  and t h r e e  pu lse  s igna-  p e f f  
The 5000 a i r c r a f t  which t r a n s m i t  p e r  second are  assumed t o  be d i v i d e d  

The nominal 500 W t r a n s m i t t e r  

From F ig .  4.1, we see t h a t  when Ep/Neff  = 22 dB, PM i s  a t  most lo- '  for 

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

t i o n a l  performance, On t h e  average, a t  most one o u t  o f  10 a c q u i s i t i o n s  w i l l  be 

missed. Even i f  t h e  Gaussian advantage and/or t h e  s e n s i t i v i t y  a re  taken i n t o  

account, t h e  perforniance s t i l l  remains more than acceptable.  F o r  example, i f  

T h i s  i s  excep- 
8 

we t a k e  o f f  6 dB t o  account f o r  these e f f e c t s ,  E / N  w i l l  be a t  l e a s t  16 dt3, 

i m p l y i n g  an upper bound t o  PM o f  1 0 - l .  As no ted  p r e v i o u s l y ,  t h i s  cou ld  e a s i l y  

be acceptable performance. We can conclude t h a t  t h e  m u l t i p l e  beam r e a l i z a t i o n  

would operate near t h r e s h o l d  o n l y  i n  t h e  wors t  case circumstance. 

p e f f  
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4.5 TRACKING PERFORMANCE 

The a n a l y s i s  o f  t h e  t r a c k i n g  performance o f  RAST i s  descr ibed i n  t h i s  

s e c t i o n .  

t o  t h i s  a n a l y s i s  than t o  t h e  a c q u i s i t i o n  a n a l y s i s  and a r e  consequent ly rev iewed 

p r i o r  t o  p r e s e n t a t i o n  o f  t h e  performance p r e d i c t i o n s .  

The f e a t u r e s  o f  t h e  s i g n a t u r e  and channel models a r e  more impor tan t  

4.5.1 S ignature  and Channel Model Features 

Several  p r o p e r t i e s  o f  t h e  a i r c r a f t  s i g n a t u r e  a f f e c t  t h e  performance 

o f  t h e  t r a c k i n g  subsystem. 

i n t e r e s t  s i n c e  i t  in f luences  t h e  performance i n  severa l  d i f f e r e n t  ways. 

I t  i s  h e l p f u l  t o  understand how var ious  advantages and disadvantages accrue 

from t h e  s e l e c t i o n  o f  t h e  number o f  pu lses per  s ignature .  

Among these, t h e  number o f  pu lses i s  o f  s p e c i a l  

M u l t i p l e  p u l s e  s ignatures  a r e  a t t r a c t i v e  s i n c e  t h e y  prov ide  severa l  pu lse  

TOA es t imates  which can be e f f e c t i v e l y  averaged t o  o b t a i n  a s i g n a t u r e  TOA 

es t imate .  

by a f a c t o r  o f  Jp r e l a t i v e  t o  t h e  rms p u l s e  TOA e r r o r .  

repeated use of a p a r t i c u l a r  elementary p u l s e  i n  more than one s i g n a t u r e  can be 

a disadvantage. 

spur ious pulses which a r e  i d e n t i c a l  t o  those i n  t h e  a i r c r a f t  s ignature ,  b u t  

which a c t u a l l y  have been t r a n s m i t t e d  by some o t h e r  a i r c r a f t .  

ments r e s u l t i n g  f rom r e c e p t i o n  o f  these spur ious pulses can be h i g h l y  erroneous. 

T h i s  averaging r e s u l t s  i n  a r e d u c t i o n  o f  t h e  rms s i g n a t u r e  TOA e r r o r  

On t h e  o t h e r  hand, the  

Dur ing t h e  t r a c k i n g  o f  an a i r c r a f t ,  t h e  r e c e i v e r  may d e t e c t  

The TOA measure- 

S i n g l e  p u l s e  s ignatures  do n o t  have t h e  advantaqe nf improved accuracy 

On the  o t h e r  hand, they  do n o t  g i v e  r i s e  t o  any due t o  pu lse  TOA averaging. 

confusion i n  a s s o c i a t i n g  pu lses  w i t h  parent  s ignatures .  The performance t rade-  

o f f  between m u l t i p l e  p u l s e  and s i n g l e  pu lse  s ignatures  i s  f a r  f rom obvious, 
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and f o r  t h a t  reason t r a c k i n g  performance i s  i n v e s t i g a t e d  f o r  examples o f  bo th  

s i g n a t u r e  types.  

I n  a n a l y z i n g  t h e  TOA e r r o r s  f o r  RAST, we use a model which d i f f e r s  cons ider -  

a b l y  f rom those used p r e v i o u s l y  f o r  t h i s  t a s k .  

mutual  i n t e r f e r e n c e  has been t o  assume t h a t  i t s  e f f e c t  a t  t h e  r e c e i v e r  i s  t h e  

The most conimon t rea tment  o f  

same as an e q u i v a l e n t  power in-band w h i t e  Gaussian n o i s e  source. 

employed here f o r  t r a c k i n g  a n a l y s i s  t h e  i n t e r f e r e n c e  i s  represented by a f i l t e r e d  

Poisson process. 

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

have at tempted t o  more c l o s e l y  approximate t h e  p h y s i c a l  s i g n a l  processes present  

a t  t h e  r e c e i v e r  and have ob ta ined t h e  f o l l o w i n g  lower  bound t o  t h e  mean-squared 

t i m e  o f  a r r i v a l  e r r o r ,  E* (see Appendix C, Eqs. (C-39) and (C-40)) :  

I n  t h e  model 

I n  Sec t ion  4.4, we have no ted  t h a t  these two models p r e d i c t  

I n  u s i n g  t h e  Poisson model, we 

A l l  q u a n t i t i e s  i n  (4.5) have a l l  been def ined e a r l i e r  i n  t h i s  r e p o r t  (Sect ions 

2.2 and 4.3) w i t h  t h e  e x c e p t i o n  of 7; 7 i s  t h e  lower  bound t o  t h e  s i n g l e  p u l s e  

TOA e r r o r  (C-33). The c o e f f i c i e n t ,  exp (-fNTPTo/N), i s  t h e  p r o b a b i l i t y  t h a t  no 

spur ious  p u l s e  occurs. I n  t h e  second term, To 2 /3 bounds t h e  wors t  case TOA 
, 

e r r o r  due t o  a spur ious pu lse  a r r i v a l .  

has g r e a t e r  energy then t h e  p u l s e  f rom the  disadvantaged user and consequent ly 

t h e  TOA e s t i m a t e  i s  e s s e n t i a l l y  t h e  spur ious p u l s e  TOA. T h i s  TOA i s  u n i f o r m l y  

d i s t r i b u t e d  over  t h e  u n c e r t a i n t y  i n t e r v a l .  

e v i d e n t  i n  t h e  l e a d i n g  c o e f f i c i e n t .  Equat ion (4.5) i s  used f o r  a l l  t h e  TOA 

e r r o r  c a l c u l a t i o n s  i n  t h e  remainder o f  t h i s  s e c t i o n .  

I t  i s  assumed t h a t  t h e  spur ious  pu lse  

The e f f e c t  o f  p u l s e  averaging i s  

i .  

_ c -  
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4.5.2 Track ing Performance o f  S i n g l e  Beam R e a l i z a t i o n s  

The t r a c k i n g  performance o f  t h e  system r e a l i z a t i o n s  which employ s i n g l e  

beam CONUS coverage s a t e l l i t e  antennas i s  now examined. F i r s t ,  we cons ider  t h e  

performance when a nominal 500 W t r a n s m i t t e r  i s  employed. Table 4.1 p rov ides  

-_. 

. 

t h e  power budget f o r  t h i s  r e a l i z a t i o n  and shows t h a t  E /N = 10 d6. T h i s  i s  t h e  

same as t h e  va lue  o f  Ep/Nef f  and i n d i c a t e s  t h a t  t h e  i n t e r f e r e n c e  i s  smal l  r e l a -  

t i v e  t o  t h e  r e c e i v e r  no ise .  

P O  

Suppose we i g n o r e  f o r  t h e  present  a l l  e f f e c t s  due 

t o  mutual  i n t e r f e r e n c e .  The TOA e r r o r  a n a l y s i s  f o r  t h e  r e s u l t i n g  known s i g n a l -  

i n - n o i s e  problem can be found i n  Orr and Yatesl’l; t h a t  a n a l y s i s  prov ides t h e  

f o l l o w i n g  lower  bound t o  E f o r  a general  P pu lse  RAST s ignature :  

(4.6) 

Q(-) i s  t h e  Gaussian p r o b a b i l i t y  d i s t r i h u t i o n  d e f i n e d  i n  (C-6). 

E v a l u a t i n g  (4 .6 )  f o r  a r e p r e s e n t a t i v e  u n c e r t a i n t y  window o f  5 psec (see 

Table 3.1)  y i e l d s  t h e  f o l l o w i n g  lower  bounds t o  E: 

( s i n g l e  pu lse) :  E > 80 nsec 

( t h r e e  pu lse) :  E > 46 nsec 

These correspond t o  u n d i l u t e d  rrns range e r r o r s  o f  a t  l e a s t  80 

r e s p e c t i v e l y .  Whether e r r o r s  o f  t h i s  magnitude are acceptable 

system depends upon severa l  a d d i t i o n a l  f a c t o r s ,  such as conste 
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t and 46 ft, 
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l a t i o n  GDOP, 



detailed system requirements, e tc .  A more extensive analysis using the resul ts  

of Appendix C indicates t h a t  these error  bounds become even larger for  inter-  

ference rates in excess of 10 users/sec. 4 

Suppose t h a t  the transmitter power of the sinqle beam realizations i s  

increased by 6 dB from the nominal 500 W t o  2 kW. Lower bounds t o  E have been 

computed in th i s  si tuation for b o t h  single pulse and three pulse RAST signa- 

tures (C-33, C-40). They are plotted in Fiqs. 4 .3  and 4 . 4  as functions of 

the nurnber of ai r c r a f t  servi ced/sec ? Both figures contain three curves corre- 

sponding t o  uncertainty window widths of 20,  5 and 1 usec. 

* 

The general charac- 

t e r i s t i c s  of these curves are of in te res t .  

