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SECTION I 

SUMMARY AND PRINCIPAL CONCLUSIONS 

1 .l INTRODUCTION 
v Over the last half decade a number of satellite system techniques 

have been advanced as candidates to provide Air Traffic Control (ATC) surveil- 

lance, communication and/or navigation service over the CONtinental United 

States (CONUS) [l-91. Each technique has its advantages and disadvantages, 

All employ position location service by multilateration using a constellation 

of satellites. 

according to certain key technical features. 

These techniques can be grouped into three basic categories 

The three categories are: 

Coordinated Aircraft-to-Satellite Techniques (CAST) 

Systems employing these techniques interrogate air- 
craft sequentially. The response from an aircraft is 
the transmission of a timing pulse. This pulse is 
received by the satellites and then relayed to a ground 
processing facility. The ground processing facility 
determines the signal time of arrival (TOA) at each of 
the satellites and estimates the aircraft position by 
multilateration. 
incorporated into the ATC surveillance data base. The 
interrogation algorithm is designed to eliminate over- 
lapping signal pulses at the satellites and hence, mutual 
i n te rf e rence . 

The position information is then 

Random Access Ai rcraft-to-Sate1 1 i te Techniques (RAST) 

Systems employing these techniques have each aircraft 
transmit a timing pulse which is received by four or 
more satellites and relayed to a ground processing 
facility. 
satellites and estimates the aircraft position by hyper- 
bolic multilateration. The position information is then 
incorporated into the ATC surveillance data base. Since 
aircraft transmit in an uncoordinated manner, system per- 
formance, i .e., accuracy and update rate, is ultimately 
limited by mutual interference caused by signal overlap 
at satel 1 i te receivers. 

This facility determines TOA at each of the 



Sate1 1 i te-to-Ai r c ra f t  Techniques (SAT) 

Systems employing these techniques operate by having ifour 
or more s a t e l l i t e s  periodically transmit timing pulsqs t o  
a i r c ra f t .  A navigation processor (computer) aboard each 
a i r c ra f t  determines the a i r c ra f t  position from the si:gnal 
TOA. 
fo r  inclusion in a ground maintained ATC surveillance data 

The information also can be data linked t o  the lground 

base. 

This volume 

aspects of Satell  

s concerned with an assessment of the c r i t i ca l  'techn. 

te-to-Ai rc raf t  Techniques (SAT). The other two techr 
I 

are treated in Volumes I and  I1 [10,11]. 
1 

These three volumes concentrate only on the crucial technical issi  

They do not attempt t o  assess the broad spectrum of operational o r  ecor 

implications of employing these techniques i n  the National Airspace Sy: 
I 

Issues such as the cost-effectiveness of s a t e l l i t e s  as an element in tt 

ATC system are beyond the scope of these investigations. Detailed que: 

concerning the manner by which any o f  these satel  l i t e  techniques Imight 

from present day a i r c ra f t  surveil lance/navigation systems are  also out! 

the scope of t h i s  report. Detailed operational requirements t h a t  woulc 
I 

imposed upon a s a t e l l i t e  system for CONUS ATC have n o t  been given cons- 

in depth. I 

I 

The resul ts  of the technical assessment of a l l  three s a t e l l i t e  tec 

have verified t h a t  sa te l  1 i te-based techniques 

without reliance on h i g h  r isk technology. No 

emerged as superior; ra ther ,  several feasible 

One of the primary a t t rac t ive  at t r ibutes  

provide broad coverage o f  low a l t i  ab i l i t y  t o  

general av ation a r c ra f t  are predom 

for  CONUS ATC could be dc 

one particular tecdnique 

a1 ternatives have been ic 

o f  s a t e l l i t e s  i s  t he i r  ir 

I 

ude airspace. Unpbessur. 

n a n t  users of low al t i tude dirspac 

I 
I 

I 
I 
I 

I 2 

cal 

iiques 

's 

j:. 

E?S . 
o m  i c 

tem. 

E? CONUS 

t ions 

cwol ve 

ii de 

be 

deration 

tini  ques 

vel oped 

has -. 

ent i f ied.  

herent 

= :  

5 .  

ired 

f! . 



ir 

1 

The anticipated rapid growth i n  general aviation over the next several decades 

can be expected to  increase the ut i l izat ion of t h i s  airspace. Hence, a central 

issue i s  the complexity o f  general aviation avionics required for  s a t e l l i t e  

operation. 

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

employed for  comparable service w i t h  a ground-based system. 

I t  has been concluded t h a t  a l l  three of the techniques considered 

1.2 HOW SAT WORKS 

The basic s a t e l l i t e - to -a i r c ra f t  technique (SAT) i s  i l lus t ra ted  i n  Fig. 1 . l .  

The technique functions as  follows. A number of s a t e l l i t e s  are placed in 

orb i t  around the earth so t h a t  four or more s a t e l l i t e s  always are visible 

from CONUS. Periodically, each s a t e l l i t e  transmits a timing signal and accom- 

panyinq d a t a  towards CONUS. The d a t a  includes s a t e l l i t e  identification and 

information on the s a t e l l i t e  location a t  the time o f  transmission. An a i r -  

c r a f t  over CONUS receives the signals by means of a top-mounted antenna with 

upper-hemispherical coverage. The a i r c ra f t  position i s  determined from the 

signal times o f  arrival (TOA) using a small on-board computer. 

position then i s  displayed t o  the p i lo t  as navigation information. 

tion also can be relayed t o  the ground for  inclusion in the ATC d a t a  base. 

Thus, SAT provides navigation service and can provide (dependent) survei 11 ance 

using a one-way ( d i g i t a l )  communication l i n k .  

The calculated 

The posi- 
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1.3 PRINCIPAL CONCLUSIONS 

The principal conclusions of the report are as follows. 

Development of  a system employing SAT i s  n o t  depen- 
dent on h i g h  risk technology. 

Navigation i s  the natural ATC service provided by 
SAT; dependent survei 1 lance using an air-to-ground 
communications link i s  an optional service. 

Potential applications f o r  dependent surveil lance 
include primary surveillance in low density airspace 
and back-up three dimensional surveillance i n  high 
density airspace (independent o f  ATCRBS/DABS d a t a ) .  

- The on-board computing requirements are  modest. 
While the requirements can be sa t i s f ied  by a 16 
b i t  mini-computer, they are best sa t i s f ied  by 
a smaller special purpose computer. 

The avionics for  SAT would be more costly t h a n  a 
present day ATCRBS transponder. 
t o  those o f  today's DME. 

The costs are closer 

Workable SAT systems can be designed t h a t  do n o t  require 
a large ground-based data processing f ac i l i t y .  

Workable SAT systems can be designed tha t  avoid the use 
of an aircraft-to-sate1 1 i t e  up1 ink w i t h  i t s  associated 
jamming vu1 nerabi 1 i ty . 

5 



1.4 REPORT ORGANIZATION 

The r e p o r t  examines t h e  p o t e n t i a l  o f  SAT by a n a l y z i n g  a "base l ine"  
I 

The c h a r a c t e r i s t i c s  o f  t h e  b a s e l i n e  system r e p r e s e n t  one data p o i n t  on 'I 

curve o f  c h a r a c t e r i s t i c s  o b t a i n a b l e  f rom SAT." The conc lus ions  o f  S e c t i  

f o l l o w  f rom t h i s  data p o i n t ,  and t h e  e f f o r t  t h a t  produced i t .  

The r e p o r t  i s  broken i n t o  s e c t i o n s  each o f  which t r e a t s  a d i f f e r e n t  

aspect  o f  t h e  b a s e l i n e  system. The o r g a n i z a t i o n  i s  as fo l lows: .  

S e c t i o n  I 1  
~ 

P rov ides an overv iew o f  t h e  b a s e l i n e  system i n c l u d i n g  major 

e n g i n e e r i n g  dec is ions ,  and f u n c t i o n a l  c h a r a c t e r i s t i c s :  

Sec t ion  111 Descr ibes and analyzes the  S a t e l l i t e - t o - A i r c r a f t  l i n k l i n c l i  

s i g n a l l i n g  p r o t o c o l  , power budget, e r r o r s  due t o  no ise,  anc 

s i g n a l  format .  - 

Sec t ion  I V  Assesses t h e  computat ion t h a t  must be performed on-board 
t h e  a i r c r a f t .  I 

1 

S e c t i o n  V Examines t h e  a v i o n i c s  requi rements b o t h  i n  terms o f  RF 

and d i  g i  t a l  hardware. 

Descr ibes and analyzes some p o s s i b l e  a i r  t o  ground l i n k s .  

I 
I 

~ 

S e c t i o n  V I  
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SECTION I 1  

THE BASELINE SYSTEM 

t 

The r e p o r t  exp lo res  t h e  s a l i e n t  f e a t u r e s  o f  SAT systems through an a n a l y s i s  

o f  a ' 'basel ine"  system c o n f i g u r a t i o n .  

be a "bes t  p o s s i b l e "  SAT system. 

The b a s e l i n e  system i s  n o t  in tended t o  

Ins tead,  t h e  i n t e n t  i s  t o  p r o v i d e  a v e h i c l e  

f o r  examining t h e  key t e c h n i c a l  aspects o f  SAT. 

T h i s  s e c t i o n  descr ibes  t h e  key assumptions u n d e r l y i n g  t h e  base1 i n e  system, 

and then g i v e s  a b r i e f  summary o f  t h e  system c h a r a c t e r i s t i c s .  

2.1 B A S I C  ENGINEERING DECISIONS 

A number o f  b a s i c  eng ineer ing  dec is ions  have been made i n  c o n f i g u r i n g  t h e  

b a s e l i n e  system. These dec is ions  have been s t r o n g l y  i n f l u e n c e d  by t h e  need 

t o  s e r v i c e  a i r c r a f t  hav ing moderate c o s t  a v i o n i c s ,  and t h e  c o n s t r a i n t s  imposed 

by today 's  technology. The main d e c i s i o n s  a r e  sumnarized below. 

1. To f a c i l i t a t e  s i g n a l  d e t e c t i o n  and t i m e  o f  a r r i v a l  e s t i m a t i o n  
a t  t h e  a i r c r a f t ,  t h e  s a t e l l i t e s  t r a n s m i t  h i g h  power pu lsed 
s igna 1 s 

2. To f u r t h e r  f a c i l i t a t e  s i g n a l  d e t e c t i o n  and e s t i m a t i o n ,  
t h e  s a t e l l i t e s  u t i l i z e  h igh-ga in  l a r g e - a p e r t u r e  antennas. 

3. To prevent  mutual  i n t e r f e r e n c e  among t h e  s i g n a l s  a t  t h e  
a i r c r a f t ,  t h e  s a t e l l i t e  t r a n s m i t  i n  a round-robin sequence. 

4. To s i m p l i f y  t h e  a v i o n i c s  complement, t h e  a v i o n i c s  package 
has o n l y  one matched f i l t e r  t o  d e t e c t  t i m i n g  pulses.  

7 



2 .2  MAIN CHARACTERISTICS 

Care has been taken t o  make reasonable eng ineer ing  d e c i s i o n s ,  i n  

e s s e n t i a  

The 

Nav 

c o i i f i g u r i n g  

t h e  sense t h a t  t h e y  have n o t  been based upon t r a d e - o f f  

f o r  system design and s e l e c t i o n .  

main c h a r a c t e r i s t i c s  o f  t h e  system a r e  summar 

g a t i o n  i s  t h e  p r i m a r y  s e r v i c e  p r o v i d e d  b y  t h e  

g a t i o n  coverage i s  "down t o  t h e  ground." 

b a s e l i n e  system. 

analyses o!F t h e  k i n d  

Navi -  

I I 

second. 

I 
zed i n  Table 2.11 

v e l o c i t y  t o  b e t t e r  than 520 mph (rms).  
I 

I 

1 The system i s  organized so t h a t  a t y p i c a l  a i r c r a f t  rece ives  two corn l e t e  ip sets  of t i m i n g  pu lses  p e r  second. Thus, n a v i g a t i o n  updates a r e  made tw ' ice p e r  
I 

custom i n t e g r a t e d  c i r c u i t s .  
! 

i 

i 
I 

! 
I 
I 
! 

I 

~ 

I 

I 

I 

I 

1 

a 
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TABLE 2.1 

CHARACTERISTICS OF THE BASELINE SYSTEM 

Down-to-t he-ground navigation 'coverage 

Two navigation updates per second 

Air-derived position and velocity estimates 

Avionics computer less complex than a conventional 
mini-computer 

Extended survei 1 lance/communicati ons coverage by 
means of "austere" DABS sensors 

Compatibility with Upgraded Third Generation Air Traffic System 

No 1 arge central ized computing faci 1 i ty required 

Jam resistant 

9 



, 

The b a s e l i n e  system a l s o  prov ides  a s u r v e i l l a n c e  s e r v i c e  by  t r a n s m i t t i n g  
1 

a i r - d e r i v e d  p o s i t i o n  i n f o r m a t i o n  t o  t h e  ground. The system u t i l i z e s  t h e  DABS 

r e l a y i n g  t h e  r e p o r t e d  p o s i t i o n  i n f o r m a t i o n  t o  t h e  neares t  FAA c e n t e r .  

r 

c a l l y ,  a i r - d e r i v e d  p o s i t i o n  i n f o r m a t i o n  cou ld  be i n c o r p o r a t e d  i n t o  t h e  

lance da ta  base i n  a manner s i m i l a r  t o  o t h e r  DABS-derived p o s i t i o n  

An a t t r a c t i v e  f e a t u r e  o f  t h e  b a s e l i n e  system i s  t h a t  i t  does ,no t  

a l a r g e  c e n t r a l i z e d  computer f a c i l i t y  t o  determine a i r c r a f t  p o s i t i o n s .  

c r a f t  p o s i t i o n  i s  c a l c u l a t e d  i n  a d i s t r i b u t e d  manner - each a i r c r a f t  

i t s  own p o s i t i o n .  
! 

