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PREFACE 

T h i s  Memorandum r e p o r t s  t h e  r e s u l t s  of one phase of a con t inu ing  

s tudy  of t h e  t echno log ica l  p o t e n t i a l  of communication sa te l l i t es .  I t  

i s  hoped t h a t  documentation a t  t h i s  t i m e  w i l l  make a t ime ly  con t r ibu -  

t i o n  t o  important  pending d e c i s i o n s  about t h e  use  of o r b i t a l  l o c a t i o n s  

and f r equenc ie s  f o r  communication r e l a y .  

Th i s  work r e p r e s e n t s  t h e  e f f o r t s  of a number of  c o n t r i b u t o r s .  The 

material i n  S e c t i o n  I1 and a companion p u b l i c a t i o n ,  RM-5786-NASAY Radio 

Relay System Performance i n  an  I n t e r f e r e n c e  Environment, were authored 

by E .  E .  R e i n h a r t ,  w i t h  c o n t r i b u t i o n s  and a s s i s t a n c e  from C .  R .  Lindholm 

and E .  Bedrosian.  Appendix A and t h e  m a t e r i a l  on antennas are due t o  

J .  D .  M a l l e t t ,  w i t h  c o n t r i b u t i o n s  from C .  V .  Baker on conven t iona l  an- 

tennas and W .  Doyle on a d a p t i v e  a r r a y s .  S .  J .  Dudzinsky provided t h e  

material on p o l a r i z a t i o n  d i s c r i m i n a t i o n  and Appendix C on propagat ion 

f a c t o r s  and p r e c i p i t a t i o n  scat ter  i n t e r f e r e n c e .  N .  C .  Ostrander  pro- 

vided t h e  material i n  Appendix B on e a r t h - t o - s a t e l l i t e  geometry f a c t o r s ,  

and N. E.  Feldman, t h e  material i n  Appendix D on frequency dependence 

of  low-noise and ou tpu t  dev ices .  J.  L. Hul t  w a s  r e spons ib l e  f o r  the 

remaining material and t h e  coord ina t ion  of t h e  s tudy .  
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SCOPE 

This Memorandum d e s c r i b e s  i n  a f r e s h  and reasonably comprehensive 

way t h e  important f a c t o r s  i n f l u e n c i n g  s a t e l l i t e  spac ing  and frequency 

sha r ing .  I n  p a r t i c u l a r ,  i t  d e r i v e s  t h e  system parameter c o n s t r a i n t s  

t h a t  could improve t h e  c o m p a t i b i l i t y  of and b e n e f i t s  f o r  sa te l l i t e  and 

microwave r e l a y  systems s h a r i n g  a common spectrum. 

s t a t i o n s  must b e  considered i n  ana lyz ing  such spectrum sha r ing :  

res t r ia l  microwave r e p e a t e r s  and t e r m i n a l s ,  sa te l l i t e  r e p e a t e r s ,  and 

e a r t h - s t a t i o n  t e rmina l s .  The receivers a t  each of t h e s e  t h r e e  types 

of s t a t i o n s  can be i n t e r f e r e d  wi th  d i r e c t l y  by t h e  t r a n s m i t t e r s  of each 

type. Thus t h e r e  i s  a t o t a l  of n i n e  p o s s i b l e  d i r e c t  i n t e r f e r e n c e  modes 

f o r  t h i s  s h a r i n g  s i t u a t i o n .  I n  a d d i t i o n ,  t h e r e  are two p o t e n t i a l l y  i m -  

p o r t a n t  scatter i n t e r f e r e n c e  modes t h a t  i nvo lve  t h e  i n t e r s e c t i o n  of t h e  

main beam of an e a r t h  s t a t i o n  wi th  t h e  main beam of a microwave r e l a y  

s t a t i o n .  I f  r a i n  o r  o t h e r  scatterers are contained w i t h i n  t h e  common 

volume of i n t e r s e c t i o n ,  scatter i n t e r f e r e n c e  may be experienced e i t h e r  

i n  the  mode invo lv ing  scatter of e a r t h - s t a t i o n  t ransmissions t o  a micro- 

wave r e l a y  r e c e i v e r  o r  i n  t h e  reverse mode. 

Three types  of 

ter- 

Some of t h e  "possible"  i n t e r f e r e n c e  modes would no t  b e  experienced 

i n  c u r r e n t  o p e r a t i o n s  because of t h e  s e p a r a t i o n  between t h e  frequency 

bands used t o  t r ansmi t  up t o  sa te l l i tes  and those  used t o  t r ansmi t  from 

satel l i tes  down t o  e a r t h .  However, t h e  p o s s i b i l i t y  of doubling t h e  

e q u i v a l e n t  spectrum a v a i l a b l e  makes a t t ract ive t h e  u s e  of some p o r t i o n s  

of t he  spectrum f o r  both up and down l i n k s  t o  satel l i tes .  For t h i s  rea- 

son t h e  p o t e n t i a l  f o r  t h i s  t ype  of usage is included i n  t h i s  Memorandum. 

The f i r s t  p a r t  of t h i s  Memorandum o u t l i n e s  t h e  t e c h n i c a l  and techno- 

l o g i c a l  background needed t o  d e r i v e  s u i t a b l e  s p e c i f i c a t i o n s  f o r  high-per- 

formance system des ign ,  which inc ludes  s a t i s f a c t o r y  system c o m p a t i b i l i t y  

f o r  spectrum sha r ing .  

of t h e  t e c h n i c a l  background, he can t u r n  d i r e c t l y  t o  t h e  p a r t  of t h e  

r e p o r t  t h a t  treats satel l i te  spac ing  and frequency sha r ing .  

I f  t h e  r e a d e r  i s  no t  i n t e r e s t e d  i n  t h e  d e t a i l s  
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SUMMARY OF TECHNICAL BACKGROUND 

I n  o r d e r  t o  e s t a b l i s h  a q u a n t i t a t i v e  measure of t h e  c o m p a t i b i l i t y  

of systems s h a r i n g  t h e  use  of a common spectrum, i t  i s  necessary to :  

o 

o relate t h i s  t o  t h e  receiver i n p u t  s i g n a l  parameters  

o q u a n t i f y  the  e f f e c t s  of antenna, propagat ion,  and geometric 

e s t a b l i s h  a q u a n t i t a t i v e  measure of ou tpu t  message q u a l i t y  

f a c t o r s  

OUTPUT MESSAGE O U A L I T Y  

Communication messages may be ca t egor i zed  i n t o  two gene ra l  classes: 

analog,  e . g . ,  vo ice ;  and d i g i t a l ,  e . g . ,  t e l e t y p e .  This  should n o t  be 

confused wi th  t h e  f a c t  t h a t  e i t h e r  type of message may b e  communicated 

using e i t h e r  analog o r  d i g i t a l  types of modulation. 

t h e  r e c e i v e r  ou tpu t  message q u a l i t y  o b j e c t i v e s  may be e s t a b l i s h e d  by 

s u b j e c t i v e  de t e rmina t ions  and s p e c i f i e d  i n  terms of output  s ignal- to-  

n o i s e  r a t i o s ;  f o r  d i g i t a l  messages t h e  output  q u a l i t y  may be measured 

by e r r o r  p r o b a b i l i t i e s .  Usually the  ou tpu t  message q u a l i t y  s p e c i f i c a -  

t i o n s  w i l l  be  expressed i n  terms of l i m i t s  t o  be maintained f o r  selected 

percentages of t i m e .  The most common unwanted s i g n a l  i s  w h i t e  thermal 

n o i s e ,  which i s  used i n  t h i s  r e p o r t  as a r e f e r e n c e  unwanted s i g n a l  w i th  

which t h e  e f f e c t s  of o t h e r  types of unwanted s i g n a l  may be compared. 

For analog messages 

RECEIVER TRANSFER IMPROVEMENT 

I n  t r a n s f e r r i n g  t h e  wanted and unwanted s i g n a l s  from t h e  i n p u t  of 

a r e c e i v e r  t o  i ts  o u t p u t ,  a number of Operations may b e  performed on 

them, inc lud ing  demodulation, demult iplexing,  and a v a r i e t y  of s i g n a l -  

p rocess ing  o p e r a t i o n s .  The improvement of t h e  wanted relative t o  t h e  

unwanted s i g n a l s  i n  t r a n s f e r r i n g  through t h e  receiver can b e  desc r ibed  

by t h e  r a t i o  of an a p p r o p r i a t e  measure of ou tpu t  message q u a l i t y  t o  t h e  

inpu t  wanted-to-unwanted-signal r a t i o  C/X. For analog modulation sys- 

t e m s  t h i s  t r a n s f e r  improvement i s  r e f e r r e d  t o  as t h e  receiver t r a n s f e r  

c h a r a c t e r i s t i c  (RTC). It should be d i s t i n g u i s h e d  from t h e  "improvement 

f a c t o r "  commonly used t o  compare the  performance of frequency relative 

t o  amplitude modulation. 
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BANDWIDTH EXPANSION RATIO (W/B) 

An important  parameter in f luenc ing  t h e  t r a n s f e r  improvement and 

t h e  spectrum c o s t  of t r a n s m i t t i n g  information is t h e  bandwidth expan- 

s i o n  r a t i o  W/B, which is  t h e  r a t i o  of t h e  t r a n s m i t t i n g  spectrum band- 

width W t o  t h e  bandwidth B o f  t h e  information t h a t  i s  t r ansmi t t ed .  

Figure i i l l u s t r a t e s  how t h e  r e c e i v e r  t r a n s f e r  improvement varies with 

W/B i n  t h e  presence of t h e  r e f e r e n c e  white-noise type of unwanted s i g -  

n a l  f o r  some r e p r e s e n t a t i v e  types of messages and modulations.  Single-  

sideband suppressed carrier amplitude modulation (SSB) i s  t h e  base  case 

with W/B = 1. 

t inuous range of RTC va lues  as a f u n c t i o n  of design choice f o r  W/B. 

A t  t he  c o s t  of u s ing  more t r a n s m i t t i n g  bandwidth t h e  t o t a l  t r a n s m i t t i n g  

power and t h e  e f f e c t s  of i n t e r f e r e n c e  o r  n o i s e  can b e  s i g n i f i c a n t l y  re- 

duced by i n c r e a s i n g  W/B as long as t h i s  does no t  r e s u l t  i n  reducing C/X 

below t h e  FM t h re sho ld  of about 10 dB. For both SSB and FM, t h e r e  i s  a 

l i n e a r  r e l a t i o n s h i p  between t h e  ou tpu t  q u a l i t y  and C/X. 

by some f a c t o r  i n  t h e  inpu t  r a t i o  w i l l  appear as an i n c r e a s e  i n  t h e  

output q u a l i t y  by t h e  same f a c t o r .  This i s  n o t  t h e  case f o r  d i g i t a l  

modulation methods. The p o i n t s  f o r  noncoherent phase - sh i f t  keying 

(NCPSK) i l l u s t r a t e  t h e  performance of a t y p i c a l  high-qual i ty  p u l s e  code 

modulation (PCM) system. (They r e p r e s e n t  fou r - l eve l  NCPSK w i t h  7 ,  8 ,  

and 9 b i t s  p e r  PCM sample.) The receiver t r a n s f e r  improvement i n d i -  

ca t ed  is t h a t  ob ta ined  w i t h  t h e  i n p u t  a t  th re sho ld .  Any i n c r e a s e  i n  

C / X  above th re sho ld  w i l l  cause only a s l i g h t  i n c r e a s e  i n  ou tpu t  qual-  

i t y ,  which ( i f  C/X is above th re sho ld )  i s  almost completely determined 

by q u a n t i z a t i o n  n o i s e .  

The curves f o r  frequency modulation (FM) provide a con- 

An i n c r e a s e  

UNWANTED SIGNALS DIFFERENT FROM THERMAL NOISE 

When t h e  unwanted signal has a d i f f e r e n t  s p e c t r a l  d i s t r i b u t i o n  

from thermal n o i s e ,  t h e  t r a n s f e r  improvement may d i f f e r  from t h a t  il- 

l u s t r a t e d  i n  Fig. i. This is e s p e c i a l l y  p e r t i n e n t  f o r  i n t e r f e r e n c e  

from systems wi th  s i g n i f i c a n t  bandwidth expansion t h a t  s h a r e  a common 

band. Such systems t y p i c a l l y  have g r e a t e r  power concen t r a t ion  i n  t h e  

c e n t e r  of t h e i r  channels so they may prove more e f f e c t i v e  as i n t e r f e r e n c e  
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than an  e q u a l  thermal-noise power f o r  co-channel o p e r a t i o n ,  b u t  less 

e f f e c t i v e  i f  t h e  band c e n t e r s  are d i s p l a c e d  from each o t h e r .  This is 

i l l u s t r a t e d  f o r  wideband FM s i g n a l s  i n  Fig.  ii. I f  i n t e r l e a v i n g  

g r e a t e r  t han  0.25 of t h e  wanted t r a n s m i t t i n g  bandwidth is used,  t r a n s -  

fer improvement g r e a t e r  t han  f o r  t h e  r e fe rence  thermal-noise case i s  

obtained.  Thus i f  i n t e r l e a v i n g  of bandwidths i s  employed, t h e  r e f e r -  

ence t r a n s f e r  improvement i s  a conse rva t ive  assumption; i t  w i l l  be used 

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

MULTIPLE LINKS AND NOISE ENTRIES 

Communication r e l a y  systems may c o n s i s t  of many l i n k s  i n  tandem 

(a t r a n s c o n t i n e n t a l  microwave cha in  may have more than  100 r e p e a t e r s  

i n  series). Unwanted s i g n a l s  can e n t e r  anywhere i n  such a system, and 

each l i n k  w i l l  u s u a l l y  inc lude  a v a r i e t y  of d i f f e r e n t  unwanted s i g n a l s .  

The wanted and unwanted s i g n a l s  i n  any receiver are t r a n s m i t t e d  t o  t h e  

nex t  receiver and combined wi th  o t h e r  unwanted s i g n a l  e n t r i e s ,  e tc . ,  

u n t i l  t h e  t e rmina l  receiver i s  reached. The way i n  which t h e  unwanted 

s i g n a l s  accumulate depends on t h e  type of r e p e a t e r s  and t h e  d e t a i l s  of 

t h e  environment f o r  each l i n k .  However, i f  a given type  of i n t e r f e r -  

ence can make m u l t i p l e  e n t r i e s  i n t o  a r e l a y  system, t h e  t o l e r a n c e  p e r  

e n t r y  is obviously reduced. 

microwave r e l a y  systems i n  t h i s  r e p o r t ,  t h e  conse rva t ive  assumption is  

made t h a t  t h e r e  are 140 e n t r i e s  f o r  each type  of i n t e r f e r e n c e .  

might b e  approached under s p e c i a l  circumstances f o r  extreme communica- 

t i o n  d i s t a n c e s ;  however, f o r  many s i t u a t i o n s  i t  provides  as much as an 

a d d i t i o n a l  20 dB of margin f o r  o p e r a t i o n  a g a i n s t  t h e  i n t e r f e r e n c e  under 

cons ide ra t ion .  