Fiqure 4.3 (sinqle pulse siqnature) indicates a strong threshold behavior 

in TOA e r ror  as a function of the number of users per second. 

given uncertainty windows the threshold i s  a t  about 10 

For each of the 
4 users/sec. The fac t  t h a t  

each of the curves approaches the same asymptote a t  low service rates  demon- 

s t r a t e s  t h a t  the signal-to-noise r a t io  E /N  

for  the TOA error  t o  be approximately t h a t  predicted by the Cramer-Rao bound.  

i s  in each case large enough 
P O  

The threshold i s  f a r  more gradual for the three pulse signature (Fig. 4 . 4 ) ;  

Over the range of service rates  indicated, thresholding i s  evident only on the 

To = 1 psec curve and i t  occurs a t  a lower service rate .  I n  f ac t ,  a comparison 

of the 1 psec window curves in the two figures i l l u s t r a t e s  t h a t  the performance 

trade-off between a single and  a multiple pulse signature i s  a rather complex 

issue which cannot be ful ly  discussed here. 
* 

For the case of three pulse RAST signatures, the bounds were derived assiFing 
an elementary pulse s e t  of 100 members, so t h a t  i t  i s  possible t o  construct 
10 = (10  ) 
'These curves have been computed assuming t h a t  the chips in the DPSK signal are 
trapezoidal in shape with a chip d u r a t i o n ,  T ~ ,  equal t o  100 nsec a n d  a r i s e  time 
T r ,  equal t o  10 nsec. 

6 2 3  signatures without using t h e  interpulse spacing f o r  encoding. 
J- 
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F i g .  4.3. 
vs number o f  a i r c ra f t  serviced/sec for 
single beam, single pulse RAST. 
Transmitter power = 2 kW. 

Lower bound t o  rms TOA error 
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F i g .  4.4. 
vs  number of a i r c r a f t  serviced/sec fo r  

Transmitter power = 2 kW. 

Lower bound t o  rms TOA error 
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A t  low service ra tes ,  the e f fec t  of pulse averaging  i s  evident. 

number of users increase, ambiguities due t o  spurious pulse receptions drive 

As the 

the multiple pulse TOA error  u p ,  while the single pulse error remains constant. 

When the number of users per second exceeds lo5, the single pulse thresholding 

takes over and the single pulse case once again has the larger e r ror .  

curves were extended t o  even larger p o p u l a t i o n s ,  they would show the error  sat-  

u r a t i n g  a t  a value proportion t o  T o / K  

e f fec t  i s  a g a i n  seen. 

I f  the 

I n  t h i s  l imit  the pulse averaging 

We now use these curves t o  determine specific e r ror  estimates fo r  the 

system realizations,  

( the nominal value assumed in Table 4.1), and t h a t  the uncertainty window w i d t h  

i s  5 psec. 

bound t o  E for th i s  representative case is approximately 2.5 nsec. 

indicates t h a t  w i t h  three pulse signatures the lower bound t o  E i s  approximately 

20 nsec. 

respectively. These are certainly acceptable for  tracking performance. How- 

ever, i t  must be emphasized t h a t  these estimates depend strongly on the 2 kW 

transmitter power assumption. 

Assume that 5000 a i r c ra f t  are being serviced per second 

Figure 4.3 indicates t h a t  w i t h  single pulse signatures the lower 

Figure 4 .4  

These correspond t o  undiluted rms range errors o f  2.5 and 20 f t ,  

4.5.3 Tracking Performance of Multiple Beam Realizations 

The TOA error bounds fo r  multiple beam realizations are i l lus t ra ted  in 

Figs. 4.5 and 4.6 a s  functions of the number of a i r c ra f t  serviced/satel l i te  

antenna beam/sec for  three uncertainty window widths. 

are identical t o  those i n  the single beam case. 

The curves show character is t ics  similar t o  those presented i n  Section 4.5.2 

for the single beam realizations.  

Signature assumptions 

Transmitted power i s  500 W .  
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Fig. 4.5. Lower bound t o  rms TOA error 
vs number of a i r c ra f t  serviced/beam/sec 
for  multiple beam, single pulse RAST. 
Transmitter power = 500 W, number of 
beams = 5. 
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Fig. 4.6.  Lower bound t o  rms TOA error 
vs number of a i r c ra f t  serviced/beam/sec 
for multiple beam, three pulse RAST. 
Transmitter power = 500 W ,  number o f  
beams = 5. 
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Let us evaluate the performance o f  the multiple beam realizations a t  the 

same nominal operating p o i n t  used previously (5  psec uncertainty window w i d t h ,  

5000 a i rc raf t / sec) .  

over f ive  s a t e l l i t e  antenna beam coverage regions. Figure 4.5 indicates t h a t  a t  

t h i s  service ra te  the lower bound t o  E i s  approximately 1 nsec when single pulse 

RAST signatures are used. The corresponding er ror  for three pulse signatures i s  

E = 20 nsec. 

respectively. 

performance and are in f ac t  abou t  the same as the accuracies achieved i n  the 

h i g h  power ( 2  k W ) ,  single beam realizations.  

The transmitting a i r c ra f t  are assumed to  be uniformly spread 

These correspond t o  undiluted rms range errors of 1 and 20 f t . ,  

These range errors are  anticipated t o  be adequate for  tracking 

4.6 POSITION MEASUREMENT ERROR IN SYSTEMS EMPLUYING RAST 

We have evaluated the tracking performance of systems employing RAST by 

using the rms TOA ( o r  r a n g i n g )  e r ror  due t o  receiver noise and interference. 

However, t h i s  i s  only one component i n  the total  rms position error .  

be worthwhile t o  close th i s  section w i t h  some discussion of the overall rms 

position error  achievable by a system employing RAST. 

I t  w i l l  

The rms position error  i s  expressable as a product of two factors:  

The r a n g i n g  error  factor i s  the 

the 

equivalent r a n g i n g  error  a n d  the GDOP. 

effective e r ror  i n  estimating the range between a s a t e l l i t e  a n d  an a i r c r a f t .  

The primary sources of r a n g i n g  error are excess ionospheric delay, s a t e l l i t e  

ephemeris error  and TOA estimation error.  The exact values of these 

depend on s a t e l l i t e  deployment, s a t e l l i t e  tracking and  c a l i b r a t i o n  station 

implementation, sate1 1 i t e  o r b i t a l  parameters, the central processing faci 1 i t.y, 

l i n k  characterist ics ( m u l t i p a t h ,  signal format, signal level , receiver noise, 

antenna g a i n ,  e t c . ) ,  clock accuracy, e tc .  
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W i t h  RAST, ionospheric errors can be kept w i t h i n  bound by using a network 

of calibration stations employed t o  estimate the excess ionospheric time delay 

for use in correction of position determination d a t a .  

exceeding 30°, the worst case* excess ionospheric ranging error i s  estimated 

t o  be a t  most 20 f t .18  The s a t e l l i t e  position i s  t o  be determined using sat-  

e l l i t e  equations of motion ( for  an assumed geopotential model) t o  smooth sat-  

e l l i t e  position d a t a  obtained from a network of tracking s ta t ions.  

ing effect  on the ranging error term should be no more t h a n  20 f t . 5  We have 

demonstrated several system variants for  which the TOA estimation error  car, be 

kept below 20 nsec a t  service rates of interest .  Thus, i t  i s  reasonable t o  

expect t h a t  the overall rms ranging error  due t o  noise, mutual interference, 

clock ins tab i l i ty .  nonoptimum processors, e t c . ,  should not  be more t h a n  40 f t .  

For elevation angles 

The resul t -  

The GDOP i s  determined by the number a n d  disposition o f  the sa t e l l i t e s  

within view. 

are presented in Lee and Wade." The constellation candidate presented in 

Appendix A a n d  used for the coverage analysis i s  one of those. 

s te l la t ion  i s  employed, the result ing rms position measurement error i s  e s t i -  

mated t o  be approximately 120 f t .  This resulting error  value should be taken 

only as a guide t o  the position error achievable with RAST and n o t  as a f i rm 

system parameter. 

additional ionospheric d a t a ,  a detailed system design for the tracking network 

a n d  a more detailed analysis of the errors i n  the TOA estimation implementation. 

Constellations which exhibit GDOP's r a n g i n g  from 3 t o  6 over CONUS 

If t h a t  con- 

Determination of a refined estimate o f  the accuracy requires 

* 
During periods of h i g h  solar f lux,  near equinox and  
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SECTION 5 

CRITICAL SYSTEM ISSUES 

Thus f a r ,  t h e  assessment o f  RAST has concent ra ted  upon 

a b i l i t y  o f  these techniques t o  p r o v i d e  ATC s u r v e i l l a n c e  serv  

o f  t h i s  s e c t i o n  i s  t o  examine two a n c i l l a r y  issues which a r e  

system emp 

complex i ty  

c o u l d  be d 

de termin ing  t h e  

ce. The o b j e c t  ve 

i m p o r t a n t  t o  under- 

s tand ing  broader-based aspects o f  RAST. These are; t h e  v u l n e r a b i l i t y  o f  a 

o y i n g  RAST t o  i n t e n t i o n a l  jamming and t h e  n a t u r e  o f  t h e  computat ional  

a t  t h e  system ground's tat ion.  

sabled by a few low-cost  jammers, e.g. , 41 dBW ERP t r a n s m i t t e r s  

We conclude t h a t :  ( 1 )  such a system 

(100 W RF power and a 3 - f t  antenna);  ( 2 )  even us ing  advanced techniques,  t h e  

r e a l - t i m e  s i g n a l  process' ing and d i g i t a l  computat ion demands f o r  FAST s u r v e i l -  

lance r e q u i r e  many tens o f  h i g h  speed p a r a l l e l  processors o f  var ious  s o r t s .  

5.1 VULNERABILITY TO JAMMING 

Because s u r v e i l l a n c e  systems employing RAST r e l y  upon an u p l i n k  f o r  

ranging,  such systems a r e  p o t e n t i a l l y  s u s c e p t i b l e  t o  i n t e r f e r e n c e  from t e r r e s -  

t r i a l  jammers. 

ments which a t e r r e s t r i a l  jammer must meet i n  o r d e r  t o  d i s a b l e  a m u l t i p l e  beam 

r e a l i z a t i o n  o f  RAST, t h a t  i s ,  one whi'ch u t i l i z e s  a 30 f t  d i s h  as a s a t e l l i t e  

antenna and m a i n t a i n s  CONUS coverage w i t h  a m u l t i p l e  beam c a p a b i l i t y .  