A f u r t h e r  no tewor thy  f e a t u r e  i s  t h a t  t h e  b a s e l i n e  system i s  t e l a t i v e l y  

i n s e n s i t i v e  t o  jamming due t o  t h e  absence o f  an a i r - t o - s a t e l l i t e  u p l i n k .  

I 

s u r v e i l -  

i n f o r m a t i o n .  

re lqu i re  

Air- 

c a l c u l a t e s  
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SECTION I11 

SATELLITE-TO-AIR LINK 

This section describes the satellite-to-air link of the baseline system. 

The basic signaling scheme is organized so that satellites transmit in 

a round robin sequence. Each satellite transmission (message) includes a 

timing pulse, satellite identity, antenna beam identity, and satellite ephemeris 

data. 

and position of the transmitting satellite, as well as the precise relative time 

of transmission. 

The data accompanying the timing pulse is needed to establish the identity 

The assumed power budget ensures a signal-to-noise ratio at the aircraft 

receiver sufficient to allow reliable detection and estimation of signal arrival 

times. 

This section also discusses data formats, and correction for ionospheric 

delay. 

3.1 SIGNALING PROTOCOL 

The typical satell ite-to-aircraft message for the base1 ine system is 

shown in Fig. 3.1. 

The timing pulse consists o f  100 DPSK encoded chips, 

tion, modulating a 1600 MHz carrier. The DPSK code is se 

sharp "spike" suitable for timing measurements when the s 

the avionics matched filter. 

The data block contains information on satellite and 
r i &  

each 500 nsec in dura- 

ected to produce a 

gnal is passed through 

beam identity, satellite 
L "  position and velocity, and the orbital parameter w0 . 

complete information on position, velocity and w O 2 ,  with each timing pulse the 

Instead of transmitting 

w * is a parameter used to approximate satellite trajectories. (See Appendix 6.) * 
0 
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information i s  transmitted piecemeal. Each 8.5 seconds enough information i s  

transmitted t o  permit the on-board avionics computer t o  predict the satel  1 i t e  

position and velocity over an ensuing 100 sec interval .  

The d a t a  block i s  broken into three separate bursts t o  ensure tha t  the 

d 

3.2. 
2 

s a t e l l i t e  transmitter operates a t  a low (15%) duty cycle. 

45 psec long and contains 9 DPSK chips representing 8 b i t s  as shown in F i g .  

For reasons t o  be discussed i n  Section 3.2, the antenna for  each satel  

F 

Each burst i s  

i s  assumed t o  have 10 beams, each covering a different  po r t ion  of CONUS. 

- 
.s-' 

i t e  

gure 

3.3 i l l u s t r a t e s  how each s a t e l l i t e  coordinates i t s  different  beams. F i rs t  the 

message indicated i n  Fig. 3.1 i s  transmitted over Beam N o .  1 .  Following a 

"dead time" of approximately 1 msec, a similar message i s  transmijtted over 

, 

Beam N o .  2 .  After an additional 1 msec of dead time, a message iss transmitted 

over Beam No. 3, e tc .  

a l l  10 beams in 30 msec. 

T h u s ,  the s a t e l l i t e  transmits the basic mdssage over 

Provision has been made t o  accommodate constellations w i t h  u:p t o  10 sa te l -  

l i t e s  simultaneously vis ible .  F 

ent s a t e l l i t e s  are coordinated. 

i l lus t ra ted  in Fig. 3.3. Approx 

gure 3.4 i l l u s t r a t e s  how broadcalsts from di f fe r -  

F i r s t ,  Sa t e l l i t e  No. 1 broadcast's the sequence 

mately 20 msec l a t e r  Sa te l l i t e  No. 2 broadcasts 
I 

an analogous sequence, e tc .  Thus a l l  sa te  

a l l  beams once every half second, or twice 

The purpose of the 20 msec dead time 

* 
% I 

- -  gnals from different  

A signal from a sa t !e l l i t e  on the 
I -. - 

s a t e l l i t e s  from interfering a t  the a i r c ra f t .  

1 i tes  transmit 

a second. 

s t o  prevent s 

the basic message over 

horizon requires approximately 15 msec t o  traverse CONUS. 

s a t e l l i t e  broadcast times are adjusted t o  take account of the ditfereing sa te l -  

Thus provided the 

l i t e  t o  earth t r ans i t  times, the 20 msec interval i s  adequate t o  ;prevent inter-  

ference over CONUS. I 

12  
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c 
5 

- -- 
1 1 8 - 4 - 1 5 9 7 2  I 

[DPSK 

SATELLITE I D ,  BEAM, 
EPHEMERIS DATA (24  bits)  

F ig .  3.1. S i g n a l  format. 
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F ig .  3.2. Data b l o c k  d e t a i l .  1 

I 

14 



( 1 8 - 4 -  1 5 9 9 1  1 

BEAM 1 BEAM 2 

H 
3 msec 

BEAM 10 

t- 4 
30 msec 

( i o  b e a m s )  

Fig. 3.3. Coordination o f  beam transmissions. 

SATELLITE 1 SATELLITE 2 

118-4 -1  5 9 7 4  1 

SATELLITE 10 

I- -I 
3 0 m s x  +zomsec 

I- 5 0 0 m s e c .  -I 
Fig. 3.4. Coordination o f  satellite transmissions. 
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3.2 POWER BUDGET 

The system performance i s  based on the power budget of Table 3.1. 

I t  i s  assumed that  each s a t e l l i t e  transmits a t  a peak power of 1 kW. The 

necessary power could be furnished by traveling wave tubes (TWT's). 

example, space-qualified helix TWT's capable of 1 kW pulses of ( u p  t o )  100 

duration and ( u p  t o )  25% duty cycle are readily achievable. 

For 

The s a t e l l i t e  antenna i s  assumed t o  be a large 30 f t  parabolic dish 1 

A t  the assumed car r ie r  frequency of 1 .6  GHz tha t  t o  be deployed on ATS-F. 

ke 

the 

antenna has a narrow (1.5") beam. 

tion of CONUS. 

beams which collectively cover a l l  of CONUS. The nominal antenna gain i s  

42 dB. Allowances of -2 dB and -1 dB respectively are made for  thermal dis-  

tor t ion of the dish and antenna shadowing by the multiple feed s t ructure .  

T h u s  a single beam would cover 'only a por- 

Accordingly, i t  i s  assumed t h a t  the antenna has 10 separate 

g a i n  near, the beam A fur ther  allowance of -3 dB i s  made for reduced antenna 

edge. 

The -192 dB p a t h  loss i s  the worst-case loss for  a 

synchronous e l l i p t i ca l  o rb i t  of eccentricity e = 0.4. 

a t e l l i t e  ' i n  a 

I 

An allowance of -1 dB i s  made fo r  fading and atmospheric absolrption. 

Although the a i r c ra f t  antenna would be designed for  upper-hemispherical 

coverage, interactions of the antenna w i t h  the a i r c r a f t  structure would pre- 
I clude a completely uniform pattern. 

i s  assumed for  elevation angles greater than 15' above the plane of the 

Accordingly, a minimum gain o,f -1 dB 

a i r c ra f t .  

mate) scaled frequencies. I 

This assumption i s  consistent w i t h  measurements made at! (approxi- 
* 

1 

* 
See the antenna pattern on p .  54 of Ref. 12 .  I 
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TABLE 3.1 

SATELLITE-TO-AIRCRAFT POWER BUDGET 

Transmitted Peak Power 

Peak Sate1 1 i t e  Antenna 
Gain 

Thermal Distortion 

Antenna Shadowing 

Off Boresight Loss 

Maximum Path Loss 

Excess Atmospheric Loss 

Minimum A / C  Antenna Gain 

Received Peak Power 

Received Noise Power Density 

Received Peak Power to  
Noise Power Density 

Coherent Integration Time 

Received Signal Energy 
t o  Noise Power Density 

30 dBW 

42 dB 

-2 dB 

-1 dB 

-3 dB 

-192 dB 

-1 dB 

-1 dB 

-128 dBW 

-193 dBW/Hz 

65 dB/sec 

-43 dB sec 

22 dB 

1 kW 

30 foot dish 

Aircraft a t  beam edge 

Synchronous el l ip t ica l  
o rb i t ,  1600 MHz 

Elevation above 15" 

3600"K, 11 dB 
noise figure 

100 - 0.5 w e c  
DPSK chips 

T i m i n g  pulse signal 
t o  noise r a t io  



The -193 dBW/Hz noise power density corresponds t o  ti receiver noise figure 

of 11 dB. 

t ion.  

Such noise figures are achievable without requiring RF pre-amplifica- 

* 
The assumed avionics receiver uti1 izes separate matched f i l t e r s  t o  detect 

the t i m i n g  pulse and the d a t a  b i t s  i n  F i g .  3.1. The matched f i l t e r  t h a t  detects 

the timing pulse integrates over 50 psec, o r  equivalently -43 dB sec. 

signal-to-noise r a t i o  ( E / N o )  a t  the o u t p u t  of the matched f i l t e r  i s  22 dEl. 

Thus the 
- 

- - 
A simpler (chip) matched f i l t e r  i s  used t o  detect the d a t a  bits in F i g .  3.1. 

The chip matched f i l t e r  integrates over 5 psec, or -53 dB sec. 

signal-to-noise r a t io  a t  the o u t p u t  of t h i s  f i l t e r  i s  1 2  dB. 

Therefore, the 

3.3 ERRORS D U E  TO NOISE 

The 22 dB signal-to-noise r a t i o  makes i t  possible t o  detect the timing 

For example, i t  i s  pulse with h i g h  probability, and with few fa l se  alarms. 

shown in Appendix A t h a t  the following performance i s  obtainable in the case 

o f  ideal Gaussian noise. 

Probability of > - .25 10-22 
Detection 

False Alarm 
Rate z 8.4 x per day 

A1 though departures from the ideal Gaussian probability density function may 

change the foregoing resul ts  somewhat, the resul ts  indicate re l iab le  detection. 

The e r ror  in the measured TOA of the t i m i n g  pulse due t o  noise can be 
I t estimated using the combined Cramer-Rao and Ziv-Zakai bounds [18]. 

depicts a good lower bound on the rms TOA error  as a function o f  E / N o  for  a 

tTaken from Ref. 18. 

Figure 3.5 

* I 

See Section 5.1. 
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chip r i s e  time of 50 nsec and  a TOA uncertainty interval of 50 msec. 

evident from the figure t h a t  f o r  E/No = 22 dB, the TOA error i s  approximately 

I t  i s  

RMS (-17 dB) (500 nsec) = 10 nsec Error 

The 1 2  dB signal-to-noise r a t i o  available a t  the output of the chip 

matched f i l t e r  i s  en t i re ly  adequate for  data detection. 

shown in Appendix A t h a t  the probability of b i t  error  i s  smaller t h a n  

for  ideal Gaussian noise. 

For example, i t  i s  

3.4 DATA FORMAT 

The d a t a  bits contain information on the s a t e l l i t e  t ra jectorg.  Specif- 

i ca l ly  each s a t e l l i t e  transmits three p o s i t i o n  coordinates w i t h  one foot pre- 

c is ion,  three velocit ies w i t h  0.05 f t / sec  precision, and  the orbit,al parameter 

wO 
the d a t a  t o  predict the s a t e l l i t e  position d u r i n g  the ensuing 100 seconds. 

with a precision of one p a r t  i n  lo6. The avionics computer then u t i l i ze s  

Table 3.2 indicates the numbers o f  b i ts  required t o  encode th:e ephemeris 

data. A to ta l  of 170 b i t s  i s  needed. 

w i t h  each timing pulse, the data i s  sent piecemeal. 

24 b i t s  indicated in Fig. 3.2 are reserved fo r  d a t a .  

i s  allocated t o  17 consecutive messages. 

of 2 per sec, a total  of 8.5 sec i s  required t o  transmit complete ,ephemeris 

Instead of transmitting the 170 b i t s  

Specifically 10 of the 

T h u s ,  the ephemeris d a t a  

Since messages are sent ‘at the rate  
, 

d a t a .  

Table 3.3 indicates how the 24 b i t s  in each message are utili’zed. The 

f i r s t  4 b i t s  identify the s a t e l l i t e  transmitting the message. The, next 4 b i t s  

20 



TABLE 3.2 

DATA TO BE SENT BY EACH SATELLITE EVERY 100 SEC 

3 P o s i t i o n  Coordinates w i t h  1 f t Accuracy 90 b i t s  

3 V e l o c i t y  Coordinates w i t h  0.05 f t / s e c  
Accuracy 60 b i t s  

20 b i t s  2 1 O r b i t a l  Parameter wo 

T o t a l  

TABLE 3.3 

BIT ASSIGNMENT 

B i t  Nos. Func t ion  

Sate1 1 i t e  I d e n t i t y  
Beam I dent i t y  

1-4 
5-8 
9-1 3 Data Type 

24 P a r i t y  Check 
14-23 Data 

21 
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* 
i n d i c a t e  t h e  a c t i v e  beam. B i t s  9 through 13 spec i f y  

i n  t h e  message.+ B i t s  14-23 c o n t a i n  the  data.  The f 

b i t .  

t h e  t y p e  

n a l  b i t  

o f  da ta  

s a p a r  

con t a i  ned 

t y  check 

Since new ephemeris da ta  i s  r e q u i r e d  o n l y  once every  100 sec, t h e  ephemeris 

da ta  need n o t  be t r a n s m i t t e d  eve ry  8.5 sec. 

da ta )  c o u l d  be t r a n s m i t t e d  d u r i n g  t h e  remaining 91.5 sec o f  every  100 sec i n t e r -  

I ns tead ,  o t h e r  d a t a  (e.g., weather 
- 

v a l .  

Appendix B descr ibes  one s u i  t a b l e  a l g o r i t h m  f o r  p r e d i c t i n g  t h e  s a t e ' l l  i t e  

p o s i t i o n s  f rom the  r e c e i v e d  data.  

approx imat ion  o f  t h e  s a t e l l i t e  t r a j e c t o r y .  

t o  b e t t e r  than 10 f t  over a 100 sec i n t e r v a l  g i ven  da ta  o f  t h e  i n d i c a t e d  

The a l g o r i t h m  i s  based upon a polynomial  

The p r e d i c t e d  p o s i t i o n  i s  accura te  

accuracy. 