I n  cons ide r ing  i n t e r f e r e n c e  t o  terrestrial 

This  

MARGINS AND PROTECTION RATIOS 

I f  a r e l a y  system is designed t o  d e l i v e r  t h e  d e s i r e d  message qual- 

i t y  under i d e a l  cond i t ions ,  an  i d e a l  r e q u i r e d  C/X is obtained. 

a p p r o p r i a t e  system margins have been added t o  p r o t e c t  t h e  ou tpu t  mes-  

s age  q u a l i t y  a g a i n s t  f ad ing  o r  a t t e n u a t i o n  of t h e  wanted signal and any 

o t h e r  degradat ion of C/X t h a t  t h e  system i s  designed t o  accommodate, t he  

When 
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r equ i r ed  C/X i nc lud ing  margins i s  c a l l e d  a p r o t e c t i o n  r a t i o .  

output  n o i s e  due t o  a l l  types of unwanted s i g n a l s  i s  u s u a l l y  p a r t i t i o n e d  

and a l l o c a t e d  t o  t h e  v a r i o u s  types of unwanted s i g n a l s  and t h e i r  numbers 

of e n t r i e s .  A t y p i c a l  terrestrial microwave r e l a y  system design might 

a l l o c a t e  t e n  pe rcen t  of t h e  t o t a l  unwanted s i g n a l  t o  i n t e r f e r e n c e  from 

e a r t h  s t a t i o n s  and satel l i tes .  With t h e  conse rva t ive  assumption t h a t  

t h e r e  may be as many as 140 e n t r i e s  i n  t h e  t r ansmiss ion  of an extremely 

long-dis tance message, t y p i c a l  p r o t e c t i o n  r a t i o s  f o r  t h i s  t ype  of in-  

t e r f e r e n c e  range from 70 dB ( f o r  t h e  TH system) through 58 dB ( f o r  t h e  

TD-2 system) t o  50 dB ( f o r  a h y p o t h e t i c a l  system w i t h  g r e a t e r  W/B) .  

For sa te l l i t e  r e l a y s  and e a r t h  s t a t i o n s  where l a r g e r  W/B i s  used, typ- 

i c a l  p r o t e c t i o n  r a t i o s  a g a i n s t  one mode of i n t e r f e r e n c e  might range 

from 20 dB t o  40 dB. The va lue  assumed i n  t h i s  Memorandum f o r  de t e r -  

mining parameter c o n s t r a i n t s  f o r  compatible spectrum s h a r i n g  is  30 dB, 

which is about 10 dB g r e a t e r  than i s  needed f o r  l a r g e  W/B and conserva- 

t i v e  margin allowances. 

The t o t a l  

ANTENNA PATTERNS 

The o r b i t a l  spacings t h a t  can b e  used between satel l i tes  when they 

sha re  a common spectrum w i l l  b e  s t r o n g l y  in f luenced  by t h e  e a r t h - s t a t i o n  

antenna p a t t e r n s  as determined by t h e i r  s i z e  (diameter  t o  wavelength ra- 

t i o  D/X)  and i l l u m i n a t i o n .  I n  o r d e r  t o  i l l u s t r a t e  t h e  i n f l u e n c e  of typ- 

i ca l  antennas on sa te l l i t e  spacing and system des ign ,  some r e f e r e n c e  

antenna p a t t e r n s  were s e l e c t e d ,  two of whiah are i l l u s t r a t e d  i n  Fig. iii. 

The p a r a b o l i c  antenna r e p r e s e n t s  what might b e  expected f o r  t h e  average 

va lue  of t h e  s i d e l o b e s  from t y p i c a l  high-qual i ty  product ion design of 

t h i s  type of antenna. S i m i l a r l y  t h e  "uniform" i l l u m i n a t i o n  c i r c u l a r  

a r r a y  r e p r e s e n t s  t y p i c a l  performance f o r  t h i s  antenna type.  I n  o r d e r  

t o  s p e c i f y  t h e  e f f e c t s  of both D/A and t h e  i l l u m i n a t i o n  wi th  a s i n g l e  

measure, a n  e q u i v a l e n t  uniform s i z e  (D/X)  is  introduced.  This  is  

t h e  e q u i v a l e n t  uniform i l l u m i n a t i o n  c i r c u l a r  a p e r t u r e  t h a t  w i l l  permit 

t h e  same satel l i te  spacing performance as t h e  antenna i n  ques t ion .  

U 
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ADAPTIVE ARRAYS 

I n  a d d i t i o n  t o  t h e  f i x e d  p a t t e r n s  i l l u s t r a t e d  i n  Fig.  iii, an at- 

t ract ive f u t u r e  p o s s i b i l i t y  is  t h e  adap t ive  o r  adapted a r r a y  f o r  which 

t h e  phasing and i l l u m i n a t i o n  func t ions  are a d j u s t e d  t o  minimize t h e  

t o t a l  i n t e r f e r e n c e  r ece ived  from unwanted d i r e c t i o n s .  The ou t s t and ing  

d i s c r i m i n a t i o n  performance t h a t  appears  p o s s i b l e  wi th  r e l a t i v e l y  s m a l l  

adap t ive  a p e r t u r e s  compared wi th  convent ional  antennas might e v e n t u a l l y  

completely change system design f o r  sa te l l i te  spac ing  and frequency 

sha r ing .  Adaptive a r r a y s  o f f e r  p a r t i c u l a r  promise: f o r  e a r t h  termi- 

n a l s  r e q u i r i n g  l i n k s  t o  many d i f f e r e n t  satell i tes s imultaneously,  f o r  

s m a l l  antennas where s i z e  o r  c o s t  l i m i t s  t h e  number o f  elements t h a t  

can be used and where s t r o n g  r e j e c t i o n  of a s m a l l  number of i n t e r f e r -  

i n g  s i g n a l s  i s  needed, and f o r  microwave r e l a y s  t o  a d a p t i v e l y  couple 

two antennas i n  h e i g h t  d i v e r s i t y  t o  l i m i t  t h e  depth of mul t ipa th  fading.  

However, u n t i l  o t h e r  antennas have been r e p l a c e d ,  system design 

must b e  based on t h e  weakest antenna t h a t  has  t o  be p r o t e c t e d  i n  ser- 

vice. The s p e c i f i c a t i o n s  t h a t  w i l l  be de r ived  i n  t h i s  Memorandum f o r  

compatible s h a r i n g  w i l l  assume t h e  use of convent ional  antennas.  

3 
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POLARIZATION DISCRIMINATION 

It appears  f e a s i b l e  i n  p r a c t i c e  f o r  sa te l l i te  r e l a y  systems t o  

provide p o l a r i z a t i o n  d i s c r i m i n a t i o n  of 20 t o  30 dB (or  more w i t h  adap- 

t i o n )  i n  t h e  antenna main beam. 

o p e r a t e  wi th  smaller C / X  than t h e  p o l a r i z a t i o n  d i s c r i m i n a t i o n ,  i t  should 

be p o s s i b l e  t o  double t h e  e f f e c t i v e  spectrum a v a i l a b l e  by us ing  i t  in-  

dependently on two or thogonal  p o l a r i z a t i o n s .  

Thus i f  t h e  systems are designed t o  

EARTH-TO-SATELLITE GEOMETRY 

A r e f e r e n c e  e a r t h - t o - s a t e l l i t e  geometry model is  used f o r  i n t e r -  
0 f e rence  c a l c u l a t i o n s .  It c o n s i s t s  of an e a r t h  s t a t i o n  a t  45 l a t i t u d e  

l i n k e d  w i t h  a wanted e q u a t o r i a l  synchronous sa te l l i t e  on t h e  same longi-  

tude and a f u l l  o r b i t  of unwanted synchronous satel l i tes  a t  equa l  longi-  

t u d i n a l  spac ings  on both s i d e s  of t h e  wanted s a t e l l i t e .  I f  t h e  e a r t h  

s t a t i o n  is  a t  a d i f f e r e n t  l a t i t u d e ,  o r  i f  t h e  wanted sa te l l i t e  is  a t  a 
d i f f e r e n t  l o n g i t u d e ,  t h e r e  w i l l  b e  a change i n  t h e  relative ranges and 

apparent  angu la r  s e p a r a t i o n s  between t h e  sa te l l i t es ,  and t h e  i n f l u e n c e  

of t h e  horizon c u t o f f s  w i l l  d i f f e r .  However, t h e s e  v a r i a t i o n s  can b e  

accommodated w i t h  a 1-dB margin i n  t h e  p r o t e c t i o n  r a t i o s  f o r  i n t e r f e r -  

ence between e a r t h  s t a t i o n s  and s a t e l l i t e s .  

REFERENCE GROUND-ENVIRONMENT MODELS 

I n  o r d e r  t o  test how t h e  va r ious  system parameters i n f l u e n c e  in-  

t e r f e r e n c e ,  i t  i s  necessary t o  use a s u i t a b l e  r e f e r e n c e  ground-environ- 

ment model. 

of ground s t a t i o n s  f o r  a given minimum s e p a r a t i o n  between s t a t i o n s  

uniformly d i s t r i b u t e d  on t h e  e a r t h ' s  su r f ace .  

v a t i v e  l i m i t i n g  case f o r  a given minimum s t a t i o n  s e p a r a t i o n ,  and t h e  

i n t e r f e r e n c e  t h a t  might be experienced i n  p r a c t i c e  would only approach 

t h a t  p r e d i c t e d  i f  t h e  d e n s i t y  of s h a r i n g  approached t h a t  of t h e  model. 

The model chosen w a s  t h a t  of maximum t h e o r e t i c a l  d e n s i t y  

This  model i s  a conser- 
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SUMMARY OF COMPATIBLE SATELLITE SPACING AND FREQUENCY SHARING 

Using t h e  t e c h n i c a l  background t h a t  has been o u t l i n e d ,  it is  pos- 

s i b l e  t o  d e r i v e  t h e  j o i n t  c o n s t r a i n t s  imposed on t h e  va r ious  system 

parameters f o r  t o l e r a b l e  i n t e r f e r e n c e  and t o  d e f i n e  t h e  t echno log ica l  

p o t e n t i a l s  f o r  s a t e l l i t e  spacing and frequency s h a r i n g .  

INTERFERENCE FROM SATELLITES TO EARTH STATIONS, MODE 1 

This  i s  t h e  mode t h a t  i s  examined i n  g r e a t e s t  d e t a i l .  The o t h e r  

modes a r e  then  more e a s i l y  t r e a t e d .  

E f f e c t s  of E a r t h - s t a t i o n  Antenna P a t t e r n s  

I f  a l l  t h e  s a t e l l i t e s  a r e  e q u a l l y  spaced and have equa l  equ iva len t  

i s o t r o p i c a l l y  r a d i a t e d  power (EIRP) i n  any bandwidth i n  t h e  d i r e c t i o n  

of an e a r t h  s t a t i o n ,  t h e  r equ i r ed  s a t e l l i t e  spacing t o  i s o l a t e  them f o r  

independent u s e  of a common spectrum by t h e  e a r t h - s t a t i o n  r e c e i v i n g  an- 

tennas i s  p r imar i ly  determined by these  antenna s i d e l o b e  p a t t e r n s .  

Using t h e  previously desc r ibed  r e f e r e n c e  e a r t h - s a t e l l i t e  geometry model 

and antenna p a t t e r n s ,  t h e  curves of X/C  ve r sus  r e q u i r e d  s a t e l l i t e  spa- 

c ing 0 of Fig.  i v  a r e  ob ta ined .  

f a l l  o f f  r a p i d l y  w i t h  ang le ,  t he  c l o s e s t  i n t e r f e r i n g  s a t e l l i t e s  tend 

t o  dominate t h e  t -o ta l  i n t e r f e r e n c e ,  and X / C  f a l l s  o f f  approximately a s  

t h e  antenna p a t t e r n .  I n  F ig .  i v ,  X/C i s  approximately p ropor t iona l  t o  

l/a and t h e  i n t e r f e r e n c e  c o n t r i b u t i o n  of a l l  t h e  s a t e l l i t e s  beyond t h e  

n e a r e s t  neighbors i s  less than 0.2 of t h e  t o t a l  f o r  uniform spacing and 

EIRP. The importance of t h e  antenna s i z e  i s  obvious from F i g .  i v ,  s i n c e  

CJ = h/D.  

When t h e  antenna p a t t e r n s  themselves 

3 

Tradeoffs  Involving W/B 

With t h e  h e l p  o f  F igs .  i and i v  it can be shown t o  be advantageous 

f o r  both t o t a l  power and information c a p a c i t y  t o  i n c r e a s e  W/B (and the  

number of s a t e l l i t e s )  u n t i l  t h r e s h o l d  i s  reached o r  u n t i l  the s a t e l l i t e  

spacing crowds t h e  mainlobe of t h e  antenna.  

ues would a l s o  permit g r e a t e r  m u l t i p l i c a t i o n  of t h e  independent beams 

p o s s i b l e  w i t h  d i r e c t i v e  antennas on board t h e  s a t e l l i t e s .  

Smaller r equ i r ed  C/X v a l -  

However, 
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some of t h e s e  p o s s i b l e  inc reases  i n  t o t a l  system c a p a c i t y  can be achieved 

only a t  g r e a t e r  c o s t  p e r  c i r c u i t .  It i s  important ,  t h e r e f o r e ,  i n  e s t a b -  

l i s h i n g  s a t e l l i t e  systems t o  use l a r g e  enough values  f o r  parameters such 

a s  W/B and D/X t h a t  w i l l  p e r m i t  t h e  o r b i t a l  c a p a c i t y  growth t h a t  may be 

needed during t h e  p r o j e c t e d  l i f e  of t he  system. 

Differences i n  S a t e l l i t e  EIRPs 

For t h i s  mode of i n t e r f e r e n c e ,  only t h e  r e l a t i v e  va lues  of EIRPs 

a r e  involved i n  determining X / C ,  i . e . ,  X/C and B a r e  independent of t h e  

a b s o l u t e  va lues  of t h e  s a t e l l i t e  EIRPs. I f  t he  EIRPs of t he  s a t e l l i t e s  

d i f f e r ,  t h e  exac t  s o l u t i o n  f o r  t h e  minimum o r b i t a l  spacings becomes very 

complicated.  However, a s  a rough r u l e  t h e  spacing o r equ i r ed  between 

any two ad jacen t  s a t e l l i t e s  'la'' and "b" w i l l  i n c r e a s e  over o 
cing r equ i r ed  when t h e s e  parameters a r e  t h e  same, w i th  any d i f f e r e n c e s  

i n  EIRP o r  e a r t h - s t a t i o n  antenna s i z e .  An important f a c t o r  i n  determin- 

ing  t h e  spacing 0 i s  the  spacing q u o t i e n t  q 

where q i s  p ropor t iona l  t o  t h e  cube r o o t  of t he  r a t i o  of t h e  EIRPs  

t h a t  i s  less than u n i t y ,  i . e . ,  t h a t  i s  p r o t e c t i n g  t h e  weaker system. 