We eva lua te  t h e  jamming t h r e a t  by computing t h e  minimum r e q u i r e -  

A s i n g l e  beam channel w i l l  be considered d i s a b l e d  i f  t h e  r m s  r a n g i n g  

e r r o r  on t h a t  channel i s  d r i v e n  up t o  o r  beyond 100 nsec. For t h e  m u l t i p l e  Ibeam 

c o n f i g u r a t i o n  represented by t h e  power budget i n  Table 4.1, nominal parameters 

f o r  t h e  disadvantaged user are Ep/Nef f  = 22 dB and E = 1 nsec. The s i g n a l - t o -  

i s  
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no ise  r a t i o  a t  which t h e  rang ing  e r r o r  l ower  bound equals  100 nsec i s  a f u n c t i o n  

of t h e  w i d t h  of t h e  a p r i o r i  u n c e r t a i n t y  i n t e r v a l .  We w i l l  assume t h e  nominal 

va lue T o =  5 psec. 

d r i v e  E t o  100 nsec (Nef f  

The equat ion  which y i e l d s  t h e  E /N va lue  r e q u i r e d  t o  p e f f  
No) i s  approximated by: 

The s o l u t i o n  o f  (5.1) i s  Ep/Neff = 11 dB. We w i l l  assume t h a t  t he  jammer uses 

t h e  e lementary s t r a t e g y  o f  t r a n s m i t t i n g  Gaussian no ise  which has a f l a t  spectrum 

spread over  a 20 MHz band encompassing t h e  s i g n a l  spectrum ( r e c a l l  t h a t  t h e  c h i p  

d u r a t i o n  i s  100 nsec) .  The jammer power r e q u i r e d  must be s u f f i c i e n t  t o  decrease 

Ep/Nef f  by  11 dB. 

no ise,  we can use N o  = -201 dBW/Hz (Table 4.1) t o  f i n d  t h a t  t h e  jammer no ise  

power d e n s i t y  ( J )  must be J =-190 dBW/Hz. 

shows t h a t  t h i s  corresponds t o  an ERP of 41 dBW. 

f o r  example, a 100 W source d r i v i n g  a 3 f t (15" beamwidth) d i s h .  

Since thermal  no i se  comple te ly  dominates t h e  m u l t i p l e  access 

The jammer power budget i n  Table 5.1 

Th is  ERP can be achieved by, 

About 5 such " t o a s t e r  powered'' jammers l o c a t e d  a t  t h e  i n t e r s e c t i o n s  o f  

3 dB contours o f  t h e  beam p a t t e r n s  would s u f f i c e  t o  d i s a b l e  a l l  10 u p l i n k  

channels. The use o f  a waveform more s o p h i s t i c a t e d  than t h e  assumed broad 

band no ise  cou ld  decrease t h e  jammer power requi rement .  

5.2 PP.OCESSING AT THE GROUND STATION 

The use o f  s a t e l l i t e s  as a r e l a y  i n  a s u r v e i l l a n c e  l i n k  between a i r c r a f t  

over COFJUS and ground-based i n s t a l l a t i o n s  has a concomitant requi rement  f o r  

c e n t r a l i z e d  da ta  process ing.  A t  t h e  ground f a c i l i t y  o f  a system employing RAST 
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TABLE 5.1 

GROUND-TO-SATELL ITE JAMMING POWER BUDGET 

Jammer ERP 

Path Loss 

Peak Sate1 1 i t e  Antenna Gain 

O f f  Bores igh t  Loss 

Antenna Shadowing 

Thermal D i s t o r t i o n  

M i  sce l  1 aneous Losses 

Bandwi d t h 

Jammer Noise Power D e n s i t y ( J )  

41 dBW 

-192 dB 

42 dB 

-3  dB 

-1 dB 

-2 dB 

-2 dB 

-73 dB-HZ 

-190 dBW/HZ 

_ .  



where t h e  r e l a y e d  t ransmiss ions  a r e  received,  a t  l e a s t  the  f o l l o w i n g  opera t ions  

must be performed f o r  each a i r c r a f t :  

1 .  Detec t  each s i g n a t u r e  pulse.  

2. Est imate each pu lse  TOA f o r  a l l  s a t e l l i t e s  i n  view. 

3. 

4. 
5. 
6. 
7. 

Associate r e c e i v e d  pulses w i t h  p a r e n t  s i g n a t u r e .  

P r e c o r r e c t  TOA's f o r  propagat ion delays.  

Est imate a i r c r a f t  p o s i t i o n  f rom TOA's. 
F i l t e r  p o s i t i o n  est imates w i t h  p a s t  p o s i t i o n  data.  

Determine d i s p o s i t i o n  o f  t h e  data and r o u t e  a p p r o p r i a t e l y .  

I n  a d d i t i o n  t o  t h e  above, t h e r e  a r e  a number o f  r o u t i n e  f u n c t i o n s  which must 

be c o n t i n u a l l y  performed ( e s t i m a t i o n  o f  excess propagat ion  de lay  map, s a t e l l i t e  

p o s i t i o n  t r a c k i n g ,  system f a u l t  d e t e c t i o n ,  e t c . ) .  

A d e t a i l e d  assessment of t h e  t o t a l  process ing requirements i s  beyond 

t h e  scope o f  t h i s  r e p o r t .  P r e l i m i n a r y  es t imates  o f  t h e  complex i ty  o f  some 

o f  these tasks  can, however, be made f o r  t h e  purpose of rough ly  s i z i n g  the 

ground s t a t i o n  requi rements.  The s p e c i f i c  t o p i c s  i n v e s t i g a t e d  i n  t h i s  s e c t i o n  

are;  t h e  imp 

TOA's o f  t h e  

t h e  hype r b  o 1 

5.2.1 

ementat ion o f  t h e  matched f i  

r e c e i v e d  pulses,  and t h e  d i g  

c mu1 t i l a t e r a t i o n .  

Matched F i  1 t e r i n g  

t e r s  used t o  d e t e c t  and measure the  

t a l  computat ion r e q u i r e d  t o  per form 

The matched f i l t e r i n g  r e q u i r e d  a t  t h e  ground processor cou ld  be imple-  

mented u s i n g  e i t h e r  analog o r  d i g i t a l  techniques. For  s i g n a t u r e  pu lse  dura- 

t i o n s  o f  t h e  o r d e r  o f  50 ysec, an analog implementat ion migh t  e n t a i l  the use 

of a SAW* dev ice f o r  each matched f i l t e r .  An e f f i c i e n t  d i g i t a l  implementat ion 
* 

Sur face Acoust ic  Wave. 

49 



today  would employ an FFT* a l g o r i t h m  t o  execute t h e  f i l t e r  convo lu t i ons .  C i g ' i t a i  

a r c h i t e c t u r e s  s u i t a b l e  f o r  t h i s  task  range f rom genera l  purpose computers t c  

h i g h l y  s p e c i a l i z e d  processors designed s p e c i f i c a l l y  f o r  FFT a p p l i c a t i o n .  F cum- 

ber  o f  these implementat ions a r e  surveyed i n  o rde r  t o  i d e n t i f y  t h e  i ssbes  c r i t i -  

c a l  t o  each c f  them. 

SAW Gevices 

SAN techno logy  o f f e r s  t h e  p r o s i s e  o f  p r o v i d i n g  inexpens ive  a n a l 0 5  I F  ' i ' -  
3 4 

today ,  10 t e r s  f o r  h i g h  t i r e - b a n d w i d t h  produce (10 

d u r a t i o n  ( 1 0 ' s  o f  Lsec)  waveforms. 

i s  d i f f i c u l t  t o  f o r e c a s t  s p e c i f i c  cos ts  o r  systerr, i n t e g r a t i o n  F r c t l e m ,  b u t  Z F v ,  

i s  t h e  most a t t r a c t i v e  analog technology now be ing  develcped which i s  s b i t e t i  t c  

t h i s  task .  

c i n t i c i p z t e d )  , r w d e r z t t .  

Due t o  t h e  i n f a n c y  o f  t h i s  technology,  i t  

I n  a s i n g l e  pu l se  s i g n a t u r e  system employing RAST i n  wF,ich up t c  5b,'3Tf3 

a i r c r a f t  a re  s e r v i c e d  by  a c o n s t e l l a t i o n  hav ing  on t h e  averace 2 v i s i t l e  c c t -  

e l l i t e s ,  a t o t a l  o f  400,000 SAW f i l t e r s  R i g h t  be requi rec!  t o  ccnt inhous7g pijri- 

t o r  a l l  a i r c r a f t  t ransmiss ions .  I f  a t h r e e  pu lse  s i g n a t u r e  were used, ( l ? ?  

I. 

3 elementary p u l s e s ) ,  t h e  requi rement  i s  decreased t o  l e s s  tban 10 f i l t e r s  a t  

the  expense o f  p l a c i n g  g r e a t e r  burden upon t h e  subsequent d ic l ' ta l  cornpbtation. 

The analog techn ique appears t o  be a p l a u s i b l e  r e a l i z a t i o n ,  a? l e a s t  f o r  t h e  

mu1 ti p l  e p ~ l  se exa rp le .  

D i  g i  t a l  FFT Techniques 

FFT i s  a g e n e r i c ' t e r n  f o r  a c l a s s  o f  e f f i c i e n t  a lgo r i t hms  which percorrr! 

F o u r i e r  a n a l y s i s  on sampled-data s i g n a l s .  D i g i t a l  f i l t e r i n g  can be imp lener tec  

w i t h  a double FFT. S p e c i f i c a l l y ,  t h e  number o f  opera t ions t  r e q u i r e d  t o  r z?ched  
* 

Fast  F o u r i e r  Transform. 

An opera t i on  i s  an a d d - v u l t i p l y  corcbination. 
... 
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f i l t e r  an n-point sample i s  approximately 2n log2(2n). Fil tering of a 500 chip 
signature sampled a t  the chip rate (the minimum possible ra te )  requires 10 4 

operat ions. 

Consider a system employing RAST and serving 50,000 a i r c ra f t  with a 10 sec 

update ra te .  

least  one matched f i l t e r ing  per pulse every 10 sec. 

5 x 10 operations are required. 

In tracking the a i r c ra f t ,  the ground processor must perform a t  

For single pulse signatures, 
8 

Various FFT implementations are possible. For example, i n  present day 

general purpose computers, execution o f  an operation typically requires 20 usec. 

Thus, the processing of  the surveillance data for  one update requires ( 5  x 10 op)  

x ( 2 0  psec/op) x (8 s a t e l l i t e s )  10 sec. The implied capability i s  10 paral- 

l e l  processors, which i s  an extraordinary number. 

for multiple pulse signatures. 

8 

5 4 

The requirement i s  greater 

Special purpose programmable digi ta l  processors ex is t ,  e.g. the Lincoln 

Laboratory FDP ,19 w h i c h  have an order of magnitude improvement i n  operation 

cient t o  ameliorate the real time process- time. This advance is  f a r  from suff 

i n g  problem which has been described 

More recently, a hardwired FFT signal processor of novel structure ( the 

pipeline FFT) has been bui l t  and tested. 20’21 A p a i r  of pipeline FFT modules 

can be configured t o  continuously f i l t e r  a data stream a t  up t o  20-30 Mb/sec, 

a ra te  suff ic ient  fo r  the RAST example. A few hundred of these could accommo- 

date the acquisition and tracking needs of a three pulse signature system. 
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5.2.2 Posi ti on Detemi nation Computati on 

Position determination using RAST is accomplished by hyperbolic multi- 

lateration. The computation requirements for this task have been studied for 

CAST, (see 8, Section 7.2), and the results are immediately applicable for RAST. 

These results indicate that a present day general purpose computer could handle 

the mu1 tilateration processing for 100- 200 aircraft/sec. 

cessing capability of 25-50 such computers is required for surveillance of 

50,000 aircraft at a 10 second update rate. 

The parallel pro- 

This capability approximates that 

which is presently at the disposal of the combined ARTCC NAS Stage A facilities. 