3.5 PRE-CORRECTION FOR IONOSPHERIC DELAY 

The ionosphere t y p i c a l l y  delays downl ink s i g n a l s  by t imes rang ing  f rom 

4 nsec t o  40 nsec. The u n c e r t a i n t y  as t o  t h e  a c t u a l  de lay  c o n t r i b u t e s  s. igni-  

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

SAT p rov ides  a s imp le  mechanism f o r  p r e - c o r r e c t i n g  such de lay .  

S p e c i f i c a l l y  t h e  i onospher i c  de lay  can be measured by  a network o f  ground 

c a l i b r a t i o n  s t a t i o n s .  The downl ink  t ransmiss ions  then  can be advanced t o  

o f f s e t  t h e  measured delays.  

t h a t  t h e  s i g n a l  t ransmiss ion  t imes a r e  advanced i n  t h i s  manner. 

For purposes o f  t h e  b a s e l i n e  system i t  i s  assumed 

Note t h a t  

t h i s  re f i nemen t  causes t h e  s i g n a l  t ransmiss ion  t imes t o  depar t  s l i g h t l y  f rom 

t h e  equal spacing i n d i c a t e d  i n  F ig .  3.3. f 
* I 

Needed t o  e s t a b l i s h  t h e  t ransmiss ion  t ime  of t h e  t i m i n g  pulse.  I 

'That i s ,  t h e  ephemeris parameter t o  which t h e  da ta  r e l a t e s .  
da ta  rep resen ts  t h e  f i r s t ,  second o r  t h i r d  10 b i t s  o f  t h e  parameter. 
$Since d i f f e r e n t  beams a re  advanced by d i f f e r e n t  t i m e  increments. I 

A l so  whether t h e  
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SECTION IV 

ON-BOARD COMPUTING REQUIREMENTS 

An a i r c ra f t  over CONUS always i s  within one or more beams from each 

s a t e l l i t e .  

the a i r c ra f t  receives a sequence of t i m i n g  pulses l ike  t h a t  shown in Fig. 4.1. 

Thus as the s a t e l l i t e s  broadcast i n  t he i r  round r o b i n  sequence, 

The problem t h a t  must be solved i n  the 

the a i r c ra f t  position from the signal 

TOA equations. 

Note that  the p o s i t i o n  determinat 

I n  RAST ent from t h a t  j u s t  described. 

on-board computer i s  t h a t  of 

OA's. This amounts t o  solvi 

on problem for  RAST and CAST 

and CAST the a i r c ra f t  transm 

T h u s  

By contrast i n  

pulse which i s  received by the s a t e l l i t e s  a t  different times. 

c ra f t  position i s  the same fo r  a l l  received pulses. 

calculating 

g a s e t  of-  

i s  d i f fe r -  

t s  a single 

the a i r -  

the base- 

l ine SAT system the pulse transmission times are staggered. 

position chanqes from pulse to  pulse, which complicates the position deter- 

mination problem. 

T h u s  the a i r c ra f t  

* 

This section examines the problem of  calculating the a i rc raf t  position, 

given t h a t  the timing pulses are  sent sequentially rather t h a n  simul taneously. 

Ideally a suitable computational procedure would combine the following a t t r i -  

butes. 

1.  The procedure i s  suff ic ient ly  simple t h a t  i t  can be 
programmed on a mini-computer. 

The procedure provides an accurate indication o f  a i r c ra f t  
position in sp i te  of the fac t  t h a t  position i s  changing 
while the d a t a  i s  being collected. 

2. 

The primary conclusion of the chapter i s  t h a t  such procedures do exis t .  
* 
T h i s  complication i s  the price o f  avoiding the problems associated w i t h  signal 

overlap a t  the a i r c ra f t  (e.g. , mutual interference, multiple matched f i l t e r s ) .  

23 
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SATELLITE 1 SATELLITE 2 SATELLITE 3 SATELLITE 4 

I I I I I  I 1  I 
I I I I 1  I 

I 
PULSES RECEIVED B Y  AIRCRAFT 

Fig. 4.1. Timing pulses received by aircraft. 

, 
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The position determination procedure tha t  f i r s t  suggests i t s e l f  i s  con- 

ventional hyperbolic multi lateration. 

tional p o i n t  of view,this procedure ignores a i r c ra f t  motion between timing 

pulses. 

positional error .  

e r ror  i s  shown t o  be negligible compared to ,o ther  sources of error .  

fo r  a i r c ra f t  flying a t  Air Carrier speeds "motional error"  exceeds a l l  other 

errors. Accordingly, hyperbolic multilateration is not used in the baseline 

sys tem. 

While comparatively simple from a computa- 

T h u s  the procedure makes a "motional error"  i n  a d d i t i o n  t o  the normal 

For a i r c ra f t  flying a t  General Avia t ion  speeds the motional 

By contrast, 

The next procedure considered takes account of a i r c ra f t  motion by 

assuming i t  t o  be constant velocity motion along a s t ra ight  l ine.  The pro- 

cedure sequentially calculates the s t ra ight  l ine trajectory tha t  best f i t s  

the TOA data in a l eas t  squares sense. 

by an exponential factor w i t h  time constant T t o  emphasize recent data and 

de-emphasize old. 

t a t i o n a l  p o i n t  of view. 

quality accuracies provided T i s  properly chosen. 

i s  selected for use i n  the baseline design. 

The squared TOA errors are weighted 

On the one hand,  the procedure is reasonable from a compu- 

U n  the other hand, the procedure produces ATC 

Accordingly the procedure 
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4.1 THE POSITION DETERMINATION PROBLEM 

A l l  procedures f o r  de termin ing  t h e  p o s i t i o n  o f  t h e  a i r c r a f t  a r e  proc:edures 

f o r  s o l v i n g  the  TOA equat ions.  

The i d e a l  TOA equat ions a r e  as f o l l o w s :  

where 

T = The a r r i v a l  t i m e  o f  t h e  jth pulse .  
j 

T j  = The t r a n s m i s s i o n  t i m e  o f  t h e  jth pulse .  

dj = The d i s t a n c e  between t h e  jth s a t e l l i t e  a t  

t i m e  T. and t h e  a i r c r a f t  a t  t i m e  T 
j '  J 

t h  d . / c  = The t r a n s i t  t i m e  o f  t h e  p u l s e  f rom t h e  j 
J , 

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

t h  
E = The e f f e c t i v e  e r r o r  i n  t h e  TOA o f  t h e  j 

p u l s e  due t o  s a t e l l i t e  p o s i t i o n  inaccurac ies ,  
j 

~ 

a tmospher ic d is tu rbances  , and r e c e i v e r  no ise.  

(4..1 . l )  

Presumably t h e  p r e c i s e  t imes T. o f  s i g n a l  t r a n s m i s s i o n  a r e  unl(nown, b u t  
J 

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

i =1 

26 
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where 

, 

AT = The known time interval between transmission of i-1 , i  
the ( i -1) th  and the ith pulses. 

To = An unknown reference time. 

W i t h  this understanding E q .  (4 .1 .1)  can be rewritten, 

T~ -  AT^^ = To + dl /c  + cl 

2 

i = l  

k 

i = l  

(4.1.3) 

where a l l  o f  the knowns have been placed t o  the l e f t  o f  the equal signs. 

On the surface, Eqs. (4.1.3)  appear t o  be l inear.  However, the equations 

become non-linear when the distanced d .  are expressed i n  terms of any convenient 
J 

coordinate system. For example, d .  takes the following form when expressed i n  

terms of Cartesian coordinates 
J 

: -  (4 .1.4)  
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Thus f o r  purposes o f  s o l v i n g  Eq. (4.1.3) i t  i s  advantageous t o  l i n e a r i z e  

t h e  d .  about a re fe rence  p o i n t  near t h e  a i r c r a f t ,  and then so l ve  t h e  equat ions  

f o r  t h e  a i r c r a f t  l o c a t i o n  r e l a t i v e  t o  t h e  re fe rence  p o i n t .  

can be expressed as f o l l o w s :  

J 

j To f i r s t  o rde r  d 

(4.1.5) 

where 

r = The d i s t a n c e  between t h e  jth s a t e l l i t e  and t h e  re fe rence  
j 

i 
-j 

- j  

j '  
p o i n t  a t  t ime  T 

= A (1x3) u n i t  v e c t o r  p o i n t i n g  from t h e  a i r c r a f t  t o  t h e  
s a t e l l i t e  (see F ig .  4.2). 

A r  A (3x1) v e c t o r  s p e c i f y i n g  t h e  l o c a t i o n  o f  t h e  a i r c r a f t  
r e l a t i v e  t o  t h e  re fe rence  p o i n t  (see F i g .  4.2).  

i s  assumed t h a t  t h e  elements o f  A r .  a r e  expressed i n  

terms o f  a c o n v e n i e n t l y  chosen Car tes ian  coo rd ina te  systerri 
cen tered  a t  t h e  re fe rence  p o i n t .  

I t  

- J  

With  t h e  approx imat ion  o f  Eq. (4.1.5), Eqs. (4.1.3) can be r e w r i t t , e n  

( c r l  - c  AT^^ - rl) = cTO + il * - A r 1  + c cl 

2 

I 

i=l  

k 
, I  

k (CTK - c - r k )  = cTO + i+ . - A r k  + c E I 

i = l  
I 

where aga in  a l l  knowns have been p laced t o  t h e  l e f t  o f  t h e  equal s igns.  
\ 
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SATE L L I TE 1 

S A T E L L I T E  2 

Ii 8 - 4 - 1  5 9  7 7  1 

S A T E L L I T E  N 

\ AIRCRAFT / - 
U N I T  VECTORS 

Fig. 4.2. Illustrating linearization o f  TOA equations. 
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I g n o r i n g  f o r  t h e  moment t h e  e r r o r s  E t h e  system o f  Eq. (4.1.6) i s  
j ’  

underdetermined i n  t h a t  i t  c o n s i s t s  o f  k equat ions i n  3k+l unknowns, t h e  un- 

knowns be ing  t h e  t h r e e  elements o f  each o f  t h e  ar 
t o  so l ve  Eq. (4.1.6) i t  i s  necessary t o  reduce t h e  number o f  unknowns. 

can be done by  making assumptions about t h e  a i r c r a f t  t r a j e c t o r y .  

assumptions a re  considered here. The assumptions a re  as f o l l o w s .  

and t h e  t ime To. Thus 
j ’  

T h i s  

Two d i f f e r e n t  

-? 

1. A i r c r a f t  mot ion  i s  n e g l i g i b l e  d u r i n g  one complete sequence 

o f  t i m i n g  pulses.  That i s  

-1 A r  = Lr2 ... = nr,, = x . (4.1.7) 

2. The a i r c r a f t  moves a t  cons tan t  v e l o c i t y  along a s t r a i g h t  

l i n e  t r a j e c t o r y .  That i s  

where 

- X = A (3x1) vec to r  s p e c i f y i n g  t h e  a i r c r a f t  

l o c a t i o n  a t  t ime  tk. i 

(4.1.8) 

- X = The (3x1) a i r c r a f t  v e l o c i t y  vec to r .  

The assumption (4.1.7) reduces Eq. (4.1.6) t o  a system o f  k equat ions 

i n  4 unknowns which i s  de terminate  ( o r  over determined) p rov ided k 5 4. 
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The assumption (4.1.8) reduces E q .  (4.1.6) t o  a system of k equations i n  

seven unknowns which i s  determinate (or over determined) provided k > 7. 

4.2 TOA ERROR ASSUMPTIONS 

The TOA errors are primarily due t o  ionospheric delay, uncertainties in 

s a t e l l i t e  position, and receiver noise. I t  i s  assumed t h a t  the mean iono- 

spheric delay has been removed from the TOAs T ~ ,  T ~ ,  . . . , T~ by the method 

described in Section 3.5.  
J 

, residual ionospneric delay, uncertainties in s a t e l l i t e  position, and errors due 

t o  receiver noise. 

Thus the E .  i n  Eq. (4 .1.1)  represent the 

For present purposes the E are  modelled as uncorrelated random variables 

having variances of al , u2, . . . , uk. 

diagonal covariance matrix as follows: 

j 
2 2  2 T h a t  i s ,  i t  i s  assumed t h a t  the E .  have a 

J 

(4 .2 .1 )  

4 . 3  I G N O R I N G  AIRCRAFT MOTION 

From a computational p o i n t  of view, the simplest method of determining 

(estimating) a i r c ra f t  position i s  to  ignore 'aircraFt motion, and solve E q .  

(4 .1 .6)  for  the a i r c ra f t  position once every (1 /2  second) timing cycle. 

This approach amounts t o  solving the system of E q .  (4 .1 .6)  w i t h  the 

assumption E q .  (4 .1 .7) ,  or equivalently t o  solving the equations 
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( C T ~  - CATol - r l )  = (c To) + i l e x  + c 
3 

k 

(4.3.1) 
I t  i s  convenient t o  condense the system Eq. (4.3.1) in to  a s ingle  matrix 

’ equation as follows 

where 

- % -  

and 

“i-1 ,i 

i-1 ,i 
i =1 

- 1 = 1 k rows 

(4.3.2) 

(4.3.3) 

(‘4.3.4) 
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(4.3.5) 

3 columns 

?he leas t  squares  so lu t ion  o f  E q .  (4.3.2) 

(4 .3 .6)  

i s  as f o l l  ows 

A 

X = [F '  Q F I-' 5 & K+ - - k - k - k  

where 

(See Appendix C . l  fo r  a d e r i v a t i o n . )  

(4.3.7) 

(4.3.8) 
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Whether t h e  es t ima te  (4.3.7) i s  acceptab le  f rom a performance p o i n t  of  

view depends upon t h e  "mot iona l  e r ro r , "  o r  t h e  e r r o r  i n  t h e  c a l c u l a t e d  p o s i t i o n  

t h a t  r e s u l t s  f rom i g n o r i n g  a i r c r a f t  mot ion.  