Thus i f  a number of s a t e l l i t e s  w i t h  d i f f e r e n t  spacing q u o t i e n t s  a r e  t o  

be mixed, t h e  most e f f i c i e n t  use of o r b i t  space would o rde r  them t o  

minimize t h e  number and the d i f f e r e n c e s  of ad jacen t  s a t e l l i t e s  w i th  

d i f f e r e n t  spacing q u o t i e n t s .  A s  a rough guide,  a doubling of t h e  spa-  

c ing  between ad jacen t  s a t e l l i t e s  i s  needed f o r  each 9 dB of d i f f e r e n c e  

i n  t h e i r  EIRPs. 

a , b  
t h e  spa-  

0 )  

i . e . ,  B a l / q a / b  
a / b y  a , b  a , b  

a /b 

E f f e c t s  of S a t e l l i t e  Antenna P a t t e r n s  

Previous d i scuss ion  i n d i c a t e d  how e a r t h - s t a t i o n  antennas i n  conjunc- 

t i o n  w i t h  s a t e l l i t e  spacing could s e p a r a t e  o r  i s o l a t e  l i n k s  so  t h a t  a 

given spectrum could be used independent ly  many t i m e s  (each t i m e  w i t h  

a d i f f e r e n t  s a t e l l i t e )  t o  t h e  same o r  d i f f e r e n t  e a r t h  l o c a t i o n s .  A s i m i -  

l a r  type of l i n k  i s o l a t i o n  can be provided wi th  l a r g e r  and more d i r e c -  

t i v e  antennas on board t h e  s a t e l l i t e s .  

i s o l a t i o n  provided by t h e  e a r t h - s t a t i o n  an tennas ,  o r  t o  provide enough 

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

spectrum can be used independently many t i m e s ,  i n  t h i s  case from t h e  

This  may be used t o  augment the  
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same o r  d i f f e r e n t  s a t e l l i t e s .  Since t h e  i s o l a t i o n s  by t h e  e a r t h - s t a t i o n  

antennas and by t h e  s a t e l l i t e  antennas can be made independent ly ,  t h e  

" p o s s i b l e  m u l t i p l i c a t i o n  of t h e  spectrum use i s  a product of t h e  two. I n  

a d d i t i o n ,  t h e  l a r g e r  s a t e l l i t e  a p e r t u r e s  enable  a given E I R P  from t h e  sat-  

e l l i t e  with l e s s  t r a n s m i t t e d  power, and al low t h e  up l i n k  t o  o p e r a t e  wi th  

l e s s  e a r t h - s t a t i o n  EIRP and i n t e r f e r e n c e  p o t e n t i a l  t o  terrestr ia l  systems. 

Margins Required 

It i s  necessary t o  add a v a r i e t y  of margin f a c t o r s  t o  t h e  i d e a l  

C/X r e q u i r e d  a t  t h e  r e c e i v e r  input  i n  order  t o  o b t a i n  a s a t i s f a c t o r y  

p r o t e c t i o n  r a t i o  a g a i n s t  t h i s  i n t e r f e r e n c e  mode. A 1-dB margin would 

accommodate independent long i tud ina 1 var  i a  t ions a bout a s s  igne d pos i - 
t i o n s  of 8 percent  of the nominal spacing.  This should be adequate f o r  

t h i s  f a c t o r  i nc lud ing  t h e  e f f e c t s  of any u n c e r t a i n t i e s  i n  antenna poin- 

t i n g .  A 3-dB margin i s  probably needed f o r  v a r i a t i o n s  i n  t h e  s a t e l l i t e  

antenna ga in  over t h e  designed a r e a  of coverage. A 2-dB margin i s  prob- 

a b l y  needed f o r  d i f f e r e n c e s  i n  s a t e l l i t e  power output  because of aging 

o r  component d i f f e r e n c e s .  A t  l e a s t  2 dB o f  margin i s  r e q u i r e d  t o  t ake  

c a r e  of t h e  v a r i a t i o n s  i n  e a r t h - s a t e l l i t e  geometry f a c t o r s  previously 

d i scussed ,  t he  p r o b a b i l i t y  of i n t e r f e r e n c e  from s i d e l o b e  peaks c o n t r i b -  

u t i n g  more than t h e  average, and t h e  e f f e c t s  of d i f f e r e n c e s  i n  t h e  a t -  

t enua t ion  and fading of t he  wanted compared w i t h  t h e  unwanted s i g n a l s .  

Thus a t o t a l  margin of a t  l e a s t  8 dB seems a p p r o p r i a t e  t o  inc lude  i n  

t h e  p r o t e c t i o n  r a t i o  f o r  t h i s  mode of i n t e r f e r e n c e .  

Coordination Bene f i t s  

Coordination of e a r t h - s t a t i o n  r e c e i v i n g  antenna s i z e  i s  e s p e c i a l l y  

important .  

p o s s i b l e  i s  important i n  determining t h e  minimum s a t e l l i t e  spacing 

ach ievab le  and consequently t h e  t o t a l  information c a p a c i t y  of a given 

spectrum and o r b i t  space f o r  s a t e l l i t e  r e l a y s .  The modulation proper- 

t i e s  of t h e  s i g n a l s  should be coordinated f o r  g r e a t e s t  b e n e f i t .  This 

would involve using comparable bandwidth expansions and i n t e r l e a v i n g  

t h e  frequencies  between ad jacen t  s a t e l l i t e s .  Also,  i n c r e a s i n g  W/B t o  

enable  t h e  u s e  of t h e  smallest p r a c t i c a l  p r o t e c t i o n  r a t i o s  w i l l  p e r m i t  

c l o s e r  s a t e l l i t e  spacings and more independent beams from t h e  s a t e l l i t e s ,  

E s t a b l i s h i n g  some minimum ( D / l ) U  and making i t  a s  l a r g e  a s  
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t hus  i n c r e a s i n g  t h e  t o t a l  information c a p a c i t y  of s a t e l l i t e  r e l a y s  

f o r  a given spectrum and o r b i t  space. I n  a d d i t i o n ,  t h e  oppor tun i ty  

e x i s t s  f o r  two independent systems and a l l o c a t i o n s  on two independent 

p o l a r i z a t i o n s  i f  t h e  systems a r e  designed f o r  r e q u i r e d  C / X  smaller than 

20 t o  30 dB. 

The r e l a t i v e  EIRPs of ad jacen t  s a t e l l i t e s  i s  an important f a c t o r  

i n  t h e  spacing r equ i r ed  between them. I f  t h e i r  l o c a t i o n s  and EIRPs 

can be coordinated t o  minimize t h e  number and t h e  d i f f e r e n c e s  of a d j a -  

cen t  s a t e l l i t e s  w i t h  d i f f e r e n t  EIRPs, t h e  most e f f i c i e n t  use of o r b i t  

space w i l l  be ob ta ined .  

INTERFERENCE FROM EARTH STATIONS TO SATELLITES, MODE 2 

Most of t h e  c h a r a c t e r i s t i c s  of Mode 1 a l s o  have a p p l i c a t i o n  t o  

t h i s  mode. Only t h e  d i f f e r e n c e s  w i l l  be summarized h e r e .  Antenna 

p a t t e r n s  aga in  play a prominent r o l e ;  however Mode 2 involves  t h e  r a t i o  

of t h e  ga ins  of s e p a r a t e  e a r t h - s t a t i o n  t r a n s m i t t i n g  antennas,  whereas 

Mode 1 involved t h e  r a t i o s  of t h e  ga ins  of t he  same e a r t h - s t a t i o n  

r e c e i v i n g  antenna i n  t h e  va r ious  d i r e c t i o n s  of t he  s a t e l l i t e s .  This  

d i s t i n c t i o n  w i l l  probably be of most concern i n  e s t a b l i s h i n g  margins 

f o r  propagation a t t e n u a t i o n .  Since the  propagation paths i n  t h e  e a r t h ' s  

atmosphere may be q u i t e  d i f f e r e n t  f o r  t h e  i l l u m i n a t i o n s  of ad jacen t  

s a t e l l i t e s  i n  t h i s  ca se ,  t h e  f u l l  magnitude of t h e  poss ib l e  v a r i a t i o n s  

i n  propagation a t t e n u a t i o n  must be added a s  a margin i n  t h e  p r o t e c t i o n  

r a t i o  f o r  Mode 2 .  

w i l l  be r e q u i r e d  i n  t h e  up l i n k  than i n  t h e  down l i n k  i f  t h e  s a t e l l i t e  

spacing is  n o t  t o  be l i m i t e d  by t h e  up l i n k  a t  f requencies  above 10 GHz. 

It w i l l  be b e n e f i c i a l  t o  coord ina te  e a r t h  t r a n s m i t t i n g  s t a t i o n s  

This may mean t h a t  a s i g n i f i c a n t l y  l a r g e r  (D/X), 

t o  e s t a b l i s h  some minimum @/A)  

so  t h a t  t h e  up l i n k  does n o t  l i m i t  t h e  s a t e l l i t e  spacing ach ievab le .  

The EIRP per u n i t  of bandwidth f o r  a l l  e a r t h - s t a t i o n  t r a n s m i t t e r s  

using t h e  s a m e  s a t e l l i t e  transponder should be equa l i zed .  For f r e -  

quencies above 10 GHz i t  may n o t  be f e a s i b l e  t o  use two p o l a r i z a t i o n s  

independently on t h e  same frequency f o r  t h e  up l i n k  u n l e s s  they emanate 

from t h e  same e a r t h  s t a t i o n .  The coord ina t ion  t h a t  w i l l  be b e n e f i c i a l  

f o r  o t h e r  system parameters a r e  s i m i l a r  t o  t hose  f o r  Mode 1 and t h e  two 

modes should be made compatible.  

and t o  make t h i s  minimum l a r g e  enough 
U 
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OTHER DIRECT INTERFERENCE MODES 

The seven o t h e r  d i r e c t  i n t e r f e r e n c e  modes are less complicated 

and can be summarized ve ry  b r i e f l y .  

S a t e l l i t e - t o - ~ s - a t e l l i t e  I n t e r f e r e n c e ,  Mode 3 

This  mode can be s i g n i f i c a n t  on ly  i f  t h e  same frequency bands a r e  

used f o r  both up l i n k s  and down l i n k s .  Such ope ra t ions  may be prac- 

t i c a l  f o r  some f u t u r e  a p p l i c a t i o n s  and could double t h e  bandwidth a v a i l -  

a b l e  i n  prime por t ions  of t h e  spectrum. It would be r e l a t i v e l y  s t r a i g h t -  

forward t o  design t h e  s a t e l l i t e  antennas s o  t h a t  t h i s  mode of i n t e r -  

f e rence  need n o t  l i m i t  ope ra t ions  o f  t h i s  t y p e .  

I n t e r f e r e n c e  Between Ea r th  S t a t i o n s ,  Mode 4 

Again, t h i s  mode i s  of no consequence u n l e s s  t he  same frequency 

bands a r e  used f o r  both up l i n k s  and down l i n k s .  It can be shown t h a t  

t h i s  mode of i n t e r f e r e n c e  could be t o l e r a t e d  w i t h i n  t h e  c o n s t r a i n t s  

t h a t  o the r  i n t e r f e r e n c e  modes w i l l  impose anyway f o r  reducing e a r t h -  

s t a t i o n  EIRP and i n c r e a s i n g  s a t e l l i t e  a p e r t u r e  and EIRP. However, as  

i s  the case  f o r  some of t h e  o t h e r  i n t e r f e r e n c e  modes, t h e r e  i s  a res- 

t r i c t i o n  t o  some minimum e a r t h - s t a t i o n  spacing f o r  compatible a p p l i c a -  

t i o n s  because of t h i s  type of i n t e r f e r e n c e .  For mobile and o t h e r  a p p l i -  

c a t i o n s  where it  may n o t  be p o s s i b l e  t o  l i m i t  o r  res t r ic t  t h e  minimum 

t r a n s m i t t e r  and r e c e i v e r  spacings,  i t  may n o t  prove f e a s i b l e  t o  o p e r a t e  

w i t h  up l i n k s  and down l i n k s  i n  t h e  same frequency bands. 

I n t e r f e r e n c e  from T e r r e s t r i a l  t o  E a r t h  S t a t i o n s ,  Mode 5 

This  i n t e r f e r e n c e  mode i s  ve ry  s imi l a r  t o  Mode 4 .  Even i f  t h e  

e a r t h  s t a t i o n  i s  imbedded i n  a maximum d e n s i t y  ma t r ix  of microwave 

r e l a y  s t a t i o n s  w i t h  a nominal minimum spacing of 40 km, no new con- 

s t r a i n t s  a re  imposed on the  systems over  those  of Mode 4 .  

I n t e r f e r e n c e  Between T e r r e s t r i a l  Microwave Relays,  Mode 6 

This  mode involves  only t h e  microwave r e l a y s ,  a d  most common 

carrier p r a c t i c e  employs adequate antenna d i r e c t i v i t y  t o  cope conserva- 

t i v e l y  w i t h  this  i n t e r f e r e n c e  mode f o r  t h e  maximum t h e o r e t i c a l  s t a t i o n  

d e n s i t y  d i s t r i b u t i o n  f o r  convent ional  minimum spacings between s t a t i o n s .  
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I n t e r f e r e n c e  from E a r t h  t o  Terrestr ia l  S t a t i o n s ,  Mode 7 

This  mode of i n t e r f e r e n c e  i n  a maximum t h e o r e t i c a l  s t a t i o n  den- 

s i t y  environment would p r imar i ly  c o n s t r a i n  t h e  e a r t h - s t a t i o n  t r a n s -  

m i t t i n g  power t o  w i t h i n  about 20 dB of t h e  t r a n s m i t t i n g  power of t h e  

microwave r e l a y s  i n  t h e  same frequency band. 

I n t e r f e r e n c e  from S a t e l l i t e s  t o  Ter res t r ia l  S t a t i o n s ,  Mode 8 

This  mode is  most e a s i l y  c o n t r o l l e d  by c o n s t r a i n i n g  t h e  d i r e c t i o n s  

of po in t ing  microwave r e l a y  an tennas .  I f  t hese  antennas are s i t e d  so  

t h a t  t h e  sum of t h e i r  ga ins  i n  t h e  d i r e c t i o n s  of a l l  t he  s a t e l l i t e s  

r a d i a t i n g  i n  t h e i r  frequency bands i s  l e s s  than LO, they could t o l e r a t e  

s i g n i f i c a n t l y  g r e a t e r  s a t e l l i t e  EIRP  than i s  c u r r e n t l y  recommended by 

t h e  C C I R .  For t h e s e  cond i t ions  t h e  TD-2 system could t o l e r a t e  s a t e l -  

l i t e  EIRPs of 75 dBW i n  500 MHz, and f o r  t he  TH system 80 dBW i n  500 

MHz. Current  C C I R  recommendations provide a l i m i t  equ iva len t  t o  62 t o  

68 dBW f o r  t h e  EIRP i n  500 MHz. 

I n t e r f e r e n c e  from T e r r e s t r i a l  S t a t i o n s  t o - S a t e l l i t e s ,  Mode 9 

This  mode a l s o  i s  most e a s i l y  c o n t r o l l e d  by c o n s t r a i n i n g  t h e  d i r e c -  

t i o n s  of po in t ing  microwave r e l a y  antennas.  I f  t h e s e  antennas a r e  

s i t e d  so  t h a t  t he  average va lue  of a l l  t h e i r  t r a n s m i t t i n g  antenna ga ins  

i n  t h e  d i r e c t i o n  of a s a t e l l i t e  i s  less than i s o t r o p i c ,  up t o  10 

microwave r e l a y s  could be w i t h i n  view of t h e  s a t e l l i t e  without  r e q u i r -  

i ng  t h e  e a r t h - s t a t i o n  t r a n s m i t t i n g  power t o  exceed by more than 20 dB 

t h a t  of a microwave r e l a y  i n  t h e  same band. 

r e c e i v i n g  a p e r t u r e s  l i m i t i n g  t h e  f i e l d  of view of t h e  e a r t h ,  t h e  i n t e r -  

ference from t h e  maximum t h e o r e t i c a l  d e n s i t y  of microwave r e l a y s  w i t h  

convent ional  minimum spacings could be t o l e r a t e d  wi th  e a r t h - s t a t i o n  

t r a n s m i t t i n g  powers comparable w i t h  those  o f  t h e  microwave r e l a y s .  