D 
5.2.3 Ground Processing Conclusions 

First order examination of just two of the tasks which are required at 

the ground station of a system employing RAST indicates substantial require- 

ments for analog/digital signal processing and digital computation. The implica- 

tions o f  these requirements (hundreds or thousands o f  parallel units o f  various 

sorts) relative to the operation and maintenance of a system employing RAST are 

perhaps unclear in detail, but they do convey a strong impression that the 

design of the computational facility is a critical technical area for RAST. A 

more comprehensive analysis of the computational requirements would be worth- 

while. 

-c 
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APPENDIX A 

SATELLITE ANTENNA COVERAGE ANALYSIS 

A.l COVERAGE ISSUES 

If a high gain, narrow beamwidth s a t e l l i t e  antenna is  to  be used w i t h  RAST, 

a multiple beam capabili ty i s  required. This raises a variety of issues con- 

cerning (1) the number of beams t o  be used, ( 2 )  the disposition of the beam 

boresight points and ( 3 )  the variation of coverage as a function of s a t e l l i t e  

orbi ta l  position. 

In th i s  appendix we consider these coverage issues, a t  least  i n  p a r t ,  by 

performing an analysis of the coverage provided by the 30 f t  L-band dish speci- 

f ied in Section 2 .2 .1 .  

uses a simple geometric model t o  compute an estimate of the number of beams 

required for  complete coverage o f  CONUS t o  w i t h i n  3 dB of the peak antenna g a i n .  

The model is  quite simple and thus leads t o  resul ts  of limited accuracy. In 

the second approach, we compute coverage maps which display beam footprint contours 

on CONUS. 

pattern i s  3 dB below peak. 

a variety of s a t e l l i t e  positions, detailed conclusions can be reached concern- 

i n g  the coverage issues. 

Two approaches t o  t h i s  task  are taken. The f i r s t  approach 

These contours are the locus of p o i n t s  a t  which the antenna g a i n  

By carrying o u t  both of these computations for 

A s e t  of s a t e l l i t e  orbital  parameters is required to  carry out the indicated 

calculations. To this end we shall f i r s t  introduce a representative contellation 

which appears t o  be a t t rac t ive  fo r  the surveillance aspects of RAST. All  o r b i t a l  

d a t a  required by the coveraqe. cornoutations will be based upon th is  constellation. 

Coverage from a number of orbital  positions i s  computed. 
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A. 2 SATELLITE CONSTELLATION 

The r e p r e s e n t a t i v e  c o n s t e l l a t i o n  which we s h a l l  use f o r  o u r  assessment. 
1 2  

o f  t h e  var ious  coverage issues i s  one o f  those determined by Lee and Wade. 

i s  a t e n  s a t e l l i t e  c o n s t e l l a t i o n .  

e q u a t o r i a l  o r b i t ,  and t h e  remain ing seven a r e  i n  a synchronous e l l i p t i c a l  o r b i t .  

The t h r e e  e q u a t o r i a l  s a t e l l i t e s  a r e  a t  l o n g i t u d e s  o f  170", 100" and 30" W. 

The e l l i p t i c a l  o r b i t  has l o n g i t u d e  o f  per igee 100" W, e c c e n t r i c i t y  0.35, and 

i n c l i n a t i o n  110". 

o r b i t ,  r e s u l t i n g  i n  a p e r i o d  o f  3:26 hours f o r  t h e  c o n s t e l l a t i o n .  

I t  

Three s a t e l l i t e s  a r e  i n  c i r c u l a r  synchronous 

The seven s a t e l l i t e s  a r e  spaced u n i f o r m l y  i n  t i m e  i n  t h e  

Because t h e  i n c l i n a t i o n  of t h e  e l l i p t i c a l  o r b i t  exceeds go", t h e  ground 
* 

t r a c k  o f  t h e  o r b i t  i s  unusual. 

po les,  and has i t s  crossover  p o i n t  over  t h e  southern p a r t  o f  CONUS. 

t r a c k  i s  i l l u s t r a t e d  i n  F i g .  A.1. 

a t  h o u r l y  i n t e r v a l s  f o r  t h e  day January 3, 1973. 

t h e  var ious  o r b i t a l  parameters f o r  t h e  i n d i c a t e d  s u b s a t e l l i t e  po ints . '  

s u b s a t e l l i t e  p o i n t  i s  n o r t h  o f  t h e  crossover  p o i n t  f o r  about 14 hours,  and 

south o f  i t  f o r  t h e  remain ing t e n .  

It i s  a f i g u r e  e i g h t  which wraps around both 

Th is  ground 

Successive s u b s a t e l l i t e  p o i n t s  a re  i n d i c a t e d  

Table A . l  p rov ides  values o f  

Each 

F igure  A.2 i l l u s t r a t e s  an az imuth-e leva t ion  p l o t  f o r  t h e  e l l i p t i c a l  o r b i t  

A t  var ious  p o i n t s  i n  t h e  o r b i t  t h e  s a t e l l i t e  as observed from 40"N, 9O"W. 

prov ides  coverage from n o r t h  , n o r t h e a s t  nor thwest ,  southeast,  southwest and 

overhead. When t h i s  i s  coupled w i t h  t h e  coverage f rom t h e  south prov ided by 

t h e  e q u a t o r i a l  sate1 i t e s ,  i t  i s  e v i d e n t  t h a t  t h i s  c o n s t e l l a t i o n  prov ides  t h e  

m u l t i p l e  azimuth and e l e v a t i o n  coverage necessary f o r  accurate p o s i t i o n  d e t e r -  

minat ion.  Each sa e l l i t e  i s  below t h e  h o r i z o n  f o r  about  f i v e  hours. O f  t h e  

*Locus o f  subsate l  1 i t e  p o i n t s .  

22 

!. F 

-- 

I -  
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TABLE A.1 
ORBITAL DATA FOR SATELLITE CONSTELLATION 

(ELLIPTICAL ORBIT) 

0 0 0 0 

Time N .  L a t .  W. Long. E l e v .  Az. Range ( k n m i )  

1 :oo 
2:oo 

3:OO 

4:OO 

5:OO 

6:OO 

7:  00 

8: 00 

9:oo 

1o:oo 

11:oo 

12:oo 

13:OO 

14:OO 

15: GO 

16:OO 

17:OO 

18:OO 

19:co 

20:oo 

21 :oo 

22 : 00 

23:OO 

24:OO 

47 

55 

63 

70 

76 

80 

78 

73 

65  

56 

46 

34 

19 

2 

-21 

-49 

-77 

- 64 

- 37 

-16 

2 

16 

28 

38 

133 

150 

170 

194 

226 

274 

331 

11 

38 

60 . 

8 0  

99 

117 

136 

155 

177 

232 

355 

23 

43 

61 

79 

96 

114 

55 298 26 

43 31 2 27 

34 325 28 

2 1  3 31 29 

24 349 29 

24 1 29 

28 12 28 

36 23 27 

47 32 26 

61 40 24 

79 47 22 

79 232 20 

53 237 18 

24 239 17 

_-----__---_-__--__________ 

Below t h e  H o r i z o n  
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OBSERVATION POINT i 
..- 

a 

S 

Fig. A.2. Azimuth-elevation trace for elliptical orbit of constellation. 

_ -  
a- 

'' c 
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ten satellites, eight will always be above the horizon and on the average seven 

will be at elevations greater than 15". 

A GDOP map for this constellation is illustrated in Fig. A.3. 
* 

At no 

point in CONUS does the GDOP exceed 4.7, and its average value is 2.4. 

map is calculated for an aircraft in level flight; only satellites above 15'' 

elevation are assumed to be visible. Further investigations by Lee and Wade 

The 

10 

have shown that the constellation also has the desirable characteristic of 

relative insensitivity o f  position determination accuracy to aircraft orienta- 

tion, satellite failure and aircraft location. 

A.3 COVERAGE: GEOMETRIC APPROXIMATION 

Figure A.4 illustrates the coverage geometry for one satellite antenna 

beam with its boresight point in CONUS. 

cone of half angle B/2. 

ellipse of eccentricity 

The antenna beam is assumed to be 'a 

Its intersection with the earth is approximately an 

cos B/2 

t and semiaxes 

R sin@sin f3 
2 sin(++B/2) sin(@-B/Z) a =  (A-2 1 

(A-3)1 

* 
Geometric Dilution - -  O f  Precision is a magnification factor which relates posi- 
tTon measuriiment error to range measurement error. 
'These formulas are derived from standard results for conic sections. 
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F i g .  A.4. Coverage geometry from orbiting s a t e l l i t e .  
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where R i s  t h e  s l a n t  range t o  t h e  b o r e s i g h t  p o i n t  and @ i s  t h e  s a t e l l i t e  e leva-  

t i o n  as viewed from b o r e s i g h t .  The area covered by a s i n g l e  beam i s  approx i -  

mate ly  Tab ( t h e  a c t u a l  coverage area w i l l  be g r e a t e r  because o f  t h e  s p h e r i c a l  

n a t u r e  o f  t h e  e a r t h ' s  s u r f a c e ) .  An e s t i m a t e  o f  t h e  number o f  beams r e q u i r e d  

t o  cover  an area A around t h e  b o r e s i g h t  p o i n t  i s  

number o f  beams A 
.rrab (A-4) 

* 
Using t h e  above formula,  t h e  nuniuer o f  beams r e q u i r e d  f o r  CONUS coverage 

has been computed a t  h o u r l y  increments f o r  t h e  e l l i p t i c a l  o r b i t  i n  t h e  c o n s t e l -  

l a t i o n .  The cone ang le  

d i s h  a t  t h e  1600 MHz r e c e i v i n g  f requency. O f  t h e  24 h o u r l y  p o s i t i o n s ,  19 have 

above t h e  h o r i z o n  e l e v a t i o n  and t h e r e f o r e  g i v e  meaningful  r e s u l t s .  

i s  taken t o  be 1.5",the 3 dB beamwidth of t h e  30 ft 

The coverage es t imates  ob ta ined by t h i s  method a r e  presented i n  Table A.2. 

The es t imates  range f rom 3 beams ( f o r  low e l e v a t i o n  s a t e l l i t e s )  t o  17 beams 

f o r  s a t e l l i t e s  near  t h e  z e n i t h .  The average va lue  i s  about 9 beams. 

d i s c u s s i o n  o f  these r e s u l t s  i s  d e f e r r e d  t o  t h e  f o l l o w i n g  sec t ion ,  where t h e y  

a r e  compared t o  t h e  p r e d i c t i o n s  ob ta ined from t h e  coverage maps. 

F u r t h e r  

A . 4  COVERAGE: BEAM FOOTPRINT MAPS 

For t h e  computat ion o f  t h e  coverage maps, i t  was assumed t h a t  t h e  s a t e l l i t e  

antenna uses a t o t a l  o f  t e n  beams. 

t h e  geometr ic model. 