For t h e  purpose of assessing mo t iona l  e r r o r ,  t h e  f o l l o w i n g  simp1 i f y i n g  

assumptions a r e  made. 

1. Successive TOA's d i f f e r  b y  a u n i f o r m  increment AT. 

That i s  

T = -rk - (k - j) AT 
j 

+ (4.3.9) 

2 .  Dur ing  t h e  t i m e  i n t e r v a l  i n  which pu lses  1,2.. . ,k 
a r e  c o l l e c t e d ,  t he  a i r c r a f t  f l i e s  a t  a cons tan t  

v e l o c i t y  i n  a s t r a i g h t  l i n e .  That i s  

X = X  - ( k - j ) A T X  
7 j  -rk - 

j '  
where X 
and - X i s  t h e  v e c t o r  v e l o c i t y .  

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

3. A l l  o t h e r  sources o f  e r r o r  a re  zero.  That i s  

( 4.3.1 0) 

E = o  I (4.3.11 ) 
j I 

I 
I 
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W i t h  these assumptions,  the a r r i v a l  times a r e  a s  fo l lows  

T~ = To f  AT^^ 1 t -  t -  i X - ( k - l ) a l T  i o i c -1 - -1 - C 

k r. 

A Yi-1 ,j 'k TO - - -  
j = 1  

t . k  - +  
C 

I 
C 
- i .  -k X - 

(4.3.12) 

Use o f  the a r r i v a l  times (4.3.12)  i n  the vec tor  (4 .3 .3)  and use of the 

result i n  (4 .3 .7)  produces the fol lowing expression f o r  the motional e r r o r  

A 

- X Tk - x  - .rk = - A T  [q & - F' & S+ - -  F (4.3.13) 

where S, i s  the diagonal matr ix  

. -  

(4.3.14) 
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The f o l l o w i n g  p r o p e r t i e s  o f  mot iona l  e r r o r  a r e  apparent f rom (4.3.13) 

1. Mot iona l  e r r o r  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  
i n t e r p u l s e  i n t e r v a l  AT. 
t h e  s i g n a l i n g  r a t e  doubles t h e  mot iona l  e r r o r .  

Thus, f o r  example, h a l v i n g  

2 .  Mot iona l  e r r o r  i s  d i r e c t l y  p r o p o r t i o n a l  t o  v e l o c i t y .  

Thus doub l ing  v e l o c i t y  doubles t h e  mot iona l  e r r o r .  

3. Nearby a i r c r a f t  f l - y i n q  i n  oppos i te  d i r e c t i o n s  have 
o p p o s i t e l y  d i r e c t e d  e r r o r  vectors .  [Th is  f o l l o w s  
s i n c e  a l l  m a t r i x  f a c t o r s  i n  (4.3.13) a r e  i d e n t i c a l  

f o r  b o t h  a i r c r a f t  except  f o r  t h e  v e l o c i t y  vec tors ,  
which a r e  negat ives. ]  

4. Mot iona l  e r r o r  depends on t h e  s i g n a l i n g  sequence, 
o r  t h e  o r d e r  i n  which t h e  s a t e l l i t e s  t r a n s m i t .  [ T h i s  

fo l lows s i n c e  changing t h e  s i g n a l i n g  sequence permutes 
t h e  rows o f  (4.3.5) and a l s o  t h e  rows and columns o f  

(4.3.8) and consequent ly,  changes (4.3.1311. 

I n  Appendix C.2 i t  i s  shown t h a t  i f  (4.3.13) i s  averaged over  a l l  

p o s s i b l e  s i g n a l i n g  sequences, t h e  mean e r r o r  i s  g i v e n  by 

(4.3.1 5 )  

Thus "on t h e  average" t h e  es t imate  (4.3.7 ) c a l c u l a t e s  t h e  "ha l fway p o i n t "  

of t h e  a i r c r a f t  t r a j e c t o r y  over  t h e  i n t e r v a l  ( T ~ ,  T ~ ) .  

C l e a r l y  i f  (4.3.7) were approx imate ly  t o  c a l c u l a t e  t h e  "ha l fway p o i n t "  

f o r  every s i g n a l i n g  sequence, then (4.3.7) would be a h i g h l y  u s e f u l  est lmate.  

For  t h e  es t imate  would p r o v i d e  an accurate a1 t i tude i n d i c a t i o n ,  s i n c e  
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F i  g . 4 .3 .  Rep re sen t a  t i ve cons t e l l  a t  i on. 
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a l t i t ude  i s  essent ia l ly  constant over one signaling interval ( T 1 ,  'k) 

Moreover, successive position estimates could be used t o  generate a velocity 
h 

estimate w h i c h  then could be used t o  correct - X f o r  the error (4.3.15). 

Expressions are  derived i n  Appendix C.2 fo r  the rms deviation of the 

estimate ( 4 . 3 . 7 )  from the "halfway p o i n t " .  When specialized t o  the repre- 

sentat ive s a t e l l i t e  deployment shown i n  F i g .  4 . 3 ,  and an a i r c ra f t  travelilng . 

a t  constant velocity Va 

f orm. 

i n  the a-direction, the resu l t s  take the following 

= 1.231 ( V a A ~ )  
Oa 

u = o  B 

u = 2.201 ( V  A T )  6 a 

(4.3.16) 

(4.3.17) 

(4.3.18) 

For a velocity of V 

AT '0.05 sec described i n  Section 3.1,  

= 150 mph (220 fps)  and the interpulse spacing of 
a 

0 = 13.5 f t  
c1 

0 = O f t  
B 

u = 24.2 f t  6 

For a velocity Va = 650 mph, and AT = 0.05 sec 

u = 58.5 f t  a 

= 0 f t  

u = 104.9 f t  6 



- -  

The errors (4.3.19)-(4.3.21) are comparable t o  the errors due to  other 

sources (e .g . ,  ionospheric delay, receiver noise, clock e r ro r ) .  

error  i s  not s ignif icant  for  a i r c ra f t  moving a t  speeds typical of General 

Aviation a i r c ra f t .  

resulting errors are n o t  excessive. 

Thus motional 

Even i f  the signaling r a t e  is  halved (or AT doubled), the 

By contrast ,  the e r ror  (4.3.24) i s  larger t h a n  the errors due t o  other 

sources. 

a i r c ra f t  have oppositely directed error  vectors. 

possible for  an east-bound and west-bound a i r c ra f t  t o  be on a coll ision course 

a t  6,750 f t  w i t h  the instruments aboard the east-bound a i r c ra f t  indicating a 

safe a l t i tude  of 7,000 f t  and those aboard the west-bound a i r c ra f t  indicating 

a safe 6,500 f t  a l t i tude.  

errors of 250 f t .  

tha t  made by the west-bound a i r c ra f t  i s  -250 f t .  

serious magnitudes for  a i r c ra f t  traveling a t  a i r  car r ie r  speeds. 

the signaling r a t e  worsens the problem. 

Moreover the error  i s  aggravated by the f ac t  t h a t  oppositely directed 

T h u s ,  f o r  example, i t  i s  

In  both cases the a i r c ra f t  make ( 2 . 5 ~ )  motional 

The e r ror  made by the east-bound a i r c ra f t  i s  +250 f t  while 

T h u s  motional errors assume 

Decreasing 

Presumably an operational s a t e l l i t e  system must provide comparable 

safe service t o  b o t h  general aviation and  a i r  car r ie r  a i r c ra f t .  

conventional hyperbolic multilateration is  not used i n  the baseline system. 

Accordingly, 
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4.4 CONSTANT VELOCITY MOTION 

A i r c r a f t  motion i s  accounted f o r  by assuming the c o n s t a n t  v e l o c i t y  s t r a i g h t  

l ine  t r a j e c t o r y  of  E q .  ( 4 . 1 . 8 ) .  S u b s t i t u t i o n  of Eq. (4.1.8) i n  E q .  ( 4 . 1 4 , 6 )  

gives 

i 

2 

I 

(1 4.4.1 ) 

I t  i s  convenient  t o  condense E q .  ( 4 .4 .1 )  a s  fo l lows  us ing  ma t r ix  n o t a t i o n  

K = (cTo) 1 + N x +  c E+ -k - +  (4.4.2 ) 

where the v e c t o r s  $ , l  - and %< a r e  a s  i n  Sec t ion  4 .3  and 

1 

r?, 

I 
I 

4 

6 

k 

(4 .4 .3-4)  
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One method o f  de termin ing  ( e s t i m a t i n g )  t h e  p o s i t i o n  and v e l o c i t y  subvectors 

- X and - i s  t o  c o l l e c t  d a t a  f o r  11 2 7 t i m i n g  pu lses  so t h a t  t h e  system (4.4.1) 

i s  de termina te  ( o r  over  determined),  and then s o l v e  f o r  - x u s i n g  t h e  l e a s t  

squares method. T h i s  approach produces a p o s i t i o n  update once every  11 t i m i n g  

pulses.  

An a1 t e r n a t e  approach i s  employed here because i t  leads t o  an a t t r a c t i v e  

computer r e a l i z a t i o n .  

by s o l v i n g  t h e  e n t i r e  system o f  Eq. ( 4 * 4 * 1 ) -  The method i s  fo rmula ted  i n  a 

sequent ia l  manner, however. 

t h e  prev ious  s t a t e  v e c t o r  &-l and t h e  new data,  r a t h e r  than by r e - s o l v i n g  t h e  

(growing) system o f  Eqs. ( 4 - 4 - 1 ) .  A s i d e  b e n e f i t  o f  t h e  method i s  t h a t  i t  pro-  

The method produces t h e  same e s t i m a t e  as would be ob ta ined 

A 

Thus each new s t a t e  v e c t o r  X+ i s  c a l c u l a t e d  froin 
A 

v ides  a new p o s i t i o n  update a f t e r  every  t i m i n g  pulse,  as opposed t o  once every 

TI pulses.  

P r o v i s i o n  i s  made f o r  depar tu re  o f  t h e  a i r c r a f t  f rom t h e  assumed s t r a i g h t  

l i n e  t r a j e c t o r y  by e x p o n e n t i a l l y  we igh t ing  t h e  e r r o r s  i n  t h e  a p p l i c a t i o n  o f  

t h e  l e a s t  squares p r i n c i p l e .  S p e c i f i c a l l y ,  a f t e r  each t i m i n g  pulse,  t h e  v e c t o r  

- x t h a t  min imizes t h e  e r r o r  measure 

(4.4.5) 

i s  s e l e c t e d  as t h e  " s o l u t i o n "  of Eq. ( 4 - 4 - 2 ) .  

i l l u s t r a t e d  i n  F ig .  4.4. 

e r r o r s ,  t h e  method emphasizes new data  and de-emphasizes o l d .  

t h e  method so lves  t h e  subset of Eqs. (4.4.1) t h a t  f a l l  w i t h i n  a " c a l c u l a t i o n  

The exponent ia l  w e i g h t i n g  f a c t o r  i s  

By w e i g h t i n g  r e c e n t  e r r o r s  more h e a v i l v  than o l d  

Thus i n  e f f e c t  
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Fig. 4.4. Exponential weighting function. 
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window'' corresponding to  the most recent T seconds. 

T ensures that  a i r c r a f t  maneuvers can be tracked. 

Proper pre-selection of 

The de ta i l s  of the solution are deferred t o  Appendix C . 3 .  The resulting 

equation for  generating the new s t a t e  vector + i s  as follows 

(4 .4 .6)  

-- 
The quantit ies 5' d k y  $ ¶  & and yk are defined i n  Appendix c . 3 .  The matrix 

M-l serves t o  "advance" the old s t a t e  vector &-l along a s t ra ight  l ine  -k 
trajectory.  That i s  

A 

. .  

_ -  

T h u s  (4 .4 .6)  updates the s t a t e  vector in the following steps: 
A 

1. The preceding s t a t e  vector &-l i s  advanced according t o  

Eq. (4 .4.7) .  

2. The correction term -!-A a ' ( y  - a M - I  ) i s  added t o  d k - k - k  k -k-k &-1 

(4 .4 .7)  

the resu l t .  

The accuracy of the method for  f l i gh t  conforming t o  the s t ra ight  l ine  

tra,actory (4.1 -8 )  can be assessed by examining the covariance matrices for  

position and vel oci ty  errors .  Accordingly bounds were devel oped for the 

covariance matrices subject t o  the following conditions. 
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1 .  

2 .  

N (v is ib le )  s a t e l l i t e s  periodically transmit timing pulses. 

The transmission times are staggered so that  the typical 
a i r c r a f t  receives a complete s e t  of timing pulses once 
every T seconds. 

I 1 

*t For - p > T  and ' r k > > ~  the bounds take the following form 

Position : 

Velocity: 

(4 .4 .9)  

where F+,, gN and P+ denote the matrices (4.3.5),  (4.3.8) and (4 .2 .1)  evaluated 

for  k=N,  and c denotes the velocity of l i g h t .  Thus, for  example, i,f 

(4.4.10) 2 -  2 -  - 2 2  a1 - a2 - ..a- ag = a 

the covariance matrices for  the s a t e l l i t e  deployment of Figure 4.31 

* 
The condition p > T  means that  the calculation window extends over several 

signaling periods. 
have elapsed (so t h a t  the covariance matrices have se t t led  t o  steady s t a t e  
values). 
t 

fo r  any vector - 5 .  

The condition T k > > T  means t h a t  several time constants 

The notation A < B fo r  matrices A and B as used here means t h a t  L'A 5 5 C ' B ' C  -- - - - - - - -  

44 



a r e  bounded as f o l l o w s  

A 

T EC(X - E) (& - &)‘I  2 3 (ac)  
‘I 

P o s i t i o n  : 

0 

0.2 

2 o  0.5 

0 0 

(4.4.11) 

V e l o c i t y :  

10.5 0 O I  

L J 

(4.4.1 2 )  

For t h e  va lues 

T = 0.5 sec 

T = 2 sec 

(ac) = 50 f t  

t h e  rms p o s i t i o n  and v e l o c i t y  e r r o r s  are bounded as f o l l o w s  

ua - - ag < - 25 f t 

ay 5 43.3 f t  

OTOT 5 55.9 f t  

u. = ag 5 6 mph a 

< 3.8 mph 

= [a: + a? + a i ]  
1 /2  - 

= 9.3 mph 
“A B 
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(4.4.16-18) 

(4.4.19-21 ) 



1 1 8 - 4 - 1 5 9 8 0  I 
A I R CR A FT T R A  J E C TORY 

0 0 0 C A L C U L A T E D  T R A J E C T O R Y  

7 s e c  

AX 

T 

.. 