5 

With l a r g e r  s a t e l l i t e  

SCATTER MODES OF INTERFERENCE 

The p r e c i p i t a t i o n  sca t te r  modes of i n t e r f e r e n c e  a r e  t h e  most 

d i f f i c u l t  t o  e v a l u a t e  a s  t o  c o n s t r a i n t s  on system design t o  meet p e r -  

formapce o b j e c t i v e s  f o r  s a t e l l i t e  and microwave r e l a y  systems sha r ing  

the  same frequency bands. The p r i n c i p a l  reason f o r  t h i s  i s  t h a t  t h e  
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expected s p a t i a l  d i s t r i b u t i o n  o f  p r e c i p i t a t i o n  and i t s  s t a t i s t i c s  f o r  

the l o c a l i t i e s  of i n t e r e s t  a r e  e s s e n t i a l l y  unknown, p a r t i c u l a r l y  a t  

t h e  higher  weather a l t i t u d e s .  

The p o t e n t i a l l y  most important geometry f o r  s c a t t e r  i n t e r f e r e n c e  

between microwave r e l a y  and e a r t h  s t a t i o n s  i s  f o r  coupl ing through 

s c a t t e r e r s  i n  t h e  common volume of main-beam i n t e r s e c t i o n  of t h e  two 

systems. I f  a maximum t h e o r e t i c a l  d e n s i t y  of microwave r e l a y s  i s  

assumed w i t h  a spacing of 40 km between s t a t i o n s ,  a l i m i t i n g  p o t e n t i a l  

f o r  t h i s  type of i n t e r f e r e n c e  i s  obtained.  I n  t h i s  environment i t  

would probably be f e a s i b l e  t o  coord ina te  s i t e  l o c a t i o n s  and beam o r i -  

e n t a t i o n s  t o  avoid main-beam i n t e r s e c t i o n s  w i t h i n  two s t a t i o n  spacings 

s e p a r a t i o n  and below 1-km a l t i t u d e .  Beyond t h e s e  ranges and a l t i t u d e s  

t h e  coord ina t ion  t o  avoid i n t e r s e c t i o n s  soon becomes i m p r a c t i c a l ,  

Even s o ,  t h e r e  appears  t o  be enough leeway i n  f e a s i b l e  s a t e l l i t e  ape r -  

t u r e  and al lowable EIRP t o  design around t h e  s c a t t e r  i n t e r f e r e n c e  f o r  

t h e  denses t  s h a r i n g  environment w i t h  40-km spacing between microwave 

r e l a y s .  However, experimental  da t a  a r e  needed t o  b e t t e r  e s t a b l i s h  

t h e  design s p e c i f i c a t i o n s  t h a t  w i l l  ensure the  compatible s h a r i n g  of 

t h e  spectrum a s  cons t r a ined  by s c a t t e r  i n t e r f e r e n c e  i n  a p a r t i c u l a r  

l o c a t i o n .  

COMBINED CONSTRAINTS FROM ALL MODES 

Ignor ing  t h e  economic f a c t o r s  and cons ide r ing  only t echno log ica l  

c o n s t r a i n t s  from a l l  modes i n d i c a t e  t h a t  most of t h e  burden of accommo- 

d a t i o n  t o  an i n t e n s e  s h a r i n g  environment (between microwave r e l a y s  and 

sa te l l i t e  r e l a y s  wi th  both up l i n k s  and down l i n k s  i n  t h e  same frequency 

bands) rests on t h e  design of t h e  satel l i te  r e l a y  system. The i n d i c a t e d  

d i r e c t i o n s  of change t o  relieve the i n t e r f e r e n c e  problems ( inc reased  sat- 

e l l i t e  a p e r t u r e  and EIRP, i nc reased  bandwidth expansion W/B, and ea r th -  

s t a t i o n  antennas as l a r g e  as i s  p r a c t i c a l  w i t h  decreased t r a n s m i t t i n g  

power) a l s o  tend t o  i n c r e a s e  t h e  t o t a l  system c a p a c i t y  and should there-  

f o r e  b e  l o g i c a l  long-term goa l s  anyway. 

The s i n g l e  important  added c o n s t r a i n t  imposed on t h e  microwave re- 

l a y s  i s  t h a t  of p o i n t i n g  coord ina t ion  t o  avoid the d i r e c t i o n s  of syn- 

chronous o r b i t s .  The coord ina t ion  i n d i c a t e d  seems about t h e  minimum 
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accep tab le  and could be evolved g r a d u a l l y  wi th  t h e  bui ldup of a l l  t h e  

systems. It does no t  seem t o  be an excess ive  requirement f o r  t he  g r e a t  

b e n e f i t s  t h a t  could be de r ived  w i t h  the  coordinated s h a r i n g  of the spec- 

trum. This po in t ing  coord ina t ion  should n o t  be hard t o  accommodate a t  

low through m i d - l a t i t u d e s .  However, a t  l a t i t u d e s  above 60 t h e  exclu-  

ded d i r e c t i o n s  become so l a r g e  t h a t  i t  may no t  be  f e a s i b l e  t o  implement 

a s p e c i f i c  requirement f o r  microwave r e l a y s  w i t h  t h e  coord ina t ion  res- 

t r i c t i o n s .  I n  these  r eg ions  i t  may be necessa ry  t o  choose e i t h e r  micro- 

wave = s a t e l l i t e  r e l a y s  f o r  a system o p e r a t i n g  a t  t h e  sha red  frequen- 

c i e s .  

0 

FREQUENCY DEPENDENCE OF LOW-NOISE AND OUTPUT DEVICES 

The c u r r e n t  hardware f o r  low-noise and power output  a p p l i c a t i o n s  

r a p i d l y  degrades w i t h  i n c r e a s i n g  frequency above about 10 GHz wi th  

r e s p e c t  t o  performance and a v a i l a b i l i t y ,  and t h e  c o s t s  i n c r e a s e  s h a r p l y .  

However, t h e r e  does no t  appear t o  be any fundamental reason why develop- 

ment e f f o r t  and production demand could no t  provide hardware wi th  only 

a modest dependence on frequency up through 100 GHz. Thus e v e n t u a l l y  

n e i t h e r  a v a i l a b i l i t y ,  nor performance, nor  c o s t  of t h e  hardware i s  a p t  

t o  be d e c i s i v e  i n  t h e  choice of f r equenc ie s  i n  t h e  range u p  through 

100 GHz f o r  advanced communication s a t e l l i t e  systems. 

REQUIREMENTS FOR A VARIETY OF TYPES OF SERVICE 

The most demanding a p p l i c a t i o n s  w i t h  r e s p e c t  t o  outage seem t o  be 

f o r  t r u n k  l i n e  c a r r i e r  s e r v i c e s .  The requirements f o r  t hese  s e r v i c e s  

can most e a s i l y  be s a t i s f i e d  ( e s p e c i a l l y  from a propagat ion s t a n d p o i n t )  

w i th  spectrum below about 15 GHz f o r  s a t e l l i t e  l i n k s .  It should be 

p o s s i b l e  t o  u s e  common sha red  frequency bands f o r  both up and down 

s a t e l l i t e  l i n k s ,  even though d i f f e r e n t  antennas o r  s a t e l l i t e s  would be 

r e q u i r e d  f o r  t h e  u p  and t h e  down l i n k s  on t h e  same frequency. However, 

t h i s  would be f e a s i b l e  on ly  f o r  a p p l i c a t i o n s  where some minimum s e p a r -  

a t i o n  of t e rmina l s  could be s p e c i f i e d  and c o n t r o l l e d .  It would no t  be 

p r a c t i c a l  f o r  many mobile u ses  o r  f o r  t h e  d e n s i t y  of usage t h a t  might 

be involved i n  r e c e i v i n g  b roadcas t .  These l a t t e r  a p p l i c a t i o n s  could 
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b e s t  be s a t i s f i e d  wi th  one-way usage, and such usage could be shared  

by a l l  s a t e l l i t e  r e l a y  serv ices- -mobi le ,  f i x e d ,  and b roadcas t ;  however, 

pure ly  t e r r e s t r i a l  s e r v i c e s  involv ing  t r a n s m i t t e r s  r e c e i v e r s  on 

the  same f requencies  without  minimum s e p a r a t i o n  r e s t r i c t i o n s  should be 

excluded f o r  e f f i c i e n t  use of these  bands. 

The g r e a t e s t  need f o r  s e r v i c e s  w i t h  u n r e s t r i c t e d  t e rmina l  s epa ra -  

t i o n s  a l s o  involves  the  sma l l e s t  antenna s i z e s .  Mobile systems have 

mechanical a p e r t u r e  s i z e  l i m i t a t i o n s  f o r  ope ra t ion ,  and broadcas t  re- 

c e i v e r s  f o r  homes would r e q u i r e  small  a p e r t u r e s  i n  order  t o  be econ- 

omical ly  f e a s i b l e  f o r  so  many r e c e i v e r s .  Since the  t o t a l  g l o b a l  system 

c a p a c i t y ,  a s  l i m i t e d  by s a t e l l i t e  spacing,  depends on the  diameter  i n  

wavelengths of the  e a r t h  t e rmina l  antennas,  t he  g r e a t e s t  p o t e n t i a l  

capac i ty  f o r  a given bandwidth a s  we l l  a s  l a r g e r  bandwidths can be 

obta ined  by choosing a s  s h o r t  a wavelength a s  i s  p r a c t i c a l .  Also most 

of t h e s e  a p p l i c a t i o n s  a r e  l e s s  demanding on s e r v i c e  c o n t i n u i t y  than 

t runk l i n e  carrier a p p l i c a t i o n s ,  and can b e t t e r  t o l e r a t e  t he  propaga- 

t i o n  degrada t ions  t h a t  may be experienced a t  t h e s e  h igher  f r equenc ie s .  

There i s  a f u r t h e r  requirement f o r  most mobile a p p l i c a t i o n s ,  which 

i s  t o  be a b l e  t o  point  the  antenna t o  accommodate r a p i d  v e h i c l e  a t t i t u d e  

changes. A t  t he  h igher  f requencies  a given adequate  a p e r t u r e  s i z e  ( e .g . ,  

1-m diameter) becomes f a i r l y  d i r e c t i v e ,  n e c e s s i t a t i n g  a r a p i d  po in t ing  

o r  t r a c k i n g  c a p a b i l i t y ,  whereas a t  very  low f requencies  ( e .g . ,  500 t o  

1000 MHz) the  same a p e r t u r e  s i z e  r e q u i r e s  very  l i t t l e  po in t ing .  This 

d i f f e r e n c e  between us ing  the two extremes i n  frequency i s  f u r t h e r  accen- 

t u a t e d  i f  s imultaneous l i n k i n g  wi th  a number of s a t e l l i t e s  i n  d i f f e r e n t  

d i r e c t i o n s  is  r e q u i r e d .  The t e c h n i c a l  problem of achiev ing  t h i s  econ- 

omical ly  i n  the  near  term i s  much more formidable a t  the  h igher  than 

a t  t he  lower f r equenc ie s .  I f  i t  proves t e c h n i c a l l y  f e a s i b l e  t o  super -  

impose down l i n k s  on c u r r e n t  a l l o c a t i o n s  i n  t h e  range 470 t o  960 MHz 

without  r e s t r i c t i n g  o r  i n t e r f e r i n g  w i t h  the  a p p l i c a t i o n s  of e x i s t i n g  

a l l o c a t i o n s ,  t h i s  po r t ion  of t he  spectrum w i l l  seem extremely a t t r a c -  

t i v e  f o r  many mobile, broadcast ,  and a u s t e r e  t e rmina l  a p p l i c a t i o n s .  
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ILLUSTRATIVE SPECTRUM USE 

There are  many ways i n  which the  spectrum might be p a r t i t i o n e d  

and shared t o  provide enormous communication c a p a c i t i e s .  T h i s  i l l u s -  

t r a t i o n  is  one way i n  which it  might be done w i t h  minimal jeopardy t o  

ves t ed  p r a c t i c e )  providing many times t h e  c a p a c i t y  c u r r e n t l y  used o r  

contemplated.  

I n  po r t ions  of t h e  spectrum between 3 . 4  and 15.35 GHz, t h e r e  i s  

7 .6  GHz of spectrum c u r r e n t l y  a l l o c a t e d  t o  f i x e d  and mobile o r  t o  

communication s a t e l l i t e  s e r v i c e s .  This  i s  t h e  p r i m e  p o r t i o n  of t h e  

spectrum most s u i t a b l e  f o r  t runk l i n e  c a r r i e r  and o t h e r  ve ry  demand- 

i n g  s e r v i c e s .  It could be e x p l o i t e d  most advantageously by s h a r i n g  

i t  between f i x e d  and both up and down l i n k  communication s a t e l l i t e  

s e r v i c e s .  It should be p o s s i b l e  t o  use t h i s  spectrum f o r  t h e  communi- 

c a t i o n  s a t e l l i t e  s e r v i c e s  on two independent p o l a r i z a t i o n s ,  and w i t h  

high-gain s a t e l l i t e  an tennas )  t h e  spectrum c a p a c i t y  could be mul t i -  

p l i e d  many t i m e s  by independent beams from each s a t e l l i t e .  I f  l a r g e  

e a r t h - s t a t i o n  antennas a r e  used, many s a t e l l i t e s  a t  c l o s e  spacings 

could be used independent iy .  

10 t o  15 dB f o r  propagat ion a t t e n u a t i o n  might be r equ i r ed  a t  t h e  15 

GHz end of t h i s  spectrum t o  ensure a g a i n s t  system performance degra- 

d a t i o n  0.01 pe rcen t  of t h e  t i m e  i n  a r e a s  of moderately h igh  p r e c i p i -  

t a t  i on .  

It is  e s t ima ted  t h a t  a margin of about 

The remaining po r t ions  of t h e  spectrum t h a t  might be sha red  by 

s a t e l l i t e  r e l a y s  i n  t h i s  i l l u s t r a t i o n  involve one-way usage f o r  a l l  

types  of s a t e l l i t e  r e l a y  service--mobile ,  f i x e d ,  and broadcast .  The 

down l i n k s  f o r  one band might be from 470 t o  960 MHz w i t h  t h e  c o r r e s -  

ponding up l i n k s  i n  t h e  frequency r eg ion  between 1430 and 2300 MHz. 

This  usage might be designed t o  be superimposed on c u r r e n t  a l l o c a t i o n s  

without  mutual i n t e r f e r e n c e ,  and t o  s e r v e  a i r  mobile, land mobile,  

d i r e c t  b roadcas t ,  and o t h e r  a u s t e r e  e a r t h - s t a t i o n  antenna a p p l i c a t i o n s .  