T h i s  i s  r o u g h l y  t h e  average number computed by 

The b o r e s i g h t  p o i n t s  (which remain s t a t i o n a r y  d u r i n g  s a t e l l i t e  

6 2  k i s  assumed t o  be t h e  area of  CONUS, 3 x 10 m i  . * 
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TABLE A.2 

COVERAGE ESTIMATES OBTAINED FROM GEOMETRIC MODEL 

T i  me 

l : o o  
2:oo 

3: 00 
4. : 00 
5: 00 
6: 00 
7:OO 

8:OO 

9:oo 

1o:oo 

11:oo 
12:oo 
13:OO 
14: 00 
15:OO 
16:OO 
17:OO 
18:OO 
19:oo 
20:oo 

21 : 00 
22:oo 

I 23: 00 i 
24:OO i -- 

Number o f  Beams 

Below the  Hor izon 

.- . 
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mot ion)  a r e  g i v e n  i n  Table A.3.  

p a r t  of CONUS and f i v e  a r e  i n  t h e  southern p a r t  o f  CONUS. 

F i v e  of t h e  beam b o r e s i g h t s  a r e  t h e  n o r t h e r n  

Exact  beam f o o t p r i n t s  were computed u s i n g  a combinat ion o f  computer pro-  

F igures  A . 5  ( a - t )  i l l u s t r a t e  t h e  com- grams a v a i l a b l e  a t  L i n c o l n  Laboratory .  

puted f o o t p r i n t s  f o r  t h e  19 o r b i t a l  p o i n t s  a t  which t h e  s a t e l l i t e  i s  above t h e  

l o c a l  h o r i z o n  somewhere i n  CONUS. 

number o f  beams r e q u i r e d  f o r  complete CONUS coverage as computed by t h e  geo- 

m e t r i c  model (Eq. A - 4 ) .  

Each f i g u r e  a l s o  i n d i c a t e s  t h e  es t imated 

Even a c u r s o r y  examinat ion of the  beam p l o t s  shows t h e  g r e a t  v a r i a t i o n  

i n  coverage as a f u n c t i o n  o f  s a t e l l i t e  p o s i t i o n .  

F ig .  A.5 1. Here t h e  s a t e l l i t e  i s  n e a r l y  overhead ( e l e v a t i o n  79"); t h e  3 dB 

f o o t p r i n t s  f o r  t h e  most p a r t  do n o t  over lap  and t h e r e  are  l a r g e  areas of CONUS 

which do n o t  have 3 dB coverage. 

r e q u i r e d  f o r  f u l l  CONUS coverage. 

The s a t e l l i t e  i s  near  apogee and t h e r e f o r e  appears due n o r t h  a t  low e l e v a t i o n  

(24'). I n  t h i s  s i t u a t i o n ,  t h e  f o o t p r i n t s  a r e  cons iderab ly  l a r g e r  than i n  t h e  

prev ious  case. 

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

cases where t h e  f o o t p r i n t s  a r e  narrow i n  t h e  East  and wide i n  t h e  West, o r  

v i c e  versa. 

For example, cons ider  

I n  t h i s  case, more than t e n  beams would be 

I n  c o n t r a s t ,  cons ider  F ig .  A.5f, f o r  example. 

I n  f a c t ,  i t  appears t h a t  t h e  f i v e  beams hav ing  n o r t h e r n  

I n  between these extremes a r e  

The coverage p r e d i c t i o n s  y i e l d e d  by t h e  two methods a r e  s i m i l a r .  The 

geometr ic es t imates  r i s e  o r  f a l l  as t h e  beam contours e x h i b i t  l e s s e r  o r  g r e a t e r  

over lap.  

and i n  those cases t h e  two p r e d i c t i o n s  a r e  i n  accord. 

The geometr ic method i s  most accura te  f o r  l a r g e  e l e v a t i o n  angles 

For  low e l e v a t i o n s ,  
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TABLE A.3 

BEAM BORESIGHT POINTS 

B o r e s i g h t  P o i n t  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Longi tude 

124 

113 

102 

91 

75 

118 

107 

97 

87 

80 

( O W )  

L a t i  tude 
( O N )  

43 

43 

43 

42 

42 

35 

34 

32 

32 

31 

.. 
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t h e  geometr ic  approx imat ion does n o t  p r o p e r l y  model t h e  beam spreadins over  

t h e  s p h e r i c a l  e a r t h ,  and i t s  u t i l i t y  i s  l i m i t e d  by t h e  unusual shape of t h e  

contour .  Thus, f o r  example, a l though t h e  coverage e s t i m a t e  f o r  F ig .  A.5e i s  

t h r e e  beams, t h e  f o o t p r i n t  p l o t  i n d i c a t e s  t h a t  about f i v e  a r e  needed. 

I n  i n t e r p r e t i n g  t h e  f o o t p r i n t  maps i t  i s  impor tan t  t o  t a k e  s a t e l l i t e  

range i n t o  account. I n  t h e  overhead case, t h e  s a t e l l i t e  i s  nearer  t o  CONUS 

than i t  i s  a t  apogee b y  a f a c t o r  o f  about 1.5. Therefore,  t h e  a c t u a l  s i g n a l  

energy r e c e i v e d  a t  t h e  s a t e l l i t e  from an a i r c r a f t  s i t u a t e d  on a 3 dB contour  

p o i n t  i s  3-4 dB g r e a t e r  i n  t h e  former case than t h e  l a t t e r .  

where t h e  dominant source o f  i n t e r f e r e n c e  a t  t h e  s a t e l l i t e  i s  r e c e i v e r  no ise,  

t h e  a d d i t i o n a l  g a i n  he lps  t o  o f f s e t  the gaps i n  3 dB coverage which occur  i n  

t h e  overhead case. 

var ious  s a t e l l i t e  p o s i t i o n s ,  t h e  3 dB contours  a t  apogee might  be compared 

t o  t h e  6 dB contours  f o r  t h e  overhead p o s i t i o n .  

I n  s i t u a t i o n s  

I n  a more accura te  comparison o f  rece ived energy f o r  

It i s  n o t  p o s s i b l e  t o  adequate ly  descr ibe  our  assessment o f  t h e  coverage 

issues i n  terms o f  a s i n g l e  number o f  beams which w i l l  adequately cover CONUS. 

We summarize t h i s  assessment o f  t h e  coverage problem by s t a t i n g  t h a t  anywhere 

f rom 5 t o  15 beams are  r e q u i r e d  and t h a t  t h e  average number i s  approx imate ly  

10. 

.. ... 
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APPENDIX B 

AN UPPER BOUND TO ACQUISITION MISS PROBABILITY 

In t h i s  appendix, we derive an upper bound t o  P M ,  the probability t h a t  

a given a i r c ra f t  i s  ''missed" on acquisition. A miss occurs i f  an incorrect TOA 

quadruplet i s  supplied t o  the a i r c r a f t ' s  track f i l e  by the acquisition sub- 

system. 

minimum number of s a t e l l i t e s ,  4 ;  ( 2 )  the e f fec t  o f  mutual interference i s  the 

same as t h a t  of an equivalent power in-band white Gaussian noise source a t  the 

receiver input; (3)  during acquisition the matched filter-envelope detector 

output samples are taken a t  the DPSK chip rate .  

The derivation carried o u t  assumes; ( 1 )  the constellation employs the 

I n  carrying o u t  the derivation we ignore the e f fec t  of phantom signatures. 

These a r i se  when pulses from different  received signatures combine and appear 

t o  consti tute a valid signature, which however, i s  n o t  present a t  the rece-iver 

a t  the indicated TOA.  The contribution of such phantom signatures t o  PM i s  

believed t o  be quite small. 

a i r c ra f t  signatures are employed. 

Phantom signatures do n o t  occur when single pulse 

The nomenclature t o  be used in the derivation i s  introduced below. 

6 = maximum TOA difference between retransmissions of 

a = update period 

T = DPSK chip d u r a t i o n  

pf = fa lse  alarm probability per matched filter-envelope detector s.ample 

pd = detection probability per matched filter-envelope detector sample 

a given signature from two different  s a t e l l i t e s  

C 

* 

Q(-,.) = the Marcum Q function 

* 
These are defined relat ive t o  the binary decision t e s t  performed on acquisition. 

--. 
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Consider t h e  a c q u i s i t i o n  of  a g i v e n  a i r c r a f t  t r a n s m i t t i n g  a P pu lse  

The pu lses  i n  a P p u l s e  s i g n a t u r e  are  l a b e l l e d  A1, A2, ... ,Ap. s ignature .  

L e t  t h e  TOA o f  p u l s e  Ai r e t r a n s m i t t e d  f rom t h e  master s a t e l l i t e  be ti. Assume 

t h a t  t h e  t h r e e  remain ing s a t e l l i t e s  a re  l a b e l l e d ;  SAT( l ) ,  SAT(2) , SAT(3). For 

t h e  a i r c r a f t  which i s  t o  be acqu i red  we w i l l  o b t a i n  an upper bound t o  PM by 

l o w e r  bounding the  p r o b a b i l i t y  o f  t h e  event  complementary t o  a "miss," which 

i s  a c o r r e c t  a c q u i s i t i o n .  

For t h e  g iven a i r c r a f t  t o  be c o r r e c t l y  acqu i red  i t  i s  s u f f i c i e n t  t h a t  

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

:-- 

The pulses A1,. . . ,Ap r e t r a n s m i t t e d  f rom t h e  master 

sate1 1 i t e  a r e  a1 1 de tec ted  d u r i n g  t h e  a c q u i s i t i o n  

per iod .  

None o f  t h e  master s a t e l l i t e  matched f i l t e r - e n v e l o p e  
d e t e c t o r  samples taken f rom t h e  A1 p u l s e  matched f i l t e r  

generate a f a l s e  a larm d u r i n g  t h e  a c q u i s i t i o n  per iod .  

The pu lses  A1 , . . . ,A, r e t r a n s m i t t e d  from SAT( i ) ; 
i= l ,2 ,3,  a r e  a l l  de tec ted  d u r i n g  t h e  a c q u i s i t i o n  

p e r i  od. 

None o f  t h e  SAT(i); i= l ,2,3,  matched f i l t e r - e n v e l o p e  
d e t e c t o r  samples taken from t h e  pu lse  A1 matched f i l t e r  i n  
t h e  i n t e r v a l  [tl-d, t,+6] generate a f a l s e  alarm. 

Cond i t ions  ( l ) ,  ( 2 )  and (3 )  a r e  se l f -exp lanatory .  ' C o n d i t i o n  ( 4 )  i s  merely a 

check on t h e  c l u s t e r i n g  o f  the  A1 p u l s e  TOAls. I f  they do n o t  l i e  w i t h i n  t h e  

s p e c i f i e d  i n t e r v a l  , then t h e  a i r c r a f t  p o s i t i o n  computed from these TOA's 

would be an impossib le  one. 

pulses as w e l l ,  b u t  t h e  A1 check should be s u f f i c i e n t  t o  weed o u t  most o f  t h e  

A s i m i l a r  check c o u l d  be made on t h e  succeeding 
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phantom signatures or highly erroneous TOA quadruplets. 

will subsequently be eliminated by the acquisition subsystem. 