F i g .  4.5. Assessment of maneuvers error.  
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L _  

. .  

Clearly, the position e r rors  of Eq. (4.4.16-18) represent an improvement 

over those for the method of Section 4.3 [see Eqs. 4.3.22-241. 

the time constant T the errors  can be further reduced. This reduction resu l t s  

from the f a c t  tha t  redundant data i s  available w i t h i n  the calculation window 

permitting cancellation of errors .  

decrease more rapidly than position errors ,  

BY increasing 

Note tha t  as T i s  increased velocity errors  

The accuracy of the method during maneuvers cannot be assessed so easi ly .  

A huer is t ic  understanding of the impact of maneuvers can be gained as follows, 

however. 

t ra jectory shown i n  Fig. 4.5. That i s ,  the a i r c r a f t  f l i e s  a s t ra iqht  l i ne  

course from P o i n t  1 t o  P o i n t  2 .  A t  Point 2 the a i r c r a f t  begins t o  change 

heading a t  the r a t e  of d h / d t  degrees per second. 

a f t e r  the a i r c r a f t  begins to  turn, most of the data contained within the 

"calculation window'' corresponds t o  the ea r l i e r  s t ra ight  l i ne  f l i gh t .  

algorithm produces a "best" s t ra ight  l ine  f i t  t o  this  data ,  i t  continues to  

project s t ra ight  l i ne  f l i g h t  as indicated i n  F ig .  4.5. 

however, the data w i t h i n  the calculation window becomes primarily curved f l i g h t  

data. 

i t  i s  reasonable t o  expect t ha t  the method makes an e r ror  corresponding t o  

the distance Ax in Fig. 4.5. A straightforward calculation shows tha t  

Assume tha t  an a i r c r a f t  t ravels  a t  a constant velocity V along the 

Clearly, for a short time 

As the 

After a time T, 

A t  t h i s  p o i n t  the algorithm begins tracking the curve as shown. T h u s  

- TVT 2 dh 
A X -  -- 

360 dT 
(4.4.22) 

For the values 
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V = 300 mph 

- -  d h  - 3 deg/sec  
d t  
T = 5 sec 

the "maneuvers e r r o r "  i s  

2 Ax 11.52 T 

= 288 f t  

(4.4.23) 

(4.4.24) 

(4.4.25) 

(4 .4 .26)  

Comparison of  Eq. (4.4.11) and Eq. (4.4.22) shows t h a t  the dual  o b j e c t i v e s  

o f  accuracy  du r ing  s t r a i g h t  l i n e  f l i g h t  and accuracy  du r ing  maneuvers p l ace  

c o n f l i c t i n g  demands on the parameter  T .  High accuracy  dur ing  s t r a i g h t  linle 

f l i g h t  c a l l s  f o r  a l a r g e  va lue  o f  T. 

c a l l s  f o r  a small va lue  of T.  

By c o n t r a s t ,  accuracy  du r ing  maneuvers 

For p re sen t  purposes ,  the va lue  

T = 2 sec (4.4.27)  

represents a r easonab le  compromise, and i s  the value used i n  the b a s e l i n e  

des ign .  

are t h o s e  given i n  Eqs. (4.4.16-21).  

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

For the va lues  

V = 300 mph 

- -  d h  - 3 d e g l s e c  
d t  

the corresponding maneuvers e r r o r  (4.4.22) i s  

Ax = 46 f t  



4.5 COMPUTATIONAL REQUIREMENTS 

A flow chart for  calculating Q i s  given i n  Fig. 4.6. The individual 

operations are explained in Appendix C.3. 

The computational requirements for  u p d a t i n g  Q are summarized in Table 4.1. 

Each row o f  the table indicates the requirements imposed by the corresponding 

box of the flow chart .  

I. Note that  i f  each floating point operation consumes 10 psec, then the 

position update requires approximately 4 ~ - ~ ~ s e c -  

second described i n  Section 3.1 require 20x4 

Thus the twenty updates Per 

80 msec o f  processor time 

per second, or 8% of the processor capacity. 

T A B L E  4.1 

COMPUTATIONAL REQUIREMENTS FOR UPDATI t4G 5 

Step 
Floating P t .  
Operations 

Data 
Storage (wds . ) 

Total 

1 7  

7 

19 

268 

97 

3 

41 1 

16 

34 

55 

36 

36 

3 

180 
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I 
1 

= -  

Fig. 4.6. Steps  for  updat ing 5. 
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SECTION V 

AVIONICS 

The a lionics required to take advantage of ,he basic SAT navigation 

service consists of a top mounted antenna, an RF receiver, and an avionics 

computer. If air-derived position information is to be transmitted to the 

ground via the DABS data link, then a DABS transponder also is required. 

The baseline system configuration has been chosen to facilitate the 

design o f  moderate-cost avionics. 

receiver and avionics computer might be implemented. 

This section indicates how the antenna, 

5.1 RF AVIONICS 

The block diagram of Fig. 5.1 depicts a suitable avionics package. 

The antenna could be a top-mounted crossed-slot antenna with a nearly 

omnidirectional pattern over the upper hemisphere. Such a unit could be 

mass produced inexpensively using printed circuit dipoles and stripline 

techniques. 

After heterodyning to 60 MHz, the signal is amplified and fed into the 

detector as indicated. 

A block diagram of the detector is shown in Fig. 5.2. The detector 

performs three functions: 

demodulator; 2) it estimates TOA differences; and 3 )  it demodulates and 

decodes the data transmitted after the timing pulse. 

feeds the output of the IF amplifier to the synchronization demodulator 

until the timing pulse has been detected and its arrival time estimated. 

1) it estimates TOA using a synchronization 

The indicated switch 
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Fig.  5.2. Detector .  



The c o u n t e r  i s  r e s e t  accord ing  t o  t h e  es t imated  p u l s e  a r r i v a l  t ime.  

counter  a c t i v a t e s  t h e  s w i t c h  so t h a t  t h e  data,  beg inn ing  1 msec a f t e r  t h e  

t i m i n g  pu lse ,  e n t e r s  t h e  c h i p  demodulator and decoder. 

The 

There a r e  severa l  ways t o  implement t h e  s y n c h r o n i z a t i o n  and b i t  demodu- 

1 a t o r s .  

i n  F i g .  5.3. 

l a t o r .  

t h e  c h i p  shape ( a  2 MHz bandpass f i l t e r  would s u f f i c e  f o r  t h i s  d e s i g n ) .  

o u t p u t  o f  t h e  matched f i l t e r  i s  m u l t i p l i e d  b y  a delayed v e r s i o n  o f  i t s e l f  t o  

determine t h e  presence o r  absence o f  a p o l a r i t y  change. 

e f f e c t i v e l y  demodulates t h e  I F  s i g n a l  t o  baseband, w i t h  t h e  harmonics d iscarded 

by t h e  l o w  pass f i l t e r .  

As an example an analog s y n c h r o n i z a t i o n  demodul a t o r  i s  d i  agranmed 

The dashed box i s  a b l o c k  diagram o f  an analog DPSK b i t  demodu- 

The o u t p u t  o f  t h e  I F  a m p l i f i e r  i s  passed th rough a f i l t e r  matched t o  

The 
* 

The m u l t i p l i c a t i o n  

A f t e r  emerging f rom t h e  DPSK b i t  demodulator, t h e  e n t i r e  t i m i n g  p u l s e  

i s  passed th rough t h e  matched f i l t e r .  When t h e  o u t p u t  o f  t h e  p u l s e  matc:hed 

f i l t e r  exceeds a t h r e s h o l d ,  t h e  t i m i n g  p u l s e  i s  detected.  When a d e t e c t i o n  

occurs,  t h e  peak o u t p u t  o f  t h e  matched f i l t e r  i s  used t o  e s t i m a t e  t h e  p u l s e  

a r r i v a l  t ime.  The matched f i l t e r  cou ld  be implemented w i t h  s tandard d i g i t a l  

techniques or c o u l d  be implemented by an a c o u s t i c  s u r f a c e  wave dev ice.  

A f t e r  TOA e s t i m a t i o n  t h e  d e t e c t o r  swi tches t o  t h e  data demodul atc l r .  

The c h i p  demodulator f o r  t h e  da ta  i s  s i m i l a r  t o  t h e  dashed box i n  F i g .  5.3 

but  a separate c i r c u i t  i s  r e q u i r e d  because t h e  c h i p  d u r a t i o n  i s  d i f f e r e n t .  

A f t e r  decoding, t h e  da ta  i s  passed t o  d i g i t a l  l o g i c  f o r  e n t r y  t o  t h e  

5.2 A V I O N I C S  COMPUTER 

Table 5.1 presents  a conserva t ive  e s t i m a t e  o f  t h e  computationa 

computer . 

r e q u i r e -  

_-  

. - *  

ments f o r  t h e  p o s i t i o n  update a l g o r i t h m  descr ibed in Sect ion  4.4 
It would be necessary t o  p r o v i d e  temperature compensation i f  an inexpensive 

I F  de lay  l i n e  were used f o r  t h e  c h i p  de lay.  The de lay  l i n e  migh t  be p h y s i c a l l y  
l o c a t e d  i n  t h e  same temperature c o n t r o l l e d  u n i t  as t h e  master c r y s t a l  o s c i l l a t o r .  

* 

1 
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The computer's processor must execute approximately 11,000 floating p o i n t  

instructions per second. 

a i  rcraf t position determination calculation. 

The bulk of the instructions are  associated with the 

Approximately 360 words of random access memory ( R A M )  a re  required for  

d a t a  t h a t  changes with time. 

fraction t o  ensure t h a t  round-off errors are negligible compared to  the other 

sources of error .  

RAM words consist of 32 b i t s  of f ract ion,  and 16 b i t s  of exponent, or 48 b i t s  

t o t a l .  

The R A M  words must have a t  l ea s t  28 b i t s  o f  

For purposes of the baseline design, i t  i s  assumed t h a t  

In addition t o  the RAM, approximately 3,100 words of read only memory 

(ROM)  are required. 

used constants as well as the program t h a t  drives the machine. 

400 words are  required fo r  tables and constants. 

estimated by using the (conservative) rule  of t h u m b  of f i ve  machine instruc- 

t ions per floating point operation. 

10,900/20 = 545 floating p o i n t  operations fo l lowing  receipt of a TOA.  

the program s ize  i s  estimated a t  2,700 (-5 x 545) words. 

suffice i n  the por t ion  of  the ROM t h a t  contains the program 

b i t  words a re  required i n  the remainder of the ROM. 

The ROM contains trigonometric tables and frequent1:y 

Approximately 

The program size can be 

The program performs approximately 

Thus 

S xteen-bit words 

Forty-eight 

W i t h  clever programming, i t  may be possible t o  avoid floating p o i n t  

For purposes of the baseline system, however, i t  was assumed operations. 

tion to  the floating t h a t  the floating point operations are necessary. In add 

p o i n t  instructions,  a representative se t  of j u m p ,  b i t  man 

instructions are required. 

pulation and 1/0 

J 
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While these computing requirements could be sa t i s f ied  by a conventional 

sixteen b i t  mini-computer, th i s  i s  n o t  recommended because of undesirable 

cost  and operational implications. The cost objections are as follows: 

1 .  Use of a conventional machine involves placing 
the program and tables in (expensive) RAM 

as opposed t o  (inexpensive) ROM. 

2 2. The T L logic used i n  conventional processors 
requires a power supply t h a t  contributes signi-  
f icant ly  t o  cost .  

The operational problem i s  t h a t  the program and tables must be reloaded prior 

t o  each use. 

I t  i s  more cost-effective and more practical t o  use special purpose 

digi ta l  hardware t o  sa t i s fy  the computing requirements of Table 5.1. 

purpose machine can be bu i l t  ent i re ly  from off-the-shelf integrated c i rcu i t s  

(ICs) or i t  can employ custom LSI chips 

A special 

* 
in addition t o  off-the-shelf ICs. 

Figure 5.4 depicts.a machine architecture t h a t  can be realized e i ther  

way. 

instruction set .  

The high-speed ROM shown contains a microprogram t h a t  realizes the basic 

Table 5.2 l i s t s  the requirements of the machine in terms of off-the-shelf 

integrated c i rcu i t s .  

the machine. 

the processor contributes significantly t o  the total  cost. 

Table 5.3 indicates the estimated manufacturing costs of 
2 Note t h a t  the power supply required t o  drive the T L logic i n  

Presumably the cost of the machine could be reduced by p u t t i n g  a l l  or 

p a r t  of the processor i n t o  custom integrated c i r cu i t  chips. For example, 

* 
For example the Hewlett-Packard pocket calculator employs five custom LSI 

chips. 
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p u t t i n g  the en t i re  processor into custom NMOS chips would not only reduce 

parts and assembly costs b u t  would also obviate the need for  an expensiIve 

power supply. 

. c 
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TABLE 5.1 

Sa te1  1 i t e  P o s i t i o n  400 90 

A i r c r a f t  P o s i t i o n  10,000 2 50 

Coordinate Trans.  500 20 

P rog ram 0 0 

Total  10,900 360 

ESTIMATED COMPUTATIONAL REQUIREMENTS 
(IO S a t e l l i t e s  i n  View) 

0 

30 

370 

2,700 

3,100 

. 1 
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Pr oces sor 
Arith. Unit 
Controller 
H.S. ROM 

Power Supply 
L.S. ROM 
RAM 
Misc. CKT 

Total 

TABLE 5.2 

ESTIMATED IC REQUIREMENTS 

IC Packages 

40 
100 
8 

4 
16 
20 

188 

Technology 

T ~ L  
T ~ L  
T ~ L  

MOS 
MOS 
T ~ L  

Parts & Assembly 
Cost (in dollars) 

100 
250 
80 

150 
100 
150 
50 

880 I 

TABLE 5.3 

ESTIMATED MANUFACTURING COST 

~ 

Parts & Assembly $ 880 

PC boards (2) $ 50 

Test $ 150 

I Total I $1,080 I 
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Fig .  5.4. Computer block diagram. 
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SECTION VI 

AIR-TO-GROUND LINK 

The air-derived position information could be transmitted t o  the ground 

for inclusion in the ATC d a t a  base as diagrammed i n  Fig. 1 .1 .  

could be used to  extend surveillance coverage t o  a i rports  without towers. 

information could also be used t o  provide surveillance services to  en route 

ai r c r a f t  beyond normal coverage. 