This  spectrum could be used independent ly  on two p o l a r i z a t i o n s ,  and 

w i t h  l a r g e  s a t e l l i t e  antennas t h e  spectrum could be reused w i t h  inde-  

pendent beams t o  d i f f e r e n t  e a r t h  t e rmina l  areas. 

l i tes  used would depend on t h e  t o t a l  power and coverage needed, and 

t h e i r  o r b i t a l  l o c a t i o n s  and spacings would n o t  be c r i t i c a l .  

The number of s a t e l -  
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I n  t h e  spectrum between 1 7 . 7  and 50 GHz t h e r e  i s  a t o t a l  of more 

than  25 GHz t h a t  i s  c u r r e n t l y  a l l o c a t e d  p r imar i ly  t o  f i x e d  and mobile 

s e r v i c e s ,  o r  una l loca ted ,  that  might be p a r t i t i o n e d  i n t o  exc lus ive  

s a t e l l i t e  up and down bands f o r  a l l  k inds of s a t e l l i t e  s e r v i c e ,  i n c l u -  

ding f i x e d ,  a i r  and land mobile, and d i r e c t  b roadcas t .  Since t h i s  p a r t  

of t h e  spectrum i s  s u b j e c t  t o  much l a r g e r  atmospheric a t t e n u a t i o n s ,  

more expensive redundant and d i v e r s i t y  techniques are  needed t o  achieve 

modest performance and c o n t i n u i t y  o b j e c t i v e s .  Space d i v e r s i t y  might 

be used w i t h  f i x e d  systems t o  meet most performance o b j e c t i v e s  wi th  

margins of 10 t o  30 dB f o r  propagation a t t e n u a t i o n  i n  t h i s  p a r t  of t h e  

spectrum. And, v e r s a t i l e  d i r e c t i o n  d i v e r s i t y  w i t h  redundant s a t e l l i t e s  

might be used w i t h  mobile and d i r e c t  broadcast  a p p l i c a t i o n s  w i t h  com- 

parable  margin allowances f o r  propagation a t t e n u a t i o n .  

And f i n a l l y ,  above 80 GHz (80 t o  100 GHz, 130 t o  160 GHz, and 200 

t o  300 GHz), t h e r e  i s  150 GHz of spectrum t h a t  i s  c u r r e n t l y  una l loca ted  

and t h a t  might be p a r t i t i o n e d  i n t o  exc lus ive  synchronous s a t e l l i t e  up 

and down bands f o r  a l l  k inds of s a t e l l i t e  s e r v i c e .  It would seem most 

a p p r o p r i a t e ,  however, t o  emphasize t h e  use of t h e s e  l a t t e r  bands w i t h  

a i r c r a f t  o r  s a t e l l i t e s  above much of t h e  atmosphere. 

A l l  of t h e  one-way bands above 17 GHz could be used independently 

on two p o l a r i z a t i o n s ,  could provide adequate i s o l a t i o n  t o  p e r m i t  c l o s e  

spacing of s a t e l l i t e s  w i t h  e a r t h  t e rmina l  antennas o f  ve ry  modest phys- 

i c a l  s i z e ,  and would p e r m i t  f u r t h e r  spectrum m u l t i p l i c a t i o n  w i t h  high- 

g a i n  (though p h y s i c a l l y  small)  antennas on t h e  s a t e l l i t e s .  Thus, t h e r e  

i s  an enormous p o t e n t i a l  c a p a c i t y  a v a i l a b l e  a t  t h e  h ighe r  f requencies  

f o r  a p p l i c a t i o n s  t h a t  can accep t  or  avoid t h e  e f f e c t s  of l a r g e  atmos- 

p h e r i c  a t t e n u a t i o n s  t h a t  may occur .  
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I. INTRODUCTION AND PROBLEM DESCRIPTION 

Synchronous satel l i tes  o f f e r  g r e a t  promise f o r  communication re- 

l a y s  and o t h e r  information l i n k s  t o  e a r t h .  However, t h e r e  i s  growing 

concern t h a t  t h e  uncoordinated p r o l i f e r a t i o n  of  such sa te l l i t es  could 

a p p r o p r i a t e  o r  preempt d e s i r a b l e  o r b i t a l  l o c a t i o n s  and frequency bands 

i n  a g r o s s l y  i n e f f i c i e n t  manner. It i s  t h e  purpose of t h i s  Memorandum 

t o  exp lo re  t h e  t echno log ica l  l i m i t s  t o  t h e  o r b i t a l  and spectral capac- 

i t y  t h a t  might be achieved under va r ious  coord ina t ion  cond i t ions  and 

system conf igu ra t ions .  

Much of t h e  spectrum t h a t  has  been a l l o c a t e d  ( o r  t h a t  may be a l l o -  

ca t ed  i n  t h e  f u t u r e )  f o r  u se  wi th  s a t e l l i t e  r e l a y s  i s  ( o r  could be) 

shared w i t h  microwave r e l a y  o r  o t h e r  systems. 

t h e  spectrum and o r b i t a l  space may be e x p l o i t e d  and sha red  wi thou t  in-  

t o l e r a b l e  i n t e r f e r e n c e  depends on t h e  v a l u e s  of t h e  many parameters de- 

f i n i n g  t h e  systems involved. I n  t h e  important ca se  of spectrum s h a r i n g  

between communication s a t e l l i t e  and microwave r e l a y  systems t h e r e  are 

n ine  p o s s i b l e  d i r e c t  i n t e r f e r e n c e  modes and two p o t e n t i a l l y  important  

scatter i n t e r f e r e n c e  modes as i l l u s t r a t e d  i n  Fig.  1-1. 

The i n t e n s i t y  wi th  which 

The n i n e  d i r e c t  i n t e r f e r e n c e  modes are de r ived  from cons ide r ing  

t h r e e  types of receivers (terrestrial microwave, sa te l l i t e ,  and e a r t h  

s t a t i o n ) ,  each of which can experience an  i n t e r f e r e n c e  mode from t h e  

t r a n s m i t t e r s  a t  each of t h e  t h r e e  types of s t a t i o n s .  The two poten- 

t i a l l y  important  scatter i n t e r f e r e n c e  modes, as i l l u s t r a t e d  i n  Fig.  1-1, 

invo lve  t h e  i n t e r s e c t i o n  of t h e  main beam of an e a r t h  s t a t i o n  w i t h  t h e  

main beam of a microwave r e l a y  s t a t i o n .  

are contained w i t h i n  t h e  common volume of main-beam i n t e r s e c t i o n ,  scat- 

ter i n t e r f e r e n c e  may be experienced e i t h e r  i n  t h e  mode invo lv ing  t h e  

ea r th - t e rmina l  receiver o r  i n  t h e  mode invo lv ing  t h e  terrestrial re- 

c e i v i n g  t e rmina l ,  both of which may b e  viewing t h e  i l l u m i n a t e d  common 

volume. 

I f  r a i n  o r  o t h e r  scatterers 

Some of t h e  "possible"  i n t e r f e r e n c e  modes would n o t  b e  experienced 

i n  c u r r e n t  o p e r a t i o n s  because of t h e  s e p a r a t i o n  between t h e  frequency 

bands used t o  t r ansmi t  up t o  sa te l l i tes  and those  used t o  t r a n s m i t  from 



relay 

Fig. 1 - 1  -Interference modes with shured frequency operation of satellite 
and terrestrial relay systems 



- 3- 

satel l i tes  down t o  e a r t h ,  However, t h e  p o s s i b i l i t y  of doubling t h e  

e q u i v a l e n t  spectrum a v a i l a b l e  makes a t t ract ive t h e  u s e  of some por- 

t i o n s  of t he  spectrum f o r  both up and down l i n k s  t o  sa te l l i tes .  For 

t h i s  reason t h e  p o t e n t i a l  f o r  t h i s  type of usage is included i n  t h i s  

Memorandum. 

The wanted carrier power C t r ansmi t t ed  from a s a t e l l i t e  t o  se 
t h e  input  of  an e a r t h - s t a t i o n  r e c e i v e r  f o r  f r ee - space  propagation con- 

d i t i o n s  can be i n d i c a t e d  wi th  t h e  symbols used i n  t h i s  Memorandum as 

fol lows:  

A 2  G e+s ) s P G  s s-.e,e . - 
'se - 2 4rr 

4ridse 

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

t i v e l y ;  P i s  t h e  t r a n s m i t t e d  power a t  s ;  d i s  t h e  d i s t a n c e  f r o m  s 

t o  e ;  h is  t h e  wavelength; G i s  t h e  antenna g a i n  i n  t h e  d i r e c t i o n  

of z when i t  i s  loca ted  a t  x and pointed toward y.  The s u b s c r i p t  arrow 

away from x i n d i c a t e s  u s e  i n  a t r a n s m i t t i n g  mode and toward x i n  a r e -  

ce iv ing  mode. Any s u b s c r i p t  no t  needed f o r  c l a r i t y  may be omit ted.  

s e '  
s t o  t h e  i n p u t  of t h e  e a r t h - s t a t i o n  r e c e i v e r  can b e  expressed i n  a 

similar manner, and t h e  r a t i o  X I /Cse can then be ob ta ined .  

i t  w i l l  b e  convenient t o  use  a f a c t o r  M I t o  sum up t h e  i n t e r f e r e n c e  

from a l l  t h e  unwanted satel l i tes ,  mul t ip ly ing  t h a t  r ece ived  from t h e  

n e a r e s t  o r  s t r o n g e s t  unwanted sa te l l i t e  s i g n a l  f o r  t h i s  mode of i n t e r -  

f e rence .  Also i f  t h e  f r a c t i o n s  of t h e  unwanted and wanted s i g n a l  powers 

t h a t  are rece ived  (compared t o  what would have been t h e  case  wi th  free- 

space propagat ion)  are r ep resen ted  by F and F r e s p e c t i v e l y ,  w e  o b t a i n  

t h e  fol lowing expres s ions :  

S se 

-fly, Z 

The unwanted s i g n a l  power X t r a n s m i t t e d  from another  s a t e l l i t e  
I 

However, s e  

s e  

X C 

G ~ M I G ~  s e e+s ,s 

e-s ,s 

! G I  M t d 2 F  s e se x e+s,s - 
'se 'se ' s  s-+e,e 2 F  e t s  ' S  

G 
d s fe  c 

s s e =  Msfe 'sfe - - 's' s -+e e - 
C I X  I 

G ' G  
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This  i s  t y p i c a l  of t h e  q u a n t i t a t i v e  r e l a t i o n s h i p s  between t h e  v a r i o u s  

system parameters  f o r  each mode of i n t e r f e r e n c e .  For t h e  mode i l l u s -  

t r a t e d  p rev ious ly ,  t h e  r e l a t i v e l y  simple f i n a l  approximation r e s u l t s  

i f  a l l  t h e  s a t e l l i t e s  are equa l  i n  terms of e f f e c t i v e  r a d i a t e d  power 

i n  t h e  d i r e c t i o n  of t h e  e a r t h  s t a t i o n .  

I n  S e c t i o n  I1 of t h i s  Memorandum, t h e  r e l a t i o n s  between t h e  r a t i o  

of unwanted t o  wanted s i g n a l  power and ou tpu t  s i g n a l  q u a l i t y  are de- 

veloped and app l i ed  t o  determine t h e  p r o t e c t i o n  r a t i o s  C / X  needed i n  

theo ry  and i n  p r a c t i c e  f o r  each l i n k  of a communication system. These 

r e l a t i o n s h i p s  involve m u l t i p l e  l i n k s  and n o i s e  e n t r i e s  and t h e  e f f e c t s  

o f  s i g n a l  f ad ing ;  modulation, bandwidth, and power t r a d e o f f s ;  and mul t i -  

plexing and a v a r i e t y  of s igna l -p rocess ing  f a c t o r s .  Since t h e  p ro tec -  

t i o n  r a t i o s  depend on t h e  d e t a i l e d  c h a r a c t e r i s t i c s  of both t h e  wanted 

and unwanted s i g n a l s ,  r e p r e s e n t a t i v e  r e f e r e n c e  s i t u a t i o n s  are developed 

t h a t  i l l u s t r a t e  t y p i c a l  system and performance o b j e c t i v e s  t o  b e  ex- 

pected i n  c u r r e n t  and p ro jec t ed  environments. 

I n  S e c t i o n  111, t h e  o t h e r  f a c t o r s  q u a n t i t a t i v e l y  r e l a t e d  t o  X / C  

are c h a r a c t e r i z e d .  Reference antenna p a t t e r n s  and geometric models 

are p resen ted ,  w i t h  which l i m i t i n g  in t ense - sha r ing  s i t u a t i o n s  and o t h e r s  

can be t e s t e d .  The p o s s i b i l i t i e s  of e x p l o i t i n g  p o l a r i z a t i o n  d i s c r i m i -  

n a t i o n  are p resen ted ,  and p e r t i n e n t  propagat ion f a c t o r s  are introduced.  

S e c t i o n  I V  develops t h e  c o n s t r a i n t s  on t h e  v a r i o u s  system param- 

eters t h a t  w i l l  permit compatible sa te l l i t e  spacing and frequency sha r ing  

f o r  each i n t e r f e r e n c e  mode and f o r  t h e  combined modes. These c o n s t r a i n t s  

i nc lude  t h e  c o o r d i n a t i o n  t h a t  w i l l  b e  b e n e f i c i a l  w i t h  r e s p e c t  t o  t h e  

r e l a t i v e  and a b s o l u t e  power ou tpu t s  of t h e  v a r i o u s  types of s t a t i o n s ,  

t h e  modulations and bandwidths used i n  t h e  v a r i o u s  systems, t h e  antenna 

s p e c i f i c a t i o n s  and employments, and t h e  l o c a t i o n s  of t h e  v a r i o u s  s t a t i o n s .  

F i n a l l y ,  S e c t i o n  V p r e s e n t s  t h e  p o t e n t i a l  f o r  shared e x p l o i t a t i o n  

of o r b i t s  and f r equenc ie s ,  i nc lud ing  t h e  dependence of hardware f a c t o r s  

on frequency,  and t h e  p o t e n t i a l  demands f o r  v a r i o u s  types of service. 

A way of p a r t i t i o n i n g  and us ing  p o r t i o n s  of t h e  spectrum t o  o b t a i n  enor- 

mous communication c a p a c i t y  is  p resen ted  t o  i l l u s t r a t e  t h e  p o t e n t i a l  of 

t h i s  l i m i t e d  resource.  
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11. MESSAGE OBJECTIVES, PROTECTION RATIOS 
AND THEIR INTERRELATIONSHIPS 

A l l  of  t h e  communication systems of i n t e r e s t  i n  t h i s  Memorandum 

may be  viewed as s p e c i a l  cases of  an  n - l ink  r a d i o - r e l a y  system. 

unwanted r f  s i g n a l s  ( thermal  n o i s e ,  i n t e r f e r e n c e ,  d i s t o r t i o n ,  e tc . )  

e n t e r  t h e  r e p e a t e r s  and t h e  t e rmina l  receiver of  such a system, c o r -  

responding types  of n o i s e  appear  a t  t h e  s ing le-channel  ou tpu t s  of t h e  

system and impair  t h e  q u a l i t y  of t h e  messages they  c a r r y .  