Those which do pass 

Conditions ( 1 ) - ( 4 )  are expressed mathematically in terms o f  the following 

event def i n i  t i  ons . 

I For the master s a t e l l i t e  receiver o u t p u t s ,  the pulses 
A1 ,. . . , A p ,  are declared present a t  the correct pulse 
TOA's d u r i n g  the acquisition period. 

cO 

For the SAT ( i  ) receiver outputs, the pulses A, , . . . ¶ A p  
are declared present a t  the correct pulse TOA's during 
the acquisition period. 

For the master s a t e l l i t e  receiver o u t p u t  corresponding 
t o  pulse A 1 ,  none o f  the (2 - 1 )  receiver samples 

-3 examined d u r i n g  the acquisition period generate a pulse 
fa l se  alarm. 

- 
c4 - 

For the S A T ( i )  receiver o u t p u t  corresponding t o  pulse 
A 1 ;  none of  the - receiver samples examined i n  the 26 

TC B i  
= I interval [t -6 , t1+6J  generate a pulse fa l se  alarm. 

Correct acquisition includes the intersection of a l l  these events. Thus 

we have : 

3 3 
{correct acquisition} 2 c0 /I c i  0 c4 B~ 

i = l  j = l  

78 



F ’  

... 

The event  probabi  1 i t i e s  are  

P Prob (c,) = pd 

P Prob (C,) = pd 

- -  a 1  
Prob (C,). = ( 1  - pf)*C 

- -  26 1 
Prob (B1) = ( 1  - p f )Tc  

By app ly ing  (B-3) t o  (B-2),  t h e  f o l l o w i n g  bound i s  obta ined.  

a+66 - 
(8-4) 

4P * C  
Prob { c o r r e c t  a c q u i s i t i o n )  1. pd ( I  - p f )  

We now invoke the  assumption t h a t  t h e  mutual i n t e r f e r e n c e  has the  same 

e f f e c t  as an equ iva len t  power in-band wh i te  Gaussian no ise  source. 

matched f i l t e r - e n v e l o p e  d e t e c t o r  i n  t h i s  evironment,  pd and pf are r e l a t e d  

( th rough t h e  choice o f  d e t e c t i o n  th resho ld )  as f o l l o w s :  

For t h e  

(B-5 1 
C^ - 

-..- , 

I n  (B-5),  Ep/Neff i s  t he  pu lse  enerqy- to-noise power d e n s i t y  r a t i o .  

t he  sum o f  the  power d e n s i t i e s  o f  t h e  r e c e i v e r  no ise  and t h e  equ iva len t  no ise  

power dens i t y  o f  t he  mutual i n t e r f e r e n c e .  

tieff i s  
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Apply ing  (8-5) t o  (8 -4 )  b r i n g s  

Prob { c o r r e c t  a c q u i s i t i o n )  > (1  - p f )  

' 3  

The fa1  se a1 arm probabi  1 i ty  ( e q u i v a l e n t l y  , the  d e t e c t i o n  t h r e s h o l d )  can be 

v a r i e d  t o  maximize t h e  r i g h t  hand s i d e  o f  (8-6). Since a miss i s  t he  comple- 

ment of c o r r e c t  a c q u i s i t i o n ,  t h e  f o l l o w i n g  upper bound i s  obta ined:  

PM < 1 - max 

p f 

/F . e f f  9 /-".pfijnP (B -7 )  

The bound (B-7) i s  used i n  Sec t i on  4.4 i n  s tudy ing  the  a c q u i s i t i o n  per -  

formance o f  systems employing RAST. 
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APPENDIX C 

TIME OF ARRIVAL ESTIMATION I N  THE PRESENCE OF MUTUAL INTERFERENCE 

I n  t h i s  appendix we cons 

a r r i v a l  o f  a PSK s i g n a l  i n  t h e  

mutual  i n t e r f e r e n c e  c r e a t e d  by 

prev ious  analyses o f  t h i s  prob 

assumed t o  be t h e  same as t h a t  

der  t h e  problem o f  e s t i m a t i n g  t h e  t ime o f  

presence o f  b o t h  w h i t e  Gaussian n o i s e  and t h e  

o t h e r  r e c e i v e d  s i g n a l s  o f  s i m i l a r  form. 

em t h e  e f f e c t  o f  mutual i n t e r f e r e n c e  has been 

o f  an e q u i v a l e n t  power in-band w h i t e  Gaussian 

I n  

n o i s e  source. 

ference as a f i l t e r e d  Poisson process. 

n a t u r e  o f  t h e  i n t e r f e r i n g  waveforms are made which p e r m i t  t h e  development of  

a u s e f u l  lower  bound t o  t h e  mean squared e r r o r  i n  t h e  TOA est imate.  

We depar t  f r o m  t h i s  assumption and i n s t e a d  model t h e  i n t e r -  

Spec ia l  assumptions concern ing t h e  

The r e s u l t s  a r e  d i r e c t l y  a p p l i c a b l e  t o  t h e  problem o f  e s t i m a t i n g  t h e  

a r r i v a l  t i m e  o f  a s i n g l e  p u l s e  PSK s i g n a t u r e  t h a t  migh t  be used i n  a system 

employing RAST. 

I n  t h e  f i n a l  s e c t i o n  of t h i s  appendix, t h e  r e s u l t s  a r e  a p p r o p r i a t e l y  mod i f ied  

so  t h a t  they  can be used f o r  TOA e r r o r  a n a l y s i s  o f  m u l t i p l e  p u l s e  s ignatures  

as we1 1. 

T h i s  s i g n a t u r e  t y p e  was descr ibed i n  Sec t ion  2 o f  t h i s  r e p o r t .  

C . l  WAVEFORM AND INTERFERENCE PROCESS MODELS 

Each s i g n a l  under c o n s i d e r a t i o n  c o n s i s t s  o f  a number o f  pu lses,  each of 

We which i s  b i n a r y  PSK modulated. 

assume t h a t  t h e  ch ips  i n  each pu lse  are  ob ta ined b y  random s e l e c t i o n ,  i .e. ,  each 

c h i p  has phase angle 0" o r  180" w i t h  equal p r o b a b i l i t y .  

t h e  general  RAST s ignature .  

Each pu lse  i s  composed of n b i n a r y  ch ips.  

T h i s  model represents  

Such a model i s  n o t  unreasonable; i t  has been known 
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f o r  some t i m e  t h a t  s i n g l e  p u l s e  PSK modulated s i g n a l s  c o n s t r u c t e d  i n  t h i s  manner 

can have f a v o r a b l e  auto-and c r o s s c o r r e l  a t i o n  p r o p e r t i e s .  

S i n g l e  p u l s e  s i g n a t u r e s  o f  t h i s  t y p e  have t h e  f o l l o w i n g  s imp le  mathematical  

r e p r e s e n t a t i o n .  L e t  P ( * )  denote a u n i t  energy c h i p  waveform ( o f  d u r a t i o n  T ~ ) ~  

and l e t  ai denote t h e  i - t h  c h i p  ampl i tude (ai = k l ) .  Then 

S ( t )  - 4 2  - 
i =1 

ai P ( t  - i T c )  

E represents  t h e  t o t a l  energy o f  S ( t ) .  

The phase ang le  o f  t h e  rece ived pu lse  i s  assumed t o  

f o r m l y  d i s t r i b u t e d .  The r e c e i v e r  c o n s i s t s  of  a matched f 

be random 

1 t e r  -enve 

The r e c e i v e r  i n p u t  c o n t a i n s  t h e  d e s i r e d  s i g n a l  , w h i t e  Gal d e t e c t o r .  

and u n i -  

s s i a n  

n o i s e  o f  s p e c t r a l  d e n s i t y  No W/Hz ( s i n g l e - s i d e d )  and a number o f  i n t e r f e r i n g  

s i q n a l s  which a r e  a l s o  PSK Dulses modulated by d i f f e r e n t  b i n a r y  codes. 

proceeding w i t h  t h e  TOA e r r o r  a n a l y s i s  i t  i s  necessary t o  make e x p l i c i t  the  

Before 

assumptions concern ing t h e  i n t e r f e r e n c e  process. 

1. The phase angles o f  t h e  r e c e i v e d  pu lses  are  s t a t i s t i c a l l y  
independent ( u n i f o r m l y  d i s t r i b u t e d )  random v a r i a b l e s .  

2. The i n t e r f e r i n g  s i g n a l s  a r r i v e  independent ly  a t  t h e  
matched f i l t e r  r e c e i v e r .  T h e i r  a r r i v a l  t imes are  des- 

c r i b e d  by a Poisson process. The a r r i v a l  r a t e  f u n c t i o n  
(11) which s t a t i s t i c a l l y  c h a r a c t e r i z e s  t h e  process i s  
assumed t o  be constant .  For a p p l i c a t i o n  t o  RAST, i t s  
va lue  i s  t h e  number o f  s i g n a l s  t r a n s m i t t e d  t o  t h e  
r e c e i v e r  d i v i d e d  by t h e  t ransmiss ion  per iod ;  t h i s  i s  
e q u i v a l e n t  t o  t h e  number o f  a i r c r a f t  serviced/beam/sec. 

*-• 

’- - .  
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3 .  The average received energy per interfering signal i s  
x E .  By varying X we can study the TOA estimation 
accuracy fo r  signals which are disadvantaged relat ive 
to  the interfering signals. For simplicity we assume 
t h a t  each interfering signal has the average energy X E .  

C.2 TIME OF A R R I V A L  ESTIMATION E R R O R :  SINGLE PULSE 

We begin the analysis by considering the interval of observation. The 

desired signal i s  assumed t o  have a time of a r r iva l ,  T ,  which l i e s  in the inter-  

val I = [-To/2,  To/2] ( the a priori  uncertainty in te rva l ) .  

i s  observed over an interval including I f o r  the purpose of estimating T .  

addition t o  the desired signal and the Gaussian noise, the receiver o u t p u t  con- 

tains contributions from a number of interfering signals. 

signal d u r a t i o n  (Ts = n-rc).  Only those signals which arrive during the interval 

[-(To/2 + T S )  , (To/2 + T s ) ]  contribute interference within the uncertainty inter-  

val I .  

arrival time will contribute interference t o  the mainlobe of the matched f i l t e r  

o u t p u t .  We note t h a t  when T o < < T s ,  almost a l l  the signals which contribute t o  

the receiver cutput (within I )  can be expected t o  overlap the mainlobe o u t p u t .  