The information 

The 

I t  should be noted t h a t  use o f  air-derived position information for  

surveillance purposes makes surveillance dependent upon a i r c ra f t  equipmeint. 

Nonetheless,use of such information may represent a cost-effective metho'd 

of extending survei 11 ance coverage. 

The air-to-ground link can be implemented in several ways. The baseline 

An a l ternat ive implementation consi:;ts of system u t i l i ze s  the DABS d a t a  l ink.  

a communications s a t e l l i t e .  This section discusses both approaches. 

6.1 THE DABS IMPLEMENTATION 

For the purposes of the baseline system i t  i s  assumed t h a t  the a i r -  

derived position information i s  transmitted t o  the ground via the DABS down- 

link. 

I n  areas already serviced by DABS, the air-derived position estimates 

would provide a backup t o  the normal ground-derived position d a t a .  Near the 

maximum range of a DAB interrogator/receiver, the air-derived position e s t i -  

mates m i g h t  actually be more accurate t h a n  the ground-derived (range-azimuth) 

position estimates. 
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In areas not serviced by DABS, extended coverage could be obtained by 

ut i l iz ing an "austere" DABS ground instal la t ion.  

tion would interrogate a i r c ra f t  i n  i t s  vicini ty  and telemeter the position 

(as determined by the SAT on-board processor) t o  the nearest FAA center. 

Each austere DABS ins ta l la -  

Table 6.1 gives the number of b i t s  required t o  send the position of the 

a i r c ra f t  i n  increments of 100 f t  allowing coverage t h r o u g h o u t  CONUS with 

a maximum reportable a l t i tude of 50,000 f t .  This information could be 

sent without altering the DABS transponder. 

I t  i s  reasonable t o  anticipate a savings in cost fo r  an austere DABS 

instal la t ion compared t o  a conventional DABS instal la t ion.  For example, the 

austere DABS antenna could consist o f  a fixed (non-rotating) vertical  dipole 

array having an omnidirect onal pattern i n  azimuth and a sharp vertical cu t -  

o f f  a t  the horizon. I n  ad i t ion  t o  being less expensive t o  manufacture t h a n  

a directional antenna, the austere antenna would require no moving moun t  and 

no electronic switching; i t  could be installed easi ly  on a modest tower. 

Furthermore, the austere DABS receiver would n o t  require a capability to  

accurately measure range o r  azimuth. Finally a small local computer should 

suffice for  the austere DABS instal la t ion since such f a c i l i t i e s  would provide 

surveillance service only fo r  low-density airspace and could be controlled 

from a neighboring f u l l  DABS instal la t ion.  

The downlink determines the effective range of an austere DABS interrogator/ 

receiver. 

c ra f t  a t  a range of 45 miles and an elevation angle E = 1". 

Table 6.2 presents a representative downlink power budget for an a i r -  

I t  i s  assumed 
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TABLE 6.1 

BIT REQUIREMENTS FOR POSITION REPORTING 
(100 FT INCREMENTS) 

A1 t i  tude 9 b i t s  
Longi tude 14 b i t s  

L a t i  tude 14 b i t s  
I d e n t i t y  20 b i t s  

3 b i t s  

To ta l  60 b i t s  
E r r o r  d e t e c t  i on - 



. .  
4 -  

* 
t h a t  the effective radiated power ( E R P )  from the a i r c ra f t  i s  a t  l eas t  100 W.  

The austere DABS antenna i s  assumed t o  have 4 dB gain a t  E = l o ,  w i t h  a 4 dB/ 

degree ro l l  off i n  the region I E ~  < 1.5'. The 4.5 dB multipath fading 

loss accounts for  (worst case) specular reflection from a f l a t  earth w i t h  a 

unity reflection coefficient.  Since the antenna i s  omnidirectional i n  azimuth, 

only the f i r s t  200 nsec of the received pulse i s  used t o  provide some protec- 

t i o n  against multipath reflections from vertical  objects such as buildings 

and mountains. An additional 6 dB loss i s  assumed t o  account for frequency 

of fse t ,  time synchronization errors and other implementation errors .  The effective 

receiver noise temperature of  1,000'K i s  readily achievable w i t h  today's 

moderate cost RF f ront  ends. The probability of b i t  error  implied by the 

14.5 dB signal-to-noise ra t io  (E /No)  depends on the modulation. 

for incoherent PAM w i t h  an appropriate choice of threshold, the value E/No = 

14.5 dB can resul t  in a 

For example, 

t 
b i t  error  probability. 

The region of airspace corresponding to  an E/No of a t  l eas t  14.5 dB i s  

The figure includes the effects  of b o t h  earth curvature shown in Fig. 6.1. 

and atmospheric refraction.? The shaded area a1 so accounts for rePlection 

multipath fading loss ,  for  the assumed antenna characterist ics.  The lower 

curve indicates the coverage t h a t  could be obtained w i t h  "down-to-the horizon 

v i s ib i l i t y , "  and no E/No constraint .  The middle curve indicates the boundary 

of possible values for  v i s ib i l i t y  down t o  an elevation angle of 0.5" with no 

E/N, constraint. 
I 

ERP equals the product of the radiated power and  the a i rc raf t  antenna g a i n  i n  
the direction of the DABS ground s i t e .  
+Use Pe,b < e 
%he "4/3 earth model" was used fo r  th i s  purpose. 

See 13. 
See 14,15. 
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Aircraft ERP 

P a t h  Loss 

Antenna Gain 

Mu1 t i  path Fading Loss 

Pulse Duration 

Mi matched Fi 1 t e r  Loss 

Noise Power Density 

-20 dBW 

-131 dB 

4 dB 

-4.5 dB 

-67 dB sec 

-6 dB 

-199 dBW/Hz 

TABLE 6.2 

AIR-TO-GROUND POWER BUDGET 

Minimum radiated power 

45 miles a t  1090 MHz 

A t  1" elevation angle 

Antenna pattern slope 
4 dB/degree 

200 nsec 

Frequency d r i f t  , 
synchronization error ,  
manu f ac t u  r i  ng t o  1 e rance 

1000°K equivalent 
noise temperature 

Received Signal-to-Noise Ratio 14.5 dB E/No 
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I f  t h e  a i r - t o - g r o u n d  l i n k  were r e a l i z e d  by t h e  DABS d a t a  l i n k ,  t h e  base- 

l i n e  system c o u l d  s t r a i g h t f o r w a r d l y  be i n t e g r a t e d  i n t o  t h e  Upgraded T h i r d  

Generat ion System. 

i n c o r p o r a t e d  i n t o  t h e  da ta  base i n  a manner s i m i l a r  t o  o t h e r  DABS-derived 

S p e c i f i c a l l y ,  a i r - d e r i v e d  p o s i t i o n  i n f o r m a t i o n  c o u l d  be 

p o s i t i o n  i n f o r m a t i o n .  

6.2 COMMUNICATIONS SATELLITE IMPLEMENTATION 

An a1 t e r n a t i v e  implementat ion o f  t h e  a i r - t o - g r o u n d  1 i n k  c o u l d  employ a 

communications s a t e l l i t e .  The pr imary  advantage o f  t h i s  r e a l i z a t i o n  i s  i t s  

''down t o  t h e  ground" coverage. 

Any one o f  t h e  f o l l o w i n g  methods c o u l d  be used t o  t r a n s m i t  p o s i t i o n  i n f o r -  

mat ion t o  t h e  s a t e l l i t e ( s ) .  

1. The a i r c r a f t  c o u l d  r e p o r t  a t  random i n t e r v a l s .  

2. A i r c r a f t  t ransmiss ions  c o u l d  be coord ina ted  by adding 

t o  t h e  epoch t i m e  ( t r a n s m i t t e d  f r o m  t h e  s a t e l l i t e s )  a 
d e l a y  based on a i r c r a f t  i d e n t i t y  and a i r c r a f t  p o s i t i o n .  

3. The a i r c r a f t  c o u l d  respond t o  s a t e l l i t e  i n t e r r o g a t i o n .  

Methods 1 and 2 i n t r o d u c e  some g a r b l i n g  ( m u l t i p l e  access n o i s e )  due t o  s imu l -  

taneous r e c e p t i o n  o f  messages f rom severa l  a i r c r a f t .  Method 3 in t roduces  a 

s u b s t a n t i  a1 c e n t r a l i z e d  schedu l ing  problem. 

A f i r s t  o r d e r  a n a l y s i s  o f  Method 1 i s  g i v e n  i n  Appendix D. It i s  concluded 

t h a t  f o r  reasonable system parameters, a r e l a y  s a t e l l i t e  c o u l d  suppor t  i n  excess 

of 38,000 a i r c r a f t  a t  an update r a t e  o f  once every  10 sec w i t h  a p r o b a b i l i t j y  

o f  message e r r o r  s m a l l e r  than one t e n t h .  
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The peak instantaneous airborne count may exceed 38,000 aircraft during 

the 1990-2000 time frame, but a majority of the aircraft would be under DABS 

survei 11 ance. 

reporting via satel 1 ite when they 'are under DABS control , a satel 1 i te 

link should have sufficient capacity to maintain cooperative surveillance 

Thus using DABS a1 1 -call 1 ockout to prevent aircraft from 

on all CONUS aircraft not covered by DABS. 

In spite of the fact that adequate extended surveillance coverage could 

be achieved by means of a satellite link, several other factors argue aqainst. 
use of such a link. Whereas the "austere DABS" realization. uses DABS avionics 

for communication. service, additional expensive avionics (including a trans- 

mitter) i s  required for the satellite communication link. 

ground-based realization is relatively insensitive to jamming due to its dis- 

In addition, the 

tributed nature. 

able to jamming. 

ment to selected airspace is possible. 

By contrast, the satellite implementation is highly vulner- 

Finally with a ground based implementation, gradual deploy- 

In the case of the satellite implementa- 

tion, however, a large initial conitment must be made with the launch of the 

communication satellite repeatjrs. 
& 
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APPENDIX A 

ERRORS DUE TO NOISE 

The 22 dB signal-to-noise r a t i o  for  the t i m i n g  pulse ensures t h a t  a 

detection threshold can be selected t o  produce a high probability of detection 

(Pd)  and  a l o w  probability of fa lse  alarm ( P f ) .  

Gaussian noise Pd and Pf are  related as follows: 

Specifically,  for  ideal 

f 7  \ 

15  * where Q denotes the Marcum Q function. Thus for  example, fo r  Pf = 5 x 10'- , 
the corresponding detection probability i s  

I B = J-l?mpf = 8.12 

-22 
(A .2)  = 1 - 1.25  x 10 

Presumably the noise i s  confined by f i l t e r ing  t o  the 2 MHz frequency 

band occupied by the timing pulse. Thus the fa l se  alarm ra te  can be estimated 

as follows 

* 
See Ref. 1 6 ,  pages 344-345, 395. 
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False Alarm 2 
Rate 

(2  MHz) (P,) 

= 10-8/sec 

= 8.4 x 10'4/day 

The s i g n a l  t o  n o i s e  r a t i o  f o r  data c h i p s  i s  as f o l l o w s  

- EC 

NO 
= 12 dB 

* 
F o r  DPSK t h e  b i t  e r r o r  p r o b a b i l i t y  i s  g iven by 

-Ec/No 
= 6.5 x P e - ~ e  - 1 

~ * 
R e f .  17, page 525. 
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APPENDIX B 

POLYNOMIAL APPROXIMATION OF SATELLITE TRAJECTORY 

This appendix describes a simple procedure f o r  extrapolating s a t e l l i t e  

The procedure uses (ground predicted) position and velocity infor- 

Given 

i 
pozion.  

mation for time -rl t o  predict s a t e l l i t e  position before and  a f t e r  T ~ .  

exact position and velocity information fo r  time T ~ ,  the procedure predicts 

s a t e l l i t e  position t o  bet ter  t h a n  one foot over the one hundred second interval 

( T ~  - 50) < - -  T < ( T ~  + 50).  

The procedure consists of a third order Taylor ser ies  approximation t o  

the s a t e l l i t e  t ra jectory.  

may produce a bet ter  r e su l t ,  the Taylor ser ies  development considered here 

shows t h a t  polynomial approximations ex is t  t h a t  are b o t h  simple and accurate. 

While a Tschebyscheff or least  squares approximation 

The appendix i s  divided into four  sections as follows. 

1 .  
2 .  
3. Bound on the Error 
4. 

Review of the Exact Sa te l l i t e  Trajectory 
Taylor Series Approximation o f  the Trajectory 

Proof of a Necessary Inequality 

Step 1 :  Review of the Exact Sa te l l i t e  Trajectory 

The motion of any body near the earth i s  governed by Newton's law: 

where 
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- r ( T )  = A (3x1) vector specifying the body's position relat ive 
t o  the ea r th ' s  center. 

y = The universal gravitational constant 

M = The mass of the earth 

cos +(T) - e 

JCT sin 

- 0 
- 

For the (low) i n i t i a l  velocit ies character is t ic  of s a t e l l i t e s ,  the solution 

- r ( T )  of (B.1) traces o u t  an e l l i p se ,  having the earth as a focus. Newton's 

( 8 . 3 )  

Law (6.1)  can be rewritten in terms of parameters of the e l l i p t i ca l  orbi t  as 

fol l  ows 

where 

T = The orbital  period 
R = The length of the semi-major axis of  the e l l ipse .  