When 

Th i s  s e c t i o n  w i l l  f i r s t  o u t l i n e  t h e  way i n  which message q u a l i t y  

i n  any s e l e c t e d  channel  of a r a d i o - r e l a y  system depends on t h e  type  and 

magnitude of t h e  unwanted r f  s i g n a l s  e n t e r i n g  t h e  system. Then t h e  

message q u a l i t y  o b j e c t i v e s  t o  be  m e t  by c u r r e n t  and f u t u r e  systems w i l l  

be  in t roduced  and a p p l i e d  t o  determine t h e  c o n s t r a i n t s  they  impose on 

t h e  pe rmis s ib l e  levels of unwanted r f  s i g n a l s .  De ta i l ed  background 

material w i l l  be  found i n  a s e p a r a t e  Memorandum. 
* 

OUTPUT MESSAGE QUALITY VERSUS WANTED AND UNWANTED SIGNAL LEVELS 

Output message q u a l i t y  i s  measured by t h e  s ing le-channel  s i g n a l -  

i n  t h e  case of analog messages, and by t h e  e r r o r  ch lNch to -no i se  r a t i o  S 

p r o b a b i l i t y  p i n  t h e  c a s e  of d i g i t a l  messages.  For both  types  of 

message, ou tput  q u a l i t y  i s  a f u n c t i o n  of t h e  r a t i o s  C . / X  i = 1, ..., n ,  

where C i s  t h e  average  power of t h e  wanted s i g n a l  which carries t h e  

s e l e c t e d  channe l ,  and X i s  t h e  average power of t h e  t o t a l  unwanted r f  

s i g n a l  i n  t h e  wanted s i g n a l  passband. Both C .  and X .  are measured a t  

o r  r e f e r r e d  t o  t h e  input  of t h e  ith r e p e a t e r .  

ch  

1 i’ 

i 

i 

1 1 

I n  g e n e r a l X  w i l l  be t h e  sum of c o n t r i b u t i o n s  from a number of i 
sources  inc lud ing  thermal  n o i s e ,  non l inea r  d i s t o r t i o n ,  and r a d i o  f re -  

quency i n t e r f e r e n c e  (RFI)  from t r a n s m i t t e r s  o t h e r  than  t h e  (i-l)st 

r e p e a t e r .  The f u n c t i o n a l  form of t h e  r e l a t i o n s h i p  between ou tpu t  message 

q u a l i t y ,  as desc r ibed  by S /N 
s i g n a l  ratios C./X. depends p r i m a r i l y  on t h e  n a t u r e ,  analog o r  d i g i t a l ,  

or pch, and t h e  i n p u t  wanted-to-unwanted- ch ch 

1 1  

* 
E. E. Re inha r t ,  Radio Relay  System Performance i n  an I n t e r f e r e n c e  

Environment, The RAND Corpora t ion ,  RM-5786-NASAY October 1968. 
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of  t h e  message and of t h e  modulation method used f o r  t r ansmiss ion .  

Analog Messages and Analog Modulated Systems 

When ana log  messages such as frequency d i v i s i o n  mul t ip lexed  (FDM) 

te lephone  and t e l e v i s i o n  s i g n a l s  are t r ansmi t t ed  us ing  analog modula- 

t i o n  methods such as ampli tude modulation (AM) and frequency modulation 

(FM), t h e  r e l a t i o n  between output  message q u a l i t y  and t h e  wanted-to- 

unwanted-signal r a t i o s  i s  p a r t i c u l a r l y  s imple ,  p rovid ing  t h a t  t h e s e  

r a t i o s  are much l a r g e r  than  u n i t y .  Th i s  s i m p l i c i t y  arises from t h e  

f a c t  t h a t  t h e  output  s igna l - to -no i se  r a t i o  is  p ropor t iona l  t o  t h e  i n -  

put  s i g n a l - t o - n o i s e  r a t i o  no t  only f o r  t h e  ana log  demodulator which 

recovers  t h e  FDM baseband from t h e  carr ier ,  bu t  a l s o  f o r  t h e  equipment 

a t  t h e  t e rmina l  receiver which recovers  t h e  s ing le-channel  messages 

from t h e  baseband. 

Two types  of r a d i o - r e l a y  system should be d i s t i n g u i s h e d  accord ing  

t o  whether t h e  car r ie r  is  demodulated t o  baseband a t  each r e p e a t e r  

(baseband r e p e a t e r s )  o r  merely t r a n s l a t e d  i n  f requency wi thout  demodu- 

l a t i o n  ( r f  o r  i - f  r e p e a t e r s ) .  

t h e  baseband s i g n a l - t o - n o i s e  r a t i o  Si/Ni a t  t h e  ith r e p e a t e r  exceeds 

t h e  wanted-to-unwanted-signal r a t i o  Ci/Xi by a f a c t o r  of  propor t ion-  

a l i t y  Ri c a l l e d  t h e  demodulator t r a n s f e r  c h a r a c t e r i s t i c  (DTC). Simi- 

l a r l y ,  a t  t h e  t e rmina l  receiver,  t h e  s ing le-channel  ou tput  s i g n a l - t o -  

no i se  r a t i o  Sch/Nch exceeds t h e  e f f e c t i v e  baseband s igna l - to -no i se  

r a t i o  Sn/NA by another  p r o p o r t i o n a l i t y  f a c t o r  Rch c a l l e d  t h e  channel-  

i z i n g  t r a n s f e r  c h a r a c t e r i s t i c  (CTC).  S i n c e  n o i s e  due t o  unwanted s i g -  

n a l s  accumulates a t  baseband, N i /S i  i s  g iven  by t h e  sum of t h e  Ni/Si, 

and t h e  d e s i r e d  r e l a t i o n  between output  message q u a l i t y  and t h e  wanted- 

to-unwanted-signal r a t i o s  i s  

Thus, i n  a system of baseband r e p e a t e r s ,  

I 

Baseband r e p e a t e r s  (2-  1) - -  'ch - n -  Rch - - Rch S I  

Nch Rch 3 - f Ni/Si f qq- 1 xi 

i=l i=J 
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I n  a system employing r f  o r  i - f  r e p e a t e r s ,  t h e  on ly  demodulation 

occurs  a t  t h e  t e rmina l  receiver.  Hence t h e  baseband s i g n a l - t o - n o i s e  

r a t i o  Sn/Nn exceeds t h e  e f f e c t i v e  wanted- to-unwanted-signal r a t i o  CL/X; 

a t  t h e  t e rmina l  receiver inpu t  by Rn,  t h e  DTC f o r  t h e  t e rmina l  demodu- 

l a t o r .  S ince  unwanted s i g n a l s  accumulate a t  r f  r a t h e r  than  a t  baseband, 

XA/CA i s  g iven  by t h e  sum of t h e  X i / C i ,  and t h e  d e s i r e d  r e l a t i o n  between 

output  message q u a l i t y  and t h e  wanted-to-unwanted-signal r a t i o s  is  

i=l 

It  is  important  t o  no te  t h a t  due t o  t h e  l i n e a r i t y  of E q s .  ( 2 - 1 )  

and ( 2 - 2 )  e x a c t l y  s i m i l a r  r e l a t i o n s  may be w r i t t e n  f o r  each of  t h e  

components of t h e  t o t a l  unwanted s i g n a l s  and t h e  corresponding compo- 

nent  of ou tput  channel  no i se .  

The products  RchRi, i = 1, . . . , n,  which appear  i n  E q s .  ( 2 - 1 )  and 

(2-2)  are c a l l e d  t h e  r e c e i v e r  t r a n s f e r  c h a r a c t e r i s t i c s  (RTC), o r  i n t e r -  

f e rence  r educ t ion  f a c t o r s .  I n  t h e  case of t h e  t e rmina l  receiver (i = n ) ,  

f o r  example, t h e  RTC is t h e  f a c t o r  by which t h e  output  s i g n a l - t o - n o i s e  

r a t i o  i n  t h e  selected channel  exceeds t h e  e f f e c t i v e  wanted-to-unwanted- 

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

The numerical  va lues  of t h e  DTC, CTC, and RTC depend on a v a r i e t y  

of f a c t o r s  i nc lud ing  t h e  type  of message, i t s  p o s i t i o n  i n  t h e  baseband, 

t h e  number of channels  i n  t h e  baseband, t h e  type  of s i g n a l  process ing  

t o  which t h e  message o r  t h e  baseband is s u b j e c t e d ,  t h e  p a r t i c u l a r  modu- 

l a t i o n  method used,  t h e  modulation index,  and f i n a l l y  on t h e  s t a t i s t i ca l  

n a t u r e  of t h e  unwanted s i g n a l s .  S ince  i t  i s  no t  p r a c t i c a l  t o  provide 

va lues  a p p r o p r i a t e  f o r  a l l  i n t e r e s t i n g  combinations of t h e s e  f a c t o r s ,  

va lues  of t h e  DTC and CTC w i l l  be g iven  f o r  a r e f e r e n c e  case of wide 

a p p l i c a b i l i t y  toge the r  w i t h  a n  i n d i c a t i o n  of t h e  depa r tu re s  from t h i s  

case c h a r a c t e r i s t i c  o f  o t h e r  types  of unwanted s i g n a l .  

Reference Unwanted S i g n a l .  I n  t h e  r e f e r e n c e  case, t h e  unwanted 

s i g n a l  is  whi te  no i se .  The va lues  of DTC and CTC f o r  t h i s  case are thus  
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exact when t h e  unwanted s i g n a l  i s  thermal  n o i s e  and are good approxi-  

mations when t h e  unwanted s i g n a l  i s  r f  i n t e r f e r e n c e  wi th  a more o r  less 

f l a t  power spectrum a c r o s s  t h e  passband of t h e  wanted s i g n a l  r e c e i v e r .  

F igure  2 - l a  shows t h e  DTC i n  dB f o r  t h e  double- and s ingle-s ideband 

suppressed carrier forms of ampli tude modulation (DSB and SSB), and f o r  

FM p l o t t e d  a g a i n s t  t h e  r a t i o  W/B of r f  t o  baseband bandwidth. 

t h i s  r a t i o  may be expressed i n  terms o f  t h e  FM modulation index D u s ing  

Carson ' s  r u l e  

For FM, 

W/B = 2 ( D  4- 1) (2-3) 

I t  i s  apparent  t h a t  w i t h  FM, inc reas ing  t h e  modulation index w i l l  

i n c r e a s e  t h e  DTC and hence reduce t h e  amount of carrier power C needed 

t o  y i e l d  a s p e c i f i e d  baseband s igna l - to -no i se  r a t i o  S / N  i n  t h e  f a c e  of  

a given unwanted s i g n a l  power X .  However, t h i s  process  can only  be con- 

t i nued  u n t i l  C /X i s  reduced t o  t h e  FM th re sho ld  which, f o r  a conven- 

t i o n a l  FM r e c e i v e r ,  i s  about 10 dB. With a feedback FM receiver, t h e  

th re sho ld  can be reduced,  but  aga in  t h e r e  i s  a l i m i t .  The s c a l e s  on 

t h e  FM curve  i n  F ig .  2 - l a  r e l a t e  t h e  S/N a t  th re sho ld  t o  t h e  correspond-  

ing  maximum va lues  of D o r  W/B, both wi th  and wi thout  feedback. 

A l s o  shown i n  F ig .  2 - l a  i s  a r e f e r e n c e  l i n e  i n d i c a t i n g  t h e  number 

of dB which must  be sub t r ac t ed  from t h e  DTC t o  o b t a i n  t h e  amount by 

which t h e  baseband s i g n a l - t o - n o i s e  r a t i o  exceeds t h e  r a t i o  of t h e  wanted 

s i g n a l  power t o  t h e  whi te -noise  power conta ined  i n  t h e  baseband, r a t h e r  

than t h e  r f ,  bandwidth. Measured r e l a t i v e  t o  t h e  r e fe rence  l i n e ,  t he  DTC 

is  thus  simply t h e  "improvement f ac to r ' '  r e l a t i v e  t o  an SSB sys tem-- i .e . ,  

f o r  systems of t h e  same carrier power f a c i n g  wh i t e  n o i s e  of t h e  same 

d e n s i t y ,  it g ives  t h e  amount by which t h e  baseband s igna l - to -no i se  r a t i o  

of t h e  system i n  ques t ion  w i l l  exceed t h a t  of an SSB system. Al t e rna -  

t i v e l y ,  f o r  a given baseband s igna l - to -no i se  r a t i o ,  t h e  improvement 

f a c t o r  g ives  t h e  amount by which t h e  carrier power can be reduced below 

t h a t  of an  SSB system. Note t h a t  DSB o f f e r s  no improvement over  SSB, 

and FM is a c t u a l l y  less e f f i c i e n t  t han  SSB and DSB f o r  bandwidth expan- 

s i o n  r a t i o s  less than  5.6 (D < 1.8). 
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(b )  Channelizing transfer characteristic for FDM telephony 
22dB; DSB, SSB 

ch= { 29 dB; FM with preemphasis 
( c ) Channelizing transfer characteristic for TV: R 

Fig .2-1 -Transfer characteristics for white-noise unwanted signal 
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F igu re  2- lb  shows t h e  CTC i n  dB f o r  te lephone messages as a func- 

t i o n  of t h e  t o t a l  number of channels  i n  t h e  FDM baseband. When added 

t o  t h e  baseband s igna l - to -no i se  r a t i o ,  t hese  va lues  of t he  CTC d i r e c t l y  

y i e l d  t h e  test-tone-to-psophometrically-weighted no i se  i n  a 3.1-kHz 

band. Note t h a t  t h e  CTC depends on which modulation method is used 

and w i t h  FM, on whether o r  no t  t h e  baseband is preemphasized. I t  a l s o  

depends on t h e  p o s i t i o n  of t h e  channel  w i t h i n  t h e  baseband; t h e  va lues  

shown f o r  FM are f o r  t h e  worst  o r  h ighes t  frequency channel .  

F i n a l l y ,  F i g .  2 - l c  g ives  t h e  CTC f o r  a t e l e v i s i o n  channel  assuming 

a gauss ian  ampli tude d i s t r i b u t i o n  f o r  t h e  v ideo  baseband. When added 

t o  t h e  baseband s igna l - to -no i se  r a t i o ,  t h e  va lues  shown y i e l d  t h e  r a t i o  

of peak-to-peak v ideo  s i g n a l  power (excluding synch pu l ses )  t o  weighted 

noise  i n  t h e  4.2-MHz v ideo  baseband. 

The RTC i n  dB f o r  any baseband and f o r  any of t h e  i l l u s t r a t e d  modu- 

l a t i o n  methods may now be  found f o r  t h e  r e fe rence  whi te -noise  case by 

adding t h e  appropr i a t e  va lues  of DTC and CTC read  from F i g .  2-1. To il- 

lus t r a t e ,  cons ider  a 60-channel preemphasized te lephone baseband t r a n s -  

mi t ted  us ing  FM wi th  a bandwidth expansion r a t i o  of 10. The DTC i s  

seen  t o  be 1 7  dB, and t h e  CTC f o r  t h e  worst  channel  is  14.5 dB, l ead ing  

t o  an RTC of 31.5 dB. Th i s  means, f o r  example, t h a t  i f  a t e s t - t o n e - t o -  

n o i s e  r a t i o  of 52.5 dB i s  requi red  a t  the  channel  ou tpu t ,  an e f f e c t i v e  

r f  wanted-to-unwanted s i g n a l  r a t i o  of a t  least  21 dB i s  needed a t  t h e  

t e rmina l  r e c e i v e r  i npu t .  A s  another  example, i f  a preemphasized TV 

channel  i s  t r ansmi t t ed  us ing  FM w i t h  a bandwidth expansion r a t i o  of 10, 

t h e  RTC i s  17  + 29 = 46 dB. Thus t h e  e f f e c t i v e  r f  wanted-to-unwanted- 

s i g n a l  r a t i o  r equ i r ed  f o r  a 56-dB peak-to-peak output  s igna l - to -no i se  

r a t i o  i s  only  10 dB. 