The receiver o u t p u t  

In  

Let TS denote the 

Furthermore, only those t h a t  arrive w i t h i n  ?TS sec of the desired signal 

shall primarily be interested This would n o t  be true i f  T- > > T s ,  b u t  since we 

in how the 

assume t h a t  

an interval 

U 

nterfering signa 

the interference 

of d u r a t i o n  2TS ,  

s perturb the main obe of the o u t p u t  s ignals,  we 

signals of concern are those which arrive within 

centered a t  T .  

Let us l o o k  a t  the receiver o u t p u t  conditioned upon the arrival of exactly 

m interfering signals within [ - T s + ~ ,  T s + ~ ] .  For convenience, i t  i s  assumed 

t h a t  the i r  arrival times d i f fe r  from t h a t  of the desired signal by an integral 
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number of chip durations. 

interference signal a t  time T be m y i  , and define 

Let the f i l t e r  o u t p u t  corresponding t o  the i - th  
* 

m 

The total  f i l t e r  o u t p u t  a t  the signal arrival time is  the sum of the desired signal 

autocorrelation mainlobe (amplitude J€) and the interference (amplitude K E  x ) .  

The noise output i s  a Gaussian random variable of zero mean and variance No/;!. 

We will lower bound the worst case mean squared error  in estimating the 
.2 3 

desired signal time of a r r iva l ,  T, using a method originally due t o  Ziv and iiakai. 

Further developments of t h i s  technique are reported in Orr and Yates. l 7  The 

essential  concept of the Ziv-Zakai bound i s  tha t  the mean squared TOA er ror  
-7 ( e  ) can be bounded in terms o f  the error probability f o r  a related binary 

hypothesis testing problem. The specific form of the bound i s  

where P e ( A )  i s  the minimum error  probability for  the decision problem in which 

the desired signal i s  transmitted a t  e i ther  time tl o r  time t2 (with equal 
4-7 

-- probability) , where t l  , t2 €[-To/2,  To/Z],  and  I tl - tpl = A.' This bound-  .. - . 

ing technique i s  applied t o  the present problem by f i r s t  computing a lower 

bound t o  the conditional mean squared e r ror ,  e ( m , x ) .  

estimation error  conditional on the values of m and x. 

The matched f i l t e r  impulse response i s  normalized t o  have  unit energy. 

2 This i s  the mean squared 

When the conditioning 
* 
c 
'For  th i s  form of  the bound t o  apply, i t  must be t rue ,  as i t  i s  i n  the present 
case, t h a t  Pe(A) i s  a func t ion  o f  tl  and t2 only t h r o u g h  their  absolute differ-  
ence A .  
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i s  removed by averaging over the 

the resu l t  remains a lower bound 

In  applying the bound,  we 

j o i n t  probability density of those 

t o  the TOA e r ro r ,  e . 
- 

2 
vari ab1 es , 

gnore the presence of intefering s 

a l l  times other t h a n  those w i t h i n  2 ' 1 ~  of the desired s i g n a l  arrival 

gnals a t  

time. This 

i s  consistent w i t h  obtaining the desired lower bound. 

lapping the mainlobe i s  represented as an a d d i t i o n a l  signal component super- 

The interference over- 

imposed on the desired signal. 

I t  i s  mathematically convenient t o  carry out the Ziv-Zakai analysis in 

terms of the known phase, rather t h a n  the random phase, channel model (replacing 

the matched filter-envelope detectors w i t h  matched f i l t e r s )  . Since the error  

probability for  the known phase case i s  the smaller of the two, the resu l t  i s  
7 s t i l l  a lower bound t o  e . This convenience weakens the bound by only a negli- 

gible amount since the two error  probabili t ies are so nearly equal. 
2 The evaluation of e ( m , x )  requires treatment of two separate cases. The 

f i r s t  case i s  t h a t  in which the autocorrelation mainlobe and the interference 

outputs combine destructively. 

f i l t e r  output i s  negative a t  the true arrival time. 

x < -l/&. 

We interpret  this t o  mean t h a t  the matched 

This occurs only i f  

We t r e a t  t h i s  case as  t h o u g h  the signal were transmitted with no 

energy. 

makes a random choice, and Pe m,x ( A )  = 7 for  a l l  A .  

Then, of course, the optimum receiver for the decision problem merely 
1 The corresponding error  

bound i s  

To2  x 2 1/a 2 e (m,x)  = - ; a 

The second case i s  t h a t  i n  which the signal plus interferepce i s  positive 

a t  the arrival time. I t  i s  treated as though the signal energy i s  E ( l  + ,/xx) . 2 

I 
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The e r r o r  p r o b a b i l i t y  f o r  t h e  second case i s  

where Q( 0 )  represents  t h e  Gaussian p r o b a b i l i t y  i n t e g r a l  

2 1 -u /2 Q ( y )  = - 7 du e 
X y  

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

process. 

t h e  form o f  pa i s  known. 

The e r r o r  bound corresponding t o  t h i s  cannot be c a l c u l a t e d  un less  

Because t h e  ch ips  i n  t h e  PSK p u l s e  s i g n a l  a r e  chosen randomly we can assume 

w i t h  some j u s t i f i c a t i o n  t h a t  t h e  p u l s e  s i g n a l  has a narrow a u t o c o r r e l a t i o n  main- 

l o b e  and low s ide lobes .  Except f o r  t h e  s ide lobes,  t h e  PSK p u l s e  a u t o c o r r e l a t i o n  

f u n c t i o n  resembles t h e  a u t o c o r r e l a t i o n  f u n c t i o n  of t h e  c h i p  waveform. 

t h e  a u t o c o r r e l a t i o n  f u n c t i o n  which would r e s u l t  if t h e  t r a n s m i t t e d  waveform 

a c t u a l l y  c o n s i s t e d  of a s i n g l e  c h i p  of  energy E, r a t h e r  than n consecut ive ch ips ,  

each o f  energy E/n. 

i g n o r e  the  e f f e c t s  o f  t h e  ( l o w )  s ide lobes  on t h e  a c t u a l  a u t o c o r r e l a t i o n  f u n c t i o n .  

This  i s  

We choose t h i s  s i n g l e - c h i p  r e p r e s e n t a t i o n  f o r  pA and 
b, 

__ L e t  us assume t h a t  t h e  c h i p  waveform, P ( t ) ,  i s  an approx imate ly  r e c t a n g u l a r  _ _  - 
2 *  

shaped p u l s e  of d u r a t i o n  T~ and f i n i t e  mean squared bandwidth B . 
c o r r e l a t i o n  f u n c t i o n  o f  such a p u l s e  can be approximated as 

The auto-  

* I f ,  f o r  example, t h e  c h i p  waveform i s  t r a p e z o i d a l  w i t h  r i s e  and f a l l  t imes 
Try  then ~2 = ~ / T ~ T ~ .  
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..a 

P A  - 
U 

Equat ion (C-7) ( A )  g iven b: e l w  
be a p p l i e d  t o  P (C-5). Th, 

Zakai e r r o r  bound f o r  t h i s  case has i n  f a c t  been shown t o  be l7 

where 

and 

A h  2 e (m,x) > - max {Bi Be) 

A - B i  - 

u l  t i  Z i  v- 

(C-8 1 

(C-9a) 2 E  
(1 + - i y1 

NO 

(C-9c) 

(c-10) 
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* 
The thresholds i n  the formula for R i  are given by 

= 3 .27  Y l  ( C - 1 1 )  

The form of t h i s  resul t  i s  discussed a t  length i n  Orr andYates.17 To summarize 

br ief ly ,  the three regions of Bi (C-9)  correspond to: (a )  errors  of magnitude 

comparable to  the chip w i d t h  (low SNR); (b) errors  around the autocorrelation 

A 

peak when the waveform i s  indistinguishable from t h a t  o f  a square pulse ( in te r -  

mediate SNR); and ( c )  local errors about the autocorrelation peak, i . e . ,  the 

Cramer-Rao bound ( h i g h  SNR). 

large anomolous errors due t o  noise peaks outside the autocorrelation 

mai nl obe . 

h 

The external bound, Be (C-lo) ,  accounts for  

Equation (C-9) can be simplified somewhat by assuming t h a t  To > T~ for  
n 

the cases of in te res t ,  and by replacing the square pulse region o f  the B i  

formula w i t h  the Cramer-Rao p o r t i o n .  The l a t t e r  step weakens the bound only 

s l igh t ly .  

*Note t h a t  y2 > yl, since the time-bandwidth product B T ~  must exceed TT. 

aa 

(C-12b) 
_.i- 



2 Equat ions (C-4) and (C-12) p r o v i d e  t h e  necessary lower  bounds t o  e (m,x). I n  

o r d e r  t o  c a r r y  o u t  t h e  average over  x, one must know t h e  va lue  o f  x a t  which 

t h e  two express ions i n  (C-12) cross.  

t h a t  t h e  s o l u t i o n  i s  o f  t h e  form 

By i n s p e c t i n g  t h e  formulas one can see 

= f(BTo) 
2 E  ( 1  + f i x )  - 

NO 
(c-13) 

where f ( - )  i s  a f u n c t i o n  o n l y  of t h e  t ime-bandwidth p r o d u c t  BTo. 

shows t h e  va lue  of E/No ( c a l l e d  t h e  t h r e s h o l d  s i g n a l - t o - n o i s e  r a t i o )  a t  which 

t h e  express ions c ross  i n  t h e  absence o f  mutual  i n t e r f e r e n c e  ( i . e . ,  X = 0 ) .  

The s o l u t i o n  f o r  x i s  r e a d i l y  ob ta ined from t h i s  graph f o r  any nonzero va lue  

F i g u r e  C . l  

o f  A .  

L e t  us f i r s t  r e s t r i c t  a t t e n t i o n  t o  values o f  E/No which would be above 

t h r e s h o l d  i n  t h e  absence o f  mutual i n t e r f e r e n c e .  For these cases, t h e  va lue 

o f  x a t  which crossover  occurs must be negat ive.  

smal l  E/No, and (C-12b) a t  l a r g e  E/No. 

i f  we a r b i t r a r i l y  s e t  t h e  crossover  p o i n t  a t  x=O. 

o b t a i n  the  f o l l o w i n g  bound on e (m,x): 

Then (C-12a) w i l l  dominate a t  

2 We w i l l  f u r t h e r  underbound e (m,x) 

Using t h i s  procedure, we 

2 

1 x < - -  
¶ 

- Ai 

(C-14) 
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UNCERTAINTY INTERVAL X RMS BANDWIDTH 

Fig. C.l. Threshold signal-to-noise ratio vs BTo. 

, i- 
s 
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I f ,  on the other hand, E/No i s  below threshold, the crossover point i s  
2 a t  a positive value of x.  

ignoring the Cramer-Rao portion of the bound: 

I n  that  case we further underbound e (m,x)  by 

.-rr 
t 

(C-15)  

E/No bel ow threshold 

2 Now we compute the expectation of e (m,x) w i t h  respect t o  x for  a non- 

zero value of m .  

binomial random variable. I t  i s  essentially equal t o  

For a fixed value o f  m, x i s  a l inearly scaled and  translated 

x =  ~f f: a i j  (C-16) 
n 

i=1 j=1 

* 
where a i j  = +1 with equal probability. Thus x = 0 and 7 - m  x - . Since x i s  the 

sum of mn identically distributed variables, where n will be reasonably larqe 

( ~ 5 0 0  in the cases of i n t e re s t ) ,  we can assume t h a t  x i s  a Gaussian random variable. 