For a synchronous orbi t  T = 1 day = 86,400 seconds and R 26,000 miles. 

If one defines the x axis of an earth centered coordinate system t o  

coincide with the major axis of the e l l ipse  and the z axis t o  be perpendicular 

t o  the plane of the e l l i p se ,  then the detailed solution of (B. l )  i s  

= R  
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The quantity e i n  (6.3) is  the eccentricity of the o r b i t  (between 0 and  0.4 

for most synchronous s a t e l l i t e s ) ,  and @ ( T )  i s  the eccentric anomaly which 

s a t i s f i e s  the following equation 

i s  the time of passage through the perigee). 
( T P  

Step 2: Taylor Series Approximation of  the Trajectory 

A family of simple polynomial approximations t o  the actual trajectory 

can be developed by expanding (B.3) into a Taylor ser ies  about a reference 

time T ~ .  Specifically Taylor's theorem asser t s  t ha t  

where the argument s i n  the remainder term denotes some value of time between 

T~ and T .  

a t  time T ~ .  

the fo l lowing  relationships derived from (B.3) and (B.4) 

The derivative - r ' (T1)  corresponds t o  the s a t e l l i t e  velocity V(T,) 

The higher order derivatives can be evaluated using (B.2) and 

= R[1 - e cos $ ( T ~ ) ]  (6.6) 
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- ZIT R - -  
T my (8.7) 

The third order Taylor approximation is considered here. Differentiation 

of (8.2) indicates that 

ri"(T1) = w 2 
0 - 

where 

Thus the third order Taylor approximation takes the form 

(B.10) 



Step 3: Bound on the Error 

The approximation (B.10) makes the error 

It is shown subsequently that r"'l(s) is bounded as follows for e 2 0.4 - 

Use of (B.12) in (B.11) indicates 

(B.11) 

(B.12) 

(8.13) 

Thus for I T  - T~ I < 50, T = 1 day = 84,000 sec and R = 26,000 miles - 

Step 4: Proof of (8.12) 

Straightforward differentiation of (B.3) and (B.6), together with use 

o f  (B.7) shows that the first and second derivatives of r and Irl satisfy 

the following relationships 
- - 

idy d.r - T  
2.rr R2 - < -  (B.15) 
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2 d r  2 

d-r d-r 

d Id 
'7 5 e + 

D i f f e r e n t i a t i o n  of  ( 6 . 2 )  g i v e s  

ZIT 2 R3 
Irl' = e  

I t  fo l lows  t h a t  

(B.16) 

(8.17) 

(B.18) 

(6.19) 
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Use of (B.15)-(B.18) i n  (B.20) g i v e s  

4 d r  

d7 

- 

Thus for  e < 0.4,  - 

2T 4 
< - 140 (T) R 
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APPENDIX C 

DERIVATIONS FOR SECTION 4 

C . l  LEAST SQUARES SOLUTION OF EQUATIONS (4.3.1) 

The  l eas t  squares solution of (4.3.1) minimizes the error  measure 

1 -1 (C .1  . l )  E k = S $ &  

The minimizing condition aEk/aTo = 0 requires 

- k -k  1 ’  P-’ [- - (cTo) l+ - F+ &] = 0 

or equi Val en t l  y 

(C.1.2) 

( C .  1.3) 

Use of (C.1.3) t o  eliminate (cTo) from (C.l.2) leads t o  the modified error 

measure 

- E l k  - 
E k /  aE/aTo  = 0 
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where 

The additional minimizing conditions aE/c/ax = 0 require - 

Solution o f  (C. l .6 )  for 21 yields 

( C  .1.5) 

( C  .1.6) 

( c  .1 .7)  

C.2 MOTIONAL ERROR 

This appendix examines the motional error  (4.3.13). The examination 

i s  carried out in the following steps. 

1 .  The e f fec t  on the e r ror  (4.4.13) of changing the 
signaling sequence i s  c lar i f ied.  

2. The mean o f  the motional error  over a l l  signaling 
sequences i s  evaluated. 

3. The covariance matrix is  calculated for  the deviation 
of the motional error  from i t s  mean. 

4. The resul ts  are specialized to  the s a t e l l i t e  con- 
s te l la t ion  of Figure 4.3, assuming the a i r c ra f t  
f l i e s  in the a direction with constant velocity G. 
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I -  

B u t  

C ' C  = I - -  - 

for  any permutation matrix. T h u s  (C.2.1) reduces t o  

Comparison o f  (4.3.13) w i t h  (C.2.3) shows t h a t  the expressions are identical 

except for the substitution 

83 

Step 1: Effect on (4.3.13) o f  a Change i n  Signaling Sequence 

Changing the signaling sequence amounts t o  

1 .  
2 .  

Permuting the rows o f  F+ 
Permuting the rows and columns of Qk 

These operations correspond respectively t o  the substi tutions 

where - C i s  a k x k "permutation matrix". Thus  the expression (4;3.13) for 

the motional error takes the following form for any new signaling sequence. 

(C.2.1) 

(C.2.2)  

(C.2.3) 



(C. 2.4) 

Consequently changing t h e  s i g n a l i n g  sequence can be accounted f o r  s imp ly  by 

cor respond ing ly  permut ing t h e  diagonal  elements o f  t h e  m a t r i x  & i n  (4.3.13). 

Step 2 

permut 

Eva lua t i ng  t h e  Mean o f  (4.3.13) 

Changing t h e  s i g n a l i n g  sequence th rough a l l  permutat ions amounts t o  

ng t h e  diagonal  elements o f  & i n  (4.3.13) i n  a l l  p o s s i b l e  ways. Thus 

f o r  t h e  purpose o f  computing f i r s t  and second moments o f  (4.3.13) over a l l  

s i g n a l i n g  sequences, t h e  diagonal  elements o f  3 can be rep laced by random 

v a r i a b l e s  S1, S2,. ..Sk having t h e  f o l l o w i n g  p r o p e r t i e s .  

0 [12 + 2? * *  + ( k - 1 ) 2 ] ( k - l ) !  
k! 

( c  2.5) 

k - 2  
= k-l ( S i )  - - k- 1 (C .2.7) 
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(Si-Tif = q - (q 

- k(k+ l ) -k+ l  
12 

- 
12 

(si-Ti](s.-T.) = - cv (SJ) J J  

i # j  - k + l  
- -12 

That i s ,  E q .  (4.3.13) can be rewritten 

.-- 

where 3 denotes the random matrix 

I t  follows a t  once from 

0 
s2 

'k 

c.2.11) t l i a t  

(C .2.8) 

(C 2 . 1 0 )  

(C .2.11) 
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( c  .2.12) 

Step 3: The Covar iance M a t r i x  o f  (4.3.13) About i t s  Mean 

For an a i r c r a f t  moving t h e  a - d i r e c t i o n  w i t h  cons tan t  v e l o c i t y  Va 

a - 
i = v  11 ( c  .i!.13) 

The d e v i a t i o n  6 o f  t h e  mot iona l  e r r o r  f rom i t s  mean i s  
-X 

... 
where & denotes t h e  e x p e c t a t i o n  of &. The covar iance m a t r i x  f o r  6 takes 

t h e  form 

-X 

E[6 6 ' 1  = J R J '  -x -x --- 
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where 

(C .2 .17)  

The t y p i c a l  element o f  i s  g i ven  by 

( c  2 . 1 9 )  

where fil denotes t h e  i t h  element i n  the f i r s t  column o f  5. Use o f  (C.2.8) 

and (C.2.9) i n  (C.2.19) shows t h a t  

r 1 

Consequently 

(C .2.20) 
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k(k+l) ~ 

12 - R =  t 

1 [l 0 01 

- w  Ek [;I r;( 

where 

Use of (C.2.21) and (C.2.17) in (C.2.16) gives 

( c.. 2.2 1 ) 

(C. 2.22) 

L O  o O J  
(C .2.23) 

Step 4: Evaluation of Eq. (C.2.23) 

As an illustration, the expression (C.2.23) is evaluated for the - .c  

satellite deployment shown in Fig. 4 . 3 ,  assuming 
I . .  

I 

2 -  2 2 (C .2.24) 
2 -  ak = 0 Dl - - * * *  

Note that 
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k = 9  

- - 5( 

(C .2.25) 

- 
0.866 

-0.866 

3.500 

-0.500 

0 

0 

0 

0 

0 
Ir 

f o r  t h e  c o n s t e l l a t i o n  o f  F ig .  4.3. 

The m a t r i x  5 o f  u n i t  vec to rs  i s  as f o l l o w s  

0 

0 

0 

0 

-0.866 

0.866 

-0.500 

0.500 

0 

The & m a t r i x  takes  t h e  form 

1' 1 1 1 - & - 7 [ I - r  1 I . J  

U 

P r e m u l t i p l i c a t i o n  o f  (C.2.26) by (C.2.27) y i e l d s  

0.500 

0.500 

0.866 

0.866 

0.500 

0.500 

0.866 

0.866 

1 .ooo 

(C .2.26) 

(C .2.27) 
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q k F + = 7  1 
U 

- 

0 
0 

0 
0 

0 
i 

0.866 1 0.500 

-0.866 

! 
i -0.500 

l o  
l o  
i o  

0 

0 

0 

0 

-0.866 

0.866 

-0.500 

0.500 

0 

I t  fo l lows  from (C.2.26) t h a t  

1.75 
0.75 

0.25 

0 
0.25 

0 

- 
-0.218 

-0.218 

0.148 

0.148 

-0.218 

-0.218 

0.148 

0.148 , 
0.282 

(C .2.28) 

(C .2.29) 

i 

I 

The products  F+ & F+ and r;( Q+ pQ+ 

froni (C.2.26) - (C.2.29). 

can s t r a i g h t f o r w a r d l y  be c a l c u l a t e d  

The results a r e  
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F' Q F 4 - k  -k 
1 
-7 U 

2 

0 [ 0 
rl .25 0 

0.357 ; I  
0 1  

(C .2.30) 

Consequently 

0.313 0 

[ : : 14j. 
S u b s t i t u t i o n  of (C.2.32) and (C.2.25) i n  (C.2.23) g i v e s  

( C  .2.32) 

( C  .2.33) 

4.845 

1.515 0 

0 0 

0 0 
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Therefore t h e  ms d e v i a t i o n  of t h e  es t imate  (4.3.7) f rom 

g i v e n  by 

CJ = 1.231 ( v  AT) 
0 = o  
u = 2.201 ( v  AT) 

a a 

13 

Y a 

t s  mean a r e  

I f  V = 150 mph (220 f p s )  and AT = 0.05 sec (as i n  Sec t ion  3.1), then a 

u = 13.5 f t  

CI = o  
CJ = 24.5 f t  

a 

B 

Y 

I f  V = 650 mph and A T  = 0.05 sec, then a 

CI = 58.5 ft 

u = o  
CI = 104.9 f t  

a 

13 

Y 

( C: .2 .34 ) 

( C: .2 .35 ) 

( C. .2 .36 ) 

I 

5 

(C .2.37) 

(C.2.38) 

(C .2.39) 

( C  .2.40) 

(C.2.41) 

(C .2.42) 

I 
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C.3 SEQUENTIAL LEAST SQUARES SOLUTION OF EQ. (4.4.2) 

The l eas t  squares solution of E q .  (4.4.2) i s  developed in the following 

steps: 

1 .  

2. 

The variable To i s  eliminated from the Eqs. (4.4.1). 

The elimination procedure has a side effect  of replacing 
the uncorrelated errors E ~ ,  E?, 

T h u s  a l inear  transformation i s  applied t o  the new equations 
to  de-correlate the errors.  

A sequential procedure i s  formulated for  calculating the 
l ea s t  squares solution x - of the resulting equations. 

The procedure i s  recast  in a form suitable for  practical 
calculations. 

, by correlated errors .  ... 

3. 

4. 

While Steps 1-3 d i f f e r  from the usual procedure for  determining the 

least  squares solution of E q .  ( 4 . 4 . 2 ) ,  i t  can be shown t h a t  they produce 

exactlv the same resu l t .  
1 

-(Tk-Ti)/r 
Instead of carrying the factor e in E q .  (4.4.5) th rough  the 

development, i t  is  simpler t o  assume t h a t  the errors 

e(Tk-Ti)'T ( c I . ) ~ .  1 

have variances o f  

Accordingly, the following matr ix  i s  used in place o f  ( 4 . 2 . 1 )  

0 
0 
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. 

or equ i va 1 en tl y 

where 

0 

(C.3.2) 

(c .3 . : 3 )  

Step 1: Elimination o f  To 

The variable To can be eliminated from Eq. (4.4.2) by premultiplying 

(4.4.2) by the matrix 

-1 

1 -1 

1 -1 rl 
k columns 

The result is 

- k - k - - k - k x + c 4 & (  H K - H N  

94 

k-1 rows (C.3.4) 

(c.3.5) 



L J L '  (= d iagona l )  
- k - k - k = %  

Step 2: D e c o r r e l a t i o n  

The covar iance m a t r i x  f o r  t h e  e r r o r  term cH+ Q i n  Eq. (C.3.5) i s  

g iven  by 

2 = c  

The m a t r i x  J+ can be d iagona l i zed  by t h e  congruence t rans fo rma t ion  

( C  .3.6) 

w i t h  

0 
1 

k-1 columns 
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(c.3.7) 

k-1 rows (c.3.8) 



where t h e  n o t a t i o n  1. means 
J 

and gii denotes t h e  i-i element o f  t h e  m a t r i x  (C.3.3). 

S p e c i f i c a l l y ,  

2 'k jT D + = c  e L H G H I L I  
- k - k - k - k - k  

Thus 

4. 

2 = c  e (b+ 933) 

- 0 

0 
gk,k 

( C. 3.1 0)  k-1 columns 
t h e  e r r o r  term i n  Eq. (C.3.5) can be de -co r re la ted  by p r e - m u l t i p l y i n g  

on takes t h e  form 
D 

C.3.5)-by I-+. The r e s u l t i n g  equat 
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(C.3.11) 



where 

& = L  4 - k - k  H K (k-1) x 1 

= L  H N (k-1) ~6 4 4 4 4  

d + = c L + $ q (  (k-1) x 1 

The covariance matrix E[€& $1 i s  given by (C.3.10). 