A r b i t r a r y  Unwanted S igna l .  When t h e  unwanted r f  s i g n a l  is not  

thermal  n o i s e ,  o r  does not  have a uniform power spectrum ac ross  t h e  

bandpass of t h e  wanted s i g n a l  receiver, t h e  va lues  of t h e  DTC and CTC 

w i l l  depa r t  from those  g iven  i n  F ig .  2-1 f o r  t h e  whi te -noise  r e fe rence  

c a s e .  The power spectrum of t h e  no i se  a t  t h e  demodulator ou tput  w i l l  

no longer  have t h e  s imple frequency dependence t h a t  is c h a r a c t e r i s t i c  

of a whi te -noise  i n p u t - - i . e . ,  independent of frequency f o r  t h e  amplitude 

modulation methods and f o r  phase modulation (PM), and pa rabo l i c  f o r  FM. 
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I n s t e a d ,  t h e  ou tpu t  n o i s e  power spectrum w i l l  depend on t h e  power spec- 

tra of bo th  the  wanted and the  unwanted s i g n a l s  and on  t h e  d i f f e r e n c e  

f between t h e i r  carrier f r equenc ie s .  A s  a r e s u l t ,  c e r t a i n  channels  

i n  a mult ichannel  baseband w i l l  c o n t a i n  cons ide rab ly  more n o i s e  t h a n  

they do i n  t h e  case of a wh i t e -no i se  unwanted s i g n a l .  

D 

The ou tpu t  channel s i g n a l - t o - n o i s e  r a t i o  w i t h  a n  a r b i t r a r y  un- 

wanted s i g n a l  r e l a t i v e  t o  t h a t  f o r  a white-noise  unwanted s i g n a l  of 

the same power i s  given by the r a t i o  between t h e  corresponding RTCs. 

Figure 2-2 d i s p l a y s  t h i s  r a t i o  as a f u n c t i o n  of carrier frequency d i f -  

f e r ence  f o r  i n t e r f e r e n c e  between wideband (D 2 3) FM s i g n a l s .  Note t h a t  

when t h e  wanted and unwanted s i g n a l s  are s t r i c t l y  co-channel ( f  = 0 ) ,  

t he  RTC w i t h  an unwanted FM s i g n a l  is  always smaller (worse) than i t  

i s  f o r  t h e  r e f e r e n c e  case. The RTC then i n c r e a s e s  as t h e  carrier f r e -  

quency d i f f e r e n c e  f i n c r e a s e s .  Indeed, f o r  i n t e r f e r e n c e  between s i m i -  

lar wideband FM s i g n a l s ,  i n t e r l e a v i n g  wanted and unwanted carrier f r e -  

quencies  w i t h  a frequency d i f f e r e n c e  equal  t o  h a l f  t h e  r f  bandwidth 

( fD = W/2) i s  c h a r a c t e r i z e d  by a worst  channel RTC from 6 t o  7 dB 

l a r g e r  ( b e t t e r )  t han  the  r e f e r e n c e  case. I n t e r l e a v i n g  wi th  f = W/4 

produces a n  RTC equa l  t o  t h a t  o f  the r e f e r e n c e  case. I t  fo l lows  t h a t  

w i t h  carrier f r equenc ie s  i n t e r l e a v e d  a t  a spacing no smaller than one- 

q u a r t e r  of t h e  r f  bandwidth, t h e  ou tpu t  channel n o i s e  w i l l  be no g r e a t e r  

than t h a t  due t o  white-noise  i n t e r f e r e n c e  having t h e  same t o t a l  power 

as t h a t  produced by t h e  a c t u a l  i n t e r f e r i n g  c a r r i e r s  i n  t h e  wanted s ig-  

n a l  passband. 

D 

D 

D 

A s  prev ious ly  noted , ou tpu t  channel i n t e r f e r e n c e  i s  p a r t i c u l a r l y  

bad (RTC e s p e c i a l l y  low) i n  c e r t a i n  channels  when t h e  unwanted s i g n a l  

i nc ludes  a l a r g e  s p e c t r a l  component (as i t  w i l l  w i t h  low index PM and 

FM), o r  when the modulating s i g n a l  is  s m a l l  (as i n  p e r i o d s  of low 

t r a f f i c  i n  t h e  case of a telephone system). Conversely, f o r  a g iven  

wanted-to-unwanted-signal r a t i o ,  t he  RTC g e n e r a l l y  improves (becomes 

l a r g e r )  as the modulation index of the unwanted s i g n a l  i s  inc reased .  

Indeed, i t  approaches t h e  white-noise  r e s u l t  as t h e  unwanted s i g n a l  

becomes more uniform w i t h i n  t h e  wanted s i g n a l  passband. Th i s  i s  i l l u s -  

t r a t e d  by t h e  case Dc = 3 ,  Dx = 30 i n  F ig .  2-2, where t h e  s u b s c r i p t s  

c and x r e f e r  t o  t h e  wanted and unwanted s i g n a l s  r e s p e c t i v e l y .  
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f, = difference between carrier frequencies 
of wanted and unwanted signals 

Wc = r f  bandwidth of wanted signal 

0 

Fig .2-2 -Receiver transfer characteristic for interference between wideband 
FM signals relative to that for white-noise interference 
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D i g i t a l  Messages and Analog Modulated Systems 

D i g i t a l  messages such as computer d a t a ,  t e l e t y p e ,  and c e r t a i n  

forms of f a c s i m i l e  can  be ,  and commonly are, t r ansmi t t ed  over analog 

modulated r a d i o - r e l a y  systems.  For t h i s  purpose,  t h e  d i g i t a l  message 

may be  f i l t e r e d  o r  encoded t o  modify i t s  s p e c t r a l  c h a r a c t e r i s t i c s  and 

then  mult iplexed w i t h  o t h e r  d i g i t a l  s i g n a l s  u s ing  e i t h e r  d i g i t a l  o r  

analog modulation methods t o  o b t a i n  a baseband which, f o r  t ransmiss ion  

purposes ,  i s  t r e a t e d  as an  analog s i g n a l .  For example,  from 12  t o  16 

t e l e t y p e  s i g n a l s  may be combined i n t o  a 4-kHz FDM baseband by frequency- 

s h i f t  keying s u i t a b l y  spaced audio-frequency s u b c a r r i e r s ;  t h e  r e s u l t  is  

then  t r e a t e d  as an  o rd ina ry  te lephone message. S i m i l a r l y ,  b ina ry  d a t a  

up t o  a few thousand b i t s  per second may a l s o  be t r e a t e d  as a 4-kHz 

vo ice  s i g n a l  a f t e r  4 - l e v e l  o r  8 - l e v e l  phase - sh i f t  keying (PSK) of an 

audio-frequency s u b c a r r i e r .  

One of t h e  problems i n  t r a n s m i t t i n g  d i g i t a l  d a t a  over ana log  

f a c i l i t i e s  i s  t h e  danger of overloading t h e  l i n e a r  c i r c u i t s  which they  

c o n s t i t u t e ;  another  i s  t h a t  d i g i t a l  messages are much more vu lne rab le  

than  analog messages t o  phase d i s t o r t i o n .  

b inary  d a t a ,  t h e s e  problems are overcome by f i r s t  s u b j e c t i n g  t h e  d i g i t a l  

baseband t o  va r ious  types  of coding and f i l t e r i n g  and then  by us ing  a 

modulation method such as ves t ig i a l - s ideband  ampli tude modulation (VSB) 

which t r a n s m i t s  t h e  carrier f o r  phase r e f e r e n c e  but  a t  a g r e a t l y  re- 

duced l e v e l .  

I n  t h e  case of high-speed 

The q u a l i t y  of t h e  d i g i t a l  message a t  t h e  output  of t h e  system i s  

i n  t h e  analog ch jNch of course  a func t ion  of t h e  s i g n a l - t o - n o i s e  r a t i o  S 

channel  which c a r r i e d  i t .  

appropr i a t e  RTC, but  t h e  convers ion  from Sch /Nch t o  d i g i t a l  e r r o r  prob- 

a b i l i t y  i s  governed by a r e l a t i o n  t h a t  normally i s  h igh ly  non l inea r .  

Q u a l i t a t i v e l y ,  t h i s  r e l a t i o n  w i l l  have t h e  same form as t h e  d i g i t a l  

demodulator func t ions  t o  be d iscussed  i n  a moment i n  connect ion wi th  

d i g i t a l  modulated systems. But q u a n t i t a t i v e l y ,  t h e  r e l a t i o n  w i l l  depend 

on t h e  n a t u r e  of t h e  d i g i t a l  messages and on t h e  d e t a i l s  of t h e  s igna l -  

p rocess ing ,  modulation, and mul t ip l ex ing  techniques used w i t h  them. 

This  r a t i o  may be found w i t h  t h e  a i d  of an 
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Analog Messages and D i g i t a l  Modulated Systems 

I n  order  t o  t r ansmi t  an analog message over a r a d i o - r e l a y  system 

which employs a d i g i t a l  modulation technique ,  t h e  message waveform is 

f i r s t  converted t o  d i g i t a l  form, i .e . ,  t h e  message is  processed o r  

encoded i n t o  a sequence of d i s c r e t e  l e v e l s .  Thus encoded, t h e  message 

may be combined wi th  o t h e r s  u s ing  t i m e  d i v i s i o n  mul t ip lex ing  (TDM) t o  

form a d i g i t a l  baseband. A l t e r n a t i v e l y ,  t h e  ana log  messages may be  

combined i n t o  a baseband us ing  FDM and then converted t o  d i g i t a l  form. 

I n  e i t h e r  c a s e ,  t h e  baseband s i g n a l  i s  then used t o  modulate o r  " s h i f t "  

t h e  ampli tude,  f requency,  o r  phase of a s i n u s o i d a l  c a r r i e r  among a se t  

of m d i s c r e t e  v a l u e s .  

equ iva len t s  of AM, FM, and PM and are abbrevia ted  ASK, FSK, and PSK, 

where t h e  "SK" s t ands  f o r  " s h i f t  keying." 

These modulation methods are t h e  m-ary d i g i t a l  

A s  i n  an analog modulated r ad io - re l ay  system, t h e  baseband may be 

recovered a t  each r e p e a t e r  (baseband r e p e a t e r s )  o r  t h e  modulated c a r -  

rier may simply be ampl i f ied  and s h i f t e d  t o  a new carrier frequency 

( r f  o r  i - f  repeaters). Af t e r  recovery a t  t h e  t e rmina l  r e c e i v e r ,  t h e  

baseband is demult iplexed i n t o  i n d i v i d u a l  channels  and t h e  s ingle-chan-  

ne1 messages are converted back from d i g i t a l  t o  analog form. 

The r e l a t i o n  between output  message q u a l i t y  and t h e  wanted-to- 

unwanted-signal r a t i o s  a t  t h e  r e p e a t e r  i npu t s  may be found f o r  a d i g i t a l  

system i n  t h e  same manner as f o r  an analog system. The r e s u l t  i s  con- 

s i d e r a b l y  more complicated,  however, because t h e  q u a l i t y  of a d i g i t a l  

baseband, as measured by t h e  e r r o r  p r o b a b i l i t y  a t  t h e  demodulator ou t -  

pu t ,  i s  a h igh ly  nonl inear  func t ion  of t he  inpu t  wanted-to-unwanted- 

s i g n a l  r a t i o .  

The procedure w i l l  be i l l u s t r a t e d  and t h e  necessary  func t ions  pre-  

sen ted  g r a p h i c a l l y  f o r  t h e  same whi te -noise  unwanted s i g n a l  used as a 

r e fe rence  case f o r  ana log  modulated systems.  

Reference Unwanted S igna l .  I n  a d i g i t a l  s y s t e m  employing baseband 

r e p e a t e r s ,  t h e  p r o b a b i l i t y  p of baseband e r r o r s  due t o  a whi te -noise  

unwanted s i g n a l  Xi  a t  t h e  ith r e p e a t e r  input  depends on C i / X i  i n  t h e  

manner shown f o r  s e v e r a l  d i g i t a l  modulator-demodulator combinations i n  

i 

Fig .  2-3a. The t o t a l  baseband e r r o r  p r o b a b i l i t y  p' a t  t h e  output  of n 
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(a )  Demodulator functions for m-ary digital modulation methods 

Baseband error probability, p; 

( b  ) Channelizing functions for PCM-encoded telephone channels 

Fig -2-3- Demodulator and channelizing functions for 
white-noise unwanted signal 
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t h e  demodulator i n  t h e  t e rmina l  r e c e i v e r  i s  then t h e  sum of t h e  p . i 
I f  t h e  baseband comprises pulse-code modulated (PCM) TDM telephone 

channels ,  t h e  output  s igna l - to -no i se  r a t i o  Sch/Nch W i l l  depend on p f  n 
as shown i n  F i g .  2-3b. 

I f  t h e  d i g i t a l  system employs r f  o r  i - f  r e p e a t e r s ,  t h e  baseband 

i s  not  recovered u n t i l  t h e  c a r r i e r  reaches  t h e  te rmina l  demodulator,  

and F ig .  2-3a now g ives  t h e  t o t a l  baseband e r r o r  rate pf  i n  terms of 

t h e  e f f e c t i v e  wanted-to-unwanted-signal r a t i o  C' /X'  a t  t h e  t e rmina l  

r e c e i v e r  i n p u t .  

as t h e  r e c i p r o c a l  of t h e  sum of t he  r e c i p r o c a l s  of t h e  Ci/Xi .  

n 

n n  
Here, as wi th  an analog system, C f / X '  may be obta ined  n n  

F i n a l l y ,  
I , F i g .  2-3b aga in  shows how Sch/Nch depends on pn. 

S ince  they c h a r a c t e r i z e  t h e  ope ra t ion  of d i g i t a l  demodulators,  

t h e  func t ions  shown i n  F ig .  2-3a w i l l  be c a l l e d  demodulator f u n c t i o n s .  

Note t h a t  i n  g e n e r a l ,  t h e  demodulator func t ion  depends on which param- 

eter i s  modulated, on t h e  number m of d i s c r e t e  va lues  t h e  parameter 

may t a k e ,  and on whether t h e  demodulator i s  coherent  o r  n o t ,  as i n d i -  

c a t e d  r e s p e c t i v e l y  by t h e  le t ters  C o r  NC preceding t h e  abbrev ia t ion  

f o r  t h e  modulation method. 

The func t ions  d i sp layed  i n  F i g .  2-3b are c a l l e d  channe l i z ing  func-  

t i o n s  because they  d e s c r i b e  t h e  ope ra t ion  of t h e  t e rmina l  equipment 

t h a t  recovers  t h e  s ing le-channel  messages from t h e  demodulated baseband. 