Given th i s  assumption about  x, the average o f  e'(m,x) can be lower bounded 

by averaging the lower bounds (C-14 and C-15) with respect t o  x .  In  the former 

case (E /No  above threshold), the average leads t o  three integrals ( I l  , I 2  and 1 3 ) ,  

'Equation (C-16) i s  s t r i c t l y  true only i f  a l l  m interfering signals overlap the 
desired signal completely. 
the variance of x exceeds m / n .  
s i s ten t  w i t h  o b t a i n i n g  a lower bound t o  3.  

For partial  overlaps, there are fewer summands a n d  
This minimum variance assumption for  x i s  con- 
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t h e  r e s u l t a n t  lower  bound be ing  t h e  sum o f  these. 

one of t h e  reg ions  o f  x i n d i c a t e d  i n  ( C - 1 4 ) .  

Each i n t e g r a l  corresponds t o  

I n t e g r a l  I , :  

2 nx 
2m 

- -  
e To2 1 

-1 /dT 

-OD fl35qii 
I1 = / dx 

i 

s 

(C-17) 

- 0  - I_ 8 Q @ J  

I n t e g r a l  I,: 

T 2  0 
2 

U 

(C-18 

The formula f o r  I?  has been conver ted t o  an i n t e g r a l  o f  a s tandard ized 

two dimensional  Gaussian v a r i a b l e  over  a p o r t i o n  of t h e  p lane.  

d i c a t e s  t h e  i n t e g r a t i o n  reg ion .  I2 can be lower  bounded by d i m i n i s h i n g  t h e  

i n t e g r a t i o n  r e g i o n  as i n d i c a t e d  i n  t h e  f i g u r e .  

i n g  i s  ob ta ined d i r e c t l y :  

F igure  C.2a i r i -  

Using t h a t  r e g i o n  the  f o l l o w -  
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(18-4-16037 I V 

ORIGINAL 
REGION 

DIM I N l S H E D  
REGION 

ORlG I N A L  
REGION 

H A L F - P L A N E  
REG1 O N  S 

(b) 

Fig .  C .2 .  I n t e g r a t i o n  regions f o r  I 2  and 1 2 ' .  

93 



I n t e g r a l  13: 2 nx - -  
2m- 

0.083 e /m dx E 
- 

m (-) ,B2(1 + VT x ) 2  I3 - 
No 0 

( C 4 9 )  

(c-20) 

i t  i s  easy t o  prove t h a t  t h e  denominator o f  t h e  l a t t e r  i n t e g r a l  can be upper 

and lower  bounded t o  w i t h i n  a f a c t o r  o f  2 as f o l l o w s :  

1 < 1 < -  1 
- 1 + -  mh u2 n 

(1 +p- u)2 
n 

2 (1  + %2) - 
n 

(c-21)  

Using t h e  lower  bound i n  t h e  i n t e g r a l  (C-ZO), one o b t a i n s :  

*The i n t e g r a l  i s  g iven  on p. 338 o f  Gradshteyn and Ryzhik.  24 

(c-22) 
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Using t h e  f o l l o w i n g  s tandard lower  bound t o  t h e  Q(-) f u n c t i o n ,  

(C-22) can be f u r t h e r  s i m p l i f i e d .  The r e s u l t i n g  bound on 1, i s  
" 

(C-24) 0.0415 

The c o n d i t i o n  under which I3 makes a s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  

t o t a l  bound i s  when mh/n i s  smal l .  

a more accurate approx imat ion than i s  . the lower  bound. 

crease (C-24) by a f a c t o r  o f  2: 

I n  t h a t  case t h e  upper bound i n  (C-21) i s  

Therefore,  we can i n -  

> 0.083 
I 3  - 

(E/No) B2 (1 + m) (C-25) 

Summing 11, I2 and I3 y i e l d s  

(C-26) 

+ e ; E/No above t h r e s h o l d  
(E/No) p2 (1 + q) 
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For E/No below th resho ld ,  t h e  average c o n s i s t s  o f  two i n t e g r a l s .  The 

f i r s t  i s  11, which has been eva lua ted  i n  (C-17). The second i s  a mod i f i ca t i l on  

I 
O J du 

- 4qiix  
4 

(c-27)  

2 2  u +v 
2 

-- 
e 
2.rr 

The i n t e g r a t i o n  r e g i o n  i n  t h e  u,v coord ina tes  i s  i n d i c a t e d  i n  Fig. C.2 b. We 

l ower  bound 12' by  upper bounding the  volume i n  the  complement o f  t h e  i n t e g r a -  

t i o n  reg ion .  

Th is  leads t o  

S p e c i f i c a l l y ,  we compute t h e  two i n d i c a t e d  h a l f - p l a n e  volumes. 

o r  

E/No ] - Q[E]j 
E/No) (mA/n) t 1 

(C-28) 

(c-29) 
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2 The bound on e (m), ( I l  + 1 2 ' ) , i s  

( C -  30) 

When m = 0, we use the no-interference expressions, which are obtained 

from (C-12):  

(C-31) 

( 0.83 ; E/No above threshold 

2 
What remains t o  be accomplished i s  the expectation o f  e (m) w i t h  respect t o  

I t  i s  indicated as m. 

a sum over the Poisson variable. 

t h a t  m i s  Poisson w i t h  mean 

We do not  have a closed form expression fo r  t h i s  average. 

Following the ea r l i e r  discussion, we assume 

= 2pTS: 

Then 

(C-32) 

(c-33) 

2 
The appropriate expressions are substituted i n  fo r  e (m), according t o  whether 

E / N o  exceeds threshold. 
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In order to  apply these resu l t s  t o  the RAST signature TOA analysis i n  

Section 4 of the report ,  the calculation indicated i n  (C-33) i s  carried o u t  

using a par t ia l  sum of the f i r s t  40 terms of the summation. 

C.3 TIME OF ARRIVAL ESTIMATION ERROR: MULTIPLE PULSE 

Time o f  arrival estimation for  a multiple pulse signature i s  accomplished 

by measuring the TOA of each individual pulse. A translated average of these 

estimates is  used for the signature TOA. The presence of the additional pulses 

reduces the TOA e r ror  because of the averaging. 

ference environment which we have described, there i s  the opportunity to  incor- 

rect ly  associate a received pulse w i t h  i t s  parent signature and  thereby make a 

large TOA error .  We now show how t o  modify the preceding analysis t o  account 

fo r  these two effects .  

However, in the mutual inter-  

T h e  receiver for a P-pulse signature has a f i l t e r  matched t o  each of the 

I n  estimating the pulse TOA'S, the o u t p u t  of each f i l t e r  i s  examined pulses. 

over an interval of w i d t h  To centered a t  the expected arrival time for t h a t  

pulse. Each of these matched f i l t e r  outputs may contain the desired pulse, 

interfering pulses from other signature a r r iva ls  and Gaussian noise. 

t i cu l a r  pulse to  which the f i l t e r  i s  matched may also be contained i n  one of the 

interfering signatures. 

a l l  signatures could be required t o  d i f fe r  by some prescribed amount .  

tion of a spurious pulse of t h i s  sort can cause a large TOA e r ror  i f  the desired 

pulse i s  masked. 

fo l l  ows. 

The pa r -  

This is  i n  contrast t o  the single pulse case, i n  which 

Recep- 

The ef fec t  of spurious pulses on the TOA e r ror  i s  analyzed as 

We alssume t h a t  the spacing between signature pulses exceeds (Ts + To) .  

This guarantees t h a t  no more than one pulse of an interfering signature can 
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be contained in the arrival uncertainty window. Thus, each interfering pulse 

arrives independently of a l l  others,  and the Poisson arrival model which was 

used for single pulse signatures now applies direct ly  to  the multiple pulse 

problem. 

A spurious pulse ambiguity results when one or more interfering pulses 

arrive within the uncertainty window, and a t  l eas t  one of them has the same 

waveform as the intended pulse. If the intended user i s  significantly dis- 

advantaged in power relat ive t o  the average user, the receiver will almost 

always make i t s  TOA estimate on the basis of the received energy of the spurious 

pulse. I n  order t o  be consistent w i t h  the assumptions leading t o  (C-33), the 

single pulse TOA error  bound, we calculate the worst case error  which can 

ar i  se from spurious pul se receptions . 
As a consequence of the Poisson arrival model, the a r r iva l  time of an 

Interfering pulse i s  uniformly distributed t h r o u g h o u t  the observation interval.  

The resulting TOA estimate is  assumed t o  be similarly distributed. The worst 

case error  occurs when the intended pulse arrives a t  e i ther  endpoint of the 
-7 observation interval;  ea ,  the mean squared value of t h i s  e r ro r ,  i s  

(C-34) 

Let q denote the probability t h a t  no spurious pulses are received w i t h i n  

the uncertainty window corresponding t o  a given pulse. 

error for  t h a t  pulse, 7 , is  bounded by 

The mean squared TOA 

P 
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(c-35) -7 
' 9  -7 + (1 - 9)  ea 

-7 e P -  

-7 where e i s  the single pulse error  given i n  (C-33). The calculation of q is  

straightforward. I t  will be done in terms o f  the signature arr ival  ra te  1.1: 

1-I = -  
a 

( C - :36 ) 

( the right hand side quantit ies are defined i n  Section 4 .3) .  

Each interfering P-pulse signature may arr ive so t h a t  any one o f  i t s  

P pulses overlaps the intended pulse window. 

for w h i c h  t h a t  signature contributes an interfering pulse has d u r a t i o n  PTo. 

The probability t h a t  exactly m such signatures arrive i s  

Thus ,  the s e t  o f  arr ival  times 

b P T 0 ) "  -lJPT, 
e m! Prob ( m )  = (C-37) 

The probability t h a t  none of the overlapping pulses are identical t o  the 

intended pulse i s  (1 - a)m, where N i s  the s ize  o f  the elementary pulse s e t .  

Thus, the probabi 1 i ty of no' spurious pulses i s  

m=O 

100 

(C-38) 



Then the per pulse TOA error is 

(C-39) 

Since the P intended pulse TOA's can be averaged in determining the signature 

T O A ,  the total  error  i s  

(C-40) 

For small arrival ra tes ,  the single pulse term i n  (C-39) i s  dominant .  

For very large arrival ra tes ,  spurious pulses are a v i r tua l  cer ta inty,  a n d  the 

To/3 dominates. The behavior a t  intermediate ra tes  depends upon the threshold 
7 behavior of  E as a function of p. 
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