( C  .3.12) 

(C .3.13) 

(c .3.14) 

S t e p  3: Sequential Form of Least Squares Solution 

The l e a s t  squares solution  of (C.3.11) minimizes the error  measure 

(c .3.15) 

To develop a sequential procedure fo r  calculating the minimizing vector x i t  

i s  necessary t o  express E;((x) i n  terms o f  the error  measure EL,l f o r  the pre- 

ceding measurement. 

The matrices L+, I-i+¶ N+ and & can be 

ponding matrices km1, & - 1 9  $-15 and K+- 

f o l l  ows: 

expressed i n  terms o f  the corres- 

for the preceding measurement as 
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where 

1- 

0 

1 0 0 l o  
0 0 1 

0 0 0 
M+= 

0 

1 

0 0 0 

1 0  0 0 

% = [&io 0 01 

6 

(c.3.16-17) 

(C .3.18-19) 

0 

(c  .3.20) 

(C.3.21) 

4 

.. 

(C. 3.22) 

( c .3 .23 ) 

( C .3 .24.) 
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Use of Eqs. (C.3.16) - (C.3.19) in Eqs. (C.3.12) and (C.3.13) shows that Y+ 

and A+ can be expressed in terms o f  &-l and $-1 as follows: 

Examination of Eq. (C.3.10) shows that D can be expressed in terms of -k 

D+-~ as follows: 

$=r%M]  -k-1 -k 

where 

= k  H K yk -k-k-k 

(C.3.25) 

(C .3.26) 

(C .3.27) 

(C .3.28) 

0 
- 

0 

- 
dk 

(C.3.29) 
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where 

(C .3.30) 

S u b s t i t u t i o n  o f  Eqs. (C.3.25), (C.3.26), and (C.3.29) i n  Eq. (C.3.15) 

g i ves  

Equat ion (C.3.15) now can be r e - w r i t t e n  i n  terms of  t h e  e r r o r  measure 

Ek-1 f o r  t h e  preceding measurement, as f o l l o w s :  

The quadra t i c  form Ek-l(M+ L()  can be expressed i n  a Tay lo r  s e r i e s  about X c\ -k- 1 
as fo l lows 

(c .3.33) 

Note t h a t  t h e  f i r s t  o rde r  term i s  absent s ince  

value a t  x , - ~ .  

) assumes a minimum 
h 

Use o f  (C.3.33) i n  (C.3.32) y i e l d s  

100 

r 

= Y  

i -- 



.. 
Y 

8 , *  

_ .  

(C . 3 . 3 4 )  

Straightforward minimization of ( c . 3 . 3 4 )  yields the basic equation f o r  cal-  

culating & from $-l; namely 

where 

( C .  3 . 3 5 )  

( C  .3.36) 

Step 4: Practical Calculations 

To minimize round-off e r rors ,  i t  i s  desirable to  change variables i n  

( c . 3 . 3 5 )  as follows 

A 

= - R- l  & x-k 
where 

(c .  3 . 3 7 )  

( c. 3 . 3 8 )  

and T denotes a normalizing time. In addition, i t  i s  advantageous t o  introduce 
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* 2  a n o r m a l i z i n g  var iance (a ) . 
p l i c a t i o n  o f  t h e  r e s u l t  by R, and some m a n i p u l a t i o n  o f  (C.3.36) leads t o  t h e  

f o l l o w i n g  c o u n t e r p a r t s  o f  (c.3.35) and (C.3.36) 

Use o f  (C.3.37) i n  (C.3.35), p r e - m u l t i -  

- 

- 

(c.  3.39) 

(C.3.40) 

-1 R-l (c.3.41) M-1 - 
4 -4% - 

( C .  3.43) 

& = R- 1 - ! $  (C.3.44) 

The q u a n t i t i e s  @k, yk, and b+ can be c a l c u l a t e d  i n  a sequent ia l  manner by 

us ing  r e 1  a t i o n s h i  ps 

( c  .3.45) 
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@ k ¶  yk, and b+l 
Once @ k ¶  Yk¶ and b+ a r e  a v a i l a b l e ,  & a 

Eqs. (C.3.39) and (C.3.40); then  x c a n  be ca 

The f l o w c h a r t  i n  F ig .  4.6 summarizes a1 

d S+ can be c a l c u l a t e d  f rom 

c u l a t e d  f rom Eq. (C.3.37). 

necessary c a l c u l a t i o n s .  
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APPENDIX D 

SATELLITE DATA LINK 

The baseline SAT system uses the DAB transponder to send position esti- 

It is also possible to report multilateration position mates to the ground. 

estimates from the aircraft to the ground via satellite relay. 

In this appendix, we discuss the error probability of a system where-in 

the aircraft reports its position at random intervals. 

relays the aircraft reports to a central ground ATC communication center. 

avionics required for communications between aircraft and satellite are dis- 

cussed in references [10,11]. 

multiple access noise, the garbling resulting from simultaneous reception o f  

communications from several aircraft. By using multiple frequency channels , 

and a satellite antenna with multiple beams, it is possible to keep the 

probability of message error Pe < - 0.1. 

A synchronous satellite 

The 

The chief limitation o f  random reporting is 

Let us consider a candidate link design for reporting position at random 

times with an average reporting period of 10 seconds. 

contains 90 DPSK chips of 1 usec duration, for a total message length of 90 

usec. 

a coded sequence common to all aircraft which are used to establish timing 

synchronization. 

identity and 37 bits of position information. 

for coding purposes. 

The candidate message 

The chip rise time i s  to be less than 100 nsec. The first 16 chips are 

The remaining 74 chips are used to transmit 20 bits of 

Sixteen chips have been reserved 

Table D.l presents an aircraft-to-satellite link power budget. To achieve 

an ms synchronization error o f  less than 15 nsec it is necessary to have a 
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sequence signal-to-noise ratio at the satellite receiver of 21 dB [18]. 

To achieve a probability of error per chip due to receiver noise of less than 

2 ~ l O - ~ ,  it is necessary to have a received signal-to-noise ratio per chip 

(Ec/Flo) of at least 9 dB. 

are used for synchronization. 

lation, we should have Ec/No of 11 dB. Many of the terms in the power budget 

are the same as in Table 3.1. 

-201 dBW/Hz, corresponding to a 600°K equivalent noise temperature, 

the required signal-to-noise ratio, the aircraft must transmit 600 W. 

requirement is within the reach of current technology. 

These two requirements are compatible since 16 chips 

However, to account for suboptimum DPSK demodu- 

We have budgeted a noise power density of 

To guarantee 

Such a 

We wish to bound the message error probability Pe < 0.1, and find the 

capacity of this communications link. 

noise, Pemn, can be bounded by 

The message error probability due to 

< 0.018 ‘emn 2 ‘e,c - 

where we have already noted in the power budget discussion that we can bound 

the chip error probability by P < 2x10m4. 

Pe < 0.1 by bounding the garble probability 

Therefore, we can assure e,c - 

P < 0.082 
g -  

where a garble is taken to be any message overlap. 
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TABLE D . l  

A I RC RA FT -TO -SAT EL L I T E POW E R BU DG ET 

T ransmi t te r  Peak Power 600 kl 
(minimum a t  antenna) 

Minimum A i r c r a f t  Antenna Gain 

Maximum Path Loss 

Atmospheric Fadi ng 

Peak S a t e l l i t e  Antenna Gain 

O f f  Bores igh t  Loss 

Therma 1 D i s t o r  t i on 

Antenna Feed Shadowing 

Received Peak Power 

Noise Power Dens i t y  (600'K equiv . )  

Received Peak Power-to- Noise 
Power R a t i o  

Chip Dura t i on  (1 psec) 

E/No minimum 

28 dBW 

-1 dB 

-192 dB 

-1 dB 

42 dB 

-3 dB 

-2 dB 

-1 dB 

-130 dBW 

-201 dBW/Hz 

71 dBHz 

-60 dB sec 

11 dB 

5 



r 

A 

I -  

We wish t o  use the same a i r c ra f t  antenna for receiving timing pulses 

and transmitting position estimates. 

s a t e l l i t e  and  each beam transmit in sequence. 

receive s a t e l l i t e  transmissions only seven percent of the time. 

receiver acquires the s a t e l l i t e  epoch time, more than ninety percent of the 

time will be avai able fo r  reporting position estimates. 

each 10 sec inter ial, more than 9 sec will be available for  the a i rc raf t  t o  

transmit t o  the s a t e l l i t e .  In t h i s  candidate scheme, the a i r c ra f t  computer 

chooses a transmission time a t  random from the 9 available seconds. 

In Section 111, we explained tha t  each 

Each a i r c ra f t  receiver has t o  

After the 

Specifically, during 

The capacity N c  for the link can be bounded in the following way: If  

two messages of length T are  uniformly distributed over an interval T ,  the 

probability p2 t h a t  this pair of messages par t ia l ly  overlap is  

- 2.r 
P2 - - T 

Now consider N messages of length T, each independently uniformly distributed 

over the interval T.  Pick any one of the N messages. 

bound,  the probability pn t h a t  one of the (N-1) remaining messages par t ia l ly  

overlap the chosen message i s  bounded by 

Using the u n i o n  

We can find the capacity by set t ing N = N  , pn = 0.0816 (see ( D . l ) ) , . r =  90 x 

sec, and T = 9.1 sec. Then 
C 

- 4100 N , - - -  - pnT 
2.r 
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The l i n k  c a p a c i t y  can be inc reased i n  t h e  f o l l o w i n g  way: The c h i p  band- 

w i d t h  i s  approx imate ly  1 MHz. 

spaced 1 MHz a p a r t ,  were assigned t o  an equal number o f  a i r c r a f t .  

a b l e  d e v i a t i o n s  from assigned f requency was l i m i t e d  t o  + 3 MHz, t h e  t o t a l  fie- 

quency a l l o c a t i o n  would be 16 MHz. 

bank of matched f i l t e r s  over  t h i s  range o f  f requencies,  choosing t h e  f requency 

as w e l l  as t h e  t i m e  a t  which t h e  s y n c h r o n i z a t i o n  sequence peaked. 

f i l t e r s  as p e r f e c t  1 MHz bandpass f i l t e r s .  

equipped a i r c r a f t  would be u s i n g  t h e  p o s i t i o n  r e p o r t i n g  system a t  any one t ime.  

We w i s h  t o  e s t i m a t e  t h e  c a p a c i t y  NT o f  t h e  e n t i r e  system, t a k i n g  i n t o  account 

t h e  random d i s t r i b u t i o n  o f  a i r c r a f t  t r a n s m i t t e r  f requenc ies .  

We model t h e  c a p a c i t y  problem i n  t h e  f o l l o w i n g  way: 

Suppose 10 d i f f e r e n t  ad jacent  f requencies,  

I f  t h e  a l l o w -  

- 
The ground r e c e i v e r  would have t o  m o n i t o r  a 

We model t h e  

Only  a smal l  f r a c t i o n  o f  t h e  t o t a l  

The c a p a c i t y  o f  a 

1 MHz bandpass channel i s  4100 a i r c r a f t .  We model t h e  a i r c r a f t  t r a n s m i t t e r  

f requenc ies  as be ing  u n i f o r m l y  d i s t r i b u t e d  over  a 10 MHz passband ( i . e . ,  we i g n o r e  

end e f f e c t s ) .  

w i t h i n  any 1 MHz passband i n t e r i o r  t o  t h e  10 MHz passband i s  p = 0.1. 

be t h e  number o f  a i r c r a f t  i n  an i n t e r i o r  1 MHz passband. 

Then t h e  p r o b a b i l i t y  o f  an a i r c r a f t  t r a n s m i t t e r  f requency be ing  

L e t  N,. 

The mean o f  N1 i s  

and t h e  var iance of N1 i s  
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We w i l l  r e q u i r e  t h e  p r o b a b i l i t y  

Using t h e  c e n t r a l  l i m i t  theorem, (0.7) i s  s a t i s f i e d  if E171 

Using (D.8), (D.7) w i l l  be s a t i s f i e d  by 

NT = 38,000 (D.9) 

The peak instantaneous a i r b o r n e  count may exceed 38,000 a i r c r a f t  d u r i n g  

t h e  199O's, b u t  a m a j o r i t y  o f  t h e  a i r c r a f t  would be under DABS s u r v e i l l a n c e .  

DABS a l l - c a l l  l o c k o u t  c o u l d  be u t i l i z e d  t o  p revent  a i r c r a f t  f rom r e p o r t i n g  

p o s i t i o n  v i a  s a t e l l i t e  r e l a y  when t h e y  are under DABS c o n t r o l .  Using DABS 

l o c k o u t ,  t h i s  system would have enough coverage t o  m a i n t a i n  coopera t ive  

s u r v e i l l a n c e  on a l l  CONUS a i r c r a f t  n o t  covered by DABS. I n  e s t i m a t i n g  t h e  

capac i ty ,  we have ignored t h e  b e n e f i c i a l  e f f e c t s  on m u l t i p l e  access n o i s e  o f  

t h e  narrow s a t e l l i t e  antenna beamwidth. 

r e c e i v e d  power may be t h e  same on two beams. 

A t  t h e  edge o f  t h e  beam f o o t p r i n t ,  

However, w i t h  10 beams cover ing  

CONUS, East  Coast a i r c r a f t  would n o t  g a r b l e  West Coast a i r c r a f t  even i f  t h e  

t ransmiss ions were r e c e i v e d  s imul taneously .  
* 

Therefore,  t h e  bound on message 

e r r o r  probabi  1 i ty  a t  " c a p a c i t y "  i s  a conserva t ive  bound. 

* 
A s i g n a l - t o - i n t e r f e r e n c e  r a t i o  o f  14 dB i s  e q u i v a l e n t  t o  a 1 dB increase i n  

The beamwidth a t  -14 dB is  n o i s e  power i n  t h e  absence o f  i n t e r f e r e n c e  [19]. 
approx imate ly  1.9 t imes t h e  beamwidth a t  -3 dB. 
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