The va lues  of t h e  PCM channel iz ing  func t ions  shown i n  t h e  f i g u r e  have 

been ad jus t ed  so  t h a t  t h e  output  channel  s i g n a l - t o - n o i s e  r a t i o s  they 

p r e d i c t  may be  compared d i r e c t l y  wi th  t h e  message q u a l i t y  o b j e c t i v e s  

f o r  FDM telephony.  The d e f i n i n g  equat ion  is 

10 log  Nch - = 10 log (4pA -I- 4-L) - 8 dB 

'ch 
(2-4) 

Where p: i s  t h e  t o t a l  baseband e r r o r  rate and L i s  the  number of b i t s  

per PCM l e v e l .  

I n  t h i s  expres s ion ,  t he  t e r m  4p' r e p r e s e n t s  t he  c o n t r i b u t i o n  of n -L no i se  due t o  d i g i t a l  t ransmiss ion  e r r o r s ,  whereas t h e  term 4 is t h e  

n o i s e  c o n t r i b u t i o n  due t o  t h e  quant iz ing  process .  I t  is apparent  from 
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F i g .  2-3a t h a t  t h e  e r r o r  no i se  c o n t r i b u t i o n  can be reduced t o  any de- 

s i r e d  l e v e l  by inc reas ing  t h e  wanted-to-unwanted-signal r a t i o .  However, 

t h e r e  i s  l i t t l e  po in t  t o  inc reas ing  C/X much beyond t h e  th re sho ld  value 

def ined  by t h e  cond i t ion  t h a t  t h e  e r r o r  no ise  i s  equa l  t o  t h e  quant iz ing  

no i se .  For h igher  values of C / X ,  t h e  quan t i z ing  no i se  c o n t r i b u t i o n  

i s  dominant, and t h e  output  s i g n a l  q u a l i t y  remains cons t an t  a t  a value 

determined by L .  

I n  comparing d i g i t a l  modulation methods w i t h  each o the r  and w i t h  

analog methods, t h e  r f  bandwidth occupied by t h e  modulated carr ier  is 

equa l ly  as important as t h e  r equ i r ed  wanted-to-unwanted-signal r a t i o .  

The r a t i o  W/B of r f  bandwidth t o  t h e  t o t a l  information bandwidth of t h e  

analog s i g n a l s  depends on t h e  ana log- to-d ig i ta l -convers ion  method as 

w e l l  as t h e  modulation method, and on t h e  pu l se  shape which desc r ibes  

t h e  t r a n s i t i o n s  from one d i g i t a l  level t o  another .  For  L-b i t  PCM and 

m-ary d i g i t a l  modulation, t h e  bandwidth expansion r a t i o  i s  given by 

w -  - 
B 

2kL/ log2m ASK, PSK 

2(m-l+k) L/log2m NCFSK 

(m-l+2k) L/log2m CFSK 

(2-5) 

where k measures t h e  e f f e c t  on bandwidth of pu l se  shape.  The t h e o r e t i c a l  

minimum bandwidth corresponds t o  k = 1, whereas 1 .5  < k < 2 r e p r e s e n t s  

good engineer ing  p r a c t i c e .  

J u s t  as it i s  p o s s i b l e  f o r  analog modulated systems t o  combine the  

DTC and CTC t o  o b t a i n  an o v e r a l l  r e c e i v e r  t r a n s f e r  c h a r a c t e r i s t i c ,  s o  

f o r  d i g i t a l  modulated systems t h e  demodulator and channel iz ing  func t ions  

may be combined t o  d e s c r i b e  t h e  wanted-to-unwanted-signal r a t i o  requi red  

t o  y i e l d  a p resc r ibed  output  message q u a l i t y .  

s u l t  of e f f e c t i n g  t h i s  combination f o r  PCM-encoded te lephone basebands 

t r ansmi t t ed  by b ina ry  and by 4-level CPSK wi th  k = 1.5. To f a c i l i t a t e  

comparison w i t h  FM, t h e  curves  are drawn t o  show t h e  amount by which 

t h e  output  channel  s i g n a l - t o - n o i s e  r a t i o  exceeds t h e  th re sho ld  input  

F igure  2-4 shows t h e  re- 
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wanted-to-unwanted-signal r a t i o  as a f u n c t i o n  of t h e  corresponding r f -  

to-baseband-bandwidth r a t i o .  The corresponding q u a n t i t y  f o r  an FM 

system i s  t h e  RTC which depends on t h e  number of  channels  i n  t h e  base- 

band as w e l l  as on the bandwidth expansion r a t i o  as shown i n  F ig .  2-4. 

It w i l l  be noted t h a t  f o r  PCM wi th  7 o r  more b i t s  per  sample, CPSK 

o f f e r s  bo th  power and r f  bandwidth sav ings  re la t ive  t o  FM. 

A r b i t r a r y  Unwanted Signal .  When the unwanted s i g n a l  does not  have 

the c h a r a c t e r i s t i c s  of wh i t e  no i se ,  e r r o r  p r o b a b i l i t i e s  can  be  expected 

t o  be somewhat lower than f o r  a whi te -noise  s i g n a l  of t h e  same average 

power. This  w i l l  c e r t a i n l y  be t r u e  when t h e  unwanted s i g n a l  comprises 

modulated c a r r i e r s  having s i n u s o i d a l l y  d i s t r i b u t e d  ampli tudes.  The 

ra te  of i nc rease  of e r r o r  p r o b a b i l i t y  wi th  unwanted s i g n a l  power i s  

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

does not  p e r m i t  a s i g n i f i c a n t  r educ t ion  i n  wanted s i g n a l  power. For 

system ana lyses ,  t h e r e f o r e ,  t h e  demodulator func t ions  f o r  whi te  no i se  

w i l l  be used f o r  a r b i t r a r y  unwanted s i g n a l s  as w e l l .  

D i p i t a l  Messages and D i g i t a l  Modulated Systems 

When d i g i t a l  messages are t r ansmi t t ed  by systems employing d i g i t a l  

modulation methods, the  output  message q u a l i t y  is given by t h e  channel  

e r r o r  p r o b a b i l i t y .  This  i s  normally equa l  t o  t h e  baseband e r r o r  prob- 

a b i l i t y  s o  t h a t  t h e  channel iz ing  f u n c t i o n  is  equa l  t o  u n i t y .  Hence, 

t h e  r e l a t i o n  between output  message q u a l i t y  and t h e  input  wanted-to- 

unwanted-signal r a t i o s  is  descr ibed  e n t i r e l y  by t h e  demodulator func-  

t i o n s  as given i n  F i g .  2-3a f o r  s e v e r a l  d i g i t a l  modulation methods. 

The appropr i a t e  measure f o r  t h e  r f  bandwidth i n  t h i s  case i s  g iven  by 

i t s  r a t i o  t o  t h e  b i t  ra te  f b i t  of t h e  d i g i t a l  baseband 

k / l o g  rn ASK, PSK 

(m- l+k) / log2m NCFSK 

1 (m-1+2k)/log2m CFSK 

2 
W 

f b i t  
- =  
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MESSAGE OBJECTIVES AND PROTECTION RATIOS 

Having e s t a b l i s h e d  t h e  r e l a t i o n  between output  message q u a l i t y  and 

t h e  input  wanted-to-unwanted-signal r a t i o s  C . / X  f o r  t h e  worst  channel  

of a r a d i o - r e l a y  system, i t  i s  only necessary  t o  s u b s t i t u t e  a s p e c i f i c  

va lue  f o r  t h e  minimum a l lowable  message q u a l i t y  i n  order  t o  o b t a i n  a 

c o n s t r a i n t  on t h e  a l lowable  values of t h e  C . / X  . The output  q u a l i t y  

s p e c i f i c a t i o n  w i l l  be c a l l e d  t h e  message o b j e c t i v e ,  and t h e  correspond- 

ing  minimum va lues  of t h e  C . / X .  w i l l  be c a l l e d  p r o t e c t i o n  r a t i o s .  

i i  

i i  

1 1  
I n  determining appropr i a t e  p ro tec t ion  r a t i o s ,  however, i t  i s  i m -  

po r t an t  t o  note  t h a t  t h e  message o b j e c t i v e  c o n s t r a i n s  t h e  wanted-to- 

unwanted-signal r a t i o s  c o l l e c t i v e l y  r a t h e r  than i n d i v i d u a l l y .  For 

example, i n  an analog modulated s y s t e m  of i - f  r e p e a t e r s ,  i t  i s  apparent  

from Eq. (2-2)  t h a t  t h e  ind iv idua l  r a t i o s  C . / X ,  may have any va lues  as 

long as t h e  sum of t h e i r  r e c i p r o c a l s  does no t  exceed t h e  product of t h e  

a p p l i c a b l e  RTC and t h e  maximum permiss ib le  output  n o i s e - t o - s i g n a l  r a t i o .  

1 1  

I n  order  f o r  a message o b j e c t i v e  t o  determine i n d i v i d u a l  p ro tec -  

t i o n  r a t i o s ,  it i s  necessary  t o  d i v i d e  i t  i n t o  c o n t r i b u t i o n s  a s s ignab le  

t o  t h e  ind iv idua l  l i n k s  of t h e  system, and, w i t h i n  a l i n k ,  t o  t h e  i n -  

d i v i d u a l  i n t e r f e r i n g  sources .  I n  p r a c t i c e ,  message o b j e c t i v e s  a r e  not  

o r d i n a r i l y  s p e c i f i e d  i n  such d e t a i l .  Typ ica l ly ,  t h e  o b j e c t i v e  w i l l  

i n d i c a t e  only t h e  t o t a l  ou tput  no i se  and t h e  component due t o  a speci-  

f i e d  type  of r f  i n t e r f e r e n c e .  It  i s  then up t o  t h e  system des igner  t o  

f u r t h e r  subdiv ide  t h e  o b j e c t i v e  between r e p e a t e r s  and i n d i v i d u a l  sources .  

The problem of determining p r o t e c t i o n  r a t i o s  i s  f u r t h e r  complicated 

by t h e  f a c t  t h a t ,  due t o  path l o s s  v a r i a t i o n s  and o the r  causes ,  t h e  

wanted-to-unwanted-signal r a t i o s ,  and hence t h e  output  message q u a l i t y ,  

w i l l  vary  i n  t i m e - - i . e . ,  f ade .  I n  order  t o  a l low f o r  propagat ion-  

induced f ad ing ,  message q u a l i t y  o b j e c t i v e s  are normally s p e c i f i e d  i n  

t h e  form of p r o b a b i l i t y  d i s t r i b u t i o n s  which show t h e  f r a c t i o n  of t i m e  

t h a t  s p e c i f i e d  q u a l i t y  l e v e l s  should be maintained.  The o b j e c t i v e s  do 

not  make allowance f o r  unplanned d i f f e r e n c e s  i n  equipment parameters 

and f o r  long-term changes i n  s i g n a l  l e v e l s  due,  f o r  example, t o  equip- 

ment ag ing .  

p r i a t e  margins t o  the  c a l c u l a t e d  p r o t e c t i o n  r a t i o s .  

These f a c t o r s  may be taken  i n t o  account by adding appro- 
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Message Obiec t i v e s  

Many of t h e  foregoing remarks are i l l u s t r a t e d  by the o b j e c t i v e s  

f o r  te lephone and TV messages shown i n  F ig .  2-5. These are based p r i -  

mari ly  on recommendations of t h e  I n t e r n a t i o n a l  Radio C o n s u l t a t i v e  Com- 

mittee (CCIR) f o r  so -ca l l ed  h y p o t h e t i c a l  r e f e r e n c e  c i r c u i t s .  Also 

shown f o r  comparison a t  50-percent p r o b a b i l i t y  are t h e  o l d  and new B e l l  

System telephone o b j e c t i v e s  f o r  t o t a l  n o i s e  i n  t h e  absence of fading.  

Note t h a t  i n  t h e  case of FDM telephone channels  (Figs .  2-5a and 

2-5b) the  CCIR has s p e c i f i e d  on ly  the  t o t a l  n o i s e  and t h e  components 

of n o i s e  o r i g i n a t i n g  from mul t ip l ex ing  equipment and from i n t e r f e r e n c e  

due t o  sources  o u t s i d e  t h e  system, as i n d i c a t e d  by t h e  circles a t  0.01 

pe rcen t ,  0 .1  pe rcen t ,  and 20 pe rcen t  f o r  t e r r e s t r i a l - r e l a y  systems and 

a t  0 . 0 3  p e r c e n t ,  0.3 p e r c e n t ,  and 20 pe rcen t  f o r  sa te l l i t e  r e l a y  sys- 

tems. A l l  of t h e s e  o b j e c t i v e s  r e p r e s e n t  one-minute averages.  Thus, 

the percentages on the a b s c i s s a  scale may be thought of i n  terms of 

the number of minutes per  month t o  which they correspond. 

0.01 p e r c e n t  i s  4 . 3  min, 0.1 p e r c e n t  i s  43 min, etc. 

For example, 

The o b j e c t i v e s  shown i n  F i g s .  2-5a and 2-5b f o r  o t h e r  components 

and f o r  o t h e r  percentages of t i m e  r e p r e s e n t  r easonab le  subd iv i s ions  

and e x t r a p o l a t i o n s  of t h e  recommended values .  For t h i s  purpose i t  has  

been assumed t h a t  i n  t h e  absence of f a d i n g ,  t h e  thermal n o i s e  and f u l l -  

load intermodulat ion n o i s e  are equa l  t o  each o t h e r ,  and a l s o  t h a t  the 

i n t e r f e r e n c e  from terrestrial  systems i s  the  same as the  i n t e r f e r e n c e  

from sa t e l l i t e  systems. F i n a l l y ,  t h e  d i s t r i b u t i o n  of f a d i n g  f o r  both 

components of i n t e r f e r e n c e  has  been assumed t o  be t h e  same as t h a t  f o r  

thermal n o i s e .  

I n  s p e c i f y i n g  te lephone o b j e c t i v e s ,  i t  i s  customary t o  i n d i c a t e  

t h e  d e s i r e d  s i g n a l - t o - n o i s e  r a t i o  S 

of Nch as a so -ca l l ed  p o i n t  of 0 re la t ive  l e v e l  where, by d e f i n i t i o n ,  

Sch = 1 mW. 

a t  a p o i n t  of 2 re la t ive  l e v e l ,  p o p h o m e t r i c a l l y  weighted) ,  whereas t h e  

B e l l  System uses  dBrnC (dB above r e f e r e n c e  E o i s e  of 1 p icowa t t ,  C m e s -  

sage weighted a t  a p o i n t  of 0 r e l a t i v e  l e v e l ) ,  o r  dBaO (dB above r e f e r -  

ence n o i s e  a d j u s t e d  a t  a p o i n t  of 0 r e l a t i v e  l e v e l ) .  

2-5b a l l  o f  t hese  u n i t s  have been converted t o  dBmOp (dB above a m i l l i w a t t  

a t  a p o i n t  of 0 re lat ive leve l ,  p o p h o m e t r i c a l l y  weighted) using t h e  

/ N  ch ch by g iv ing  t h e  al lowable va lue  

The CCIR normally g i v e s  Nch i n  u n i t s  of pWOp @ i c o E a t t s  

I n  F i g .  2-5a and 
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i d e n t i t i e s  

= 10 log  N - 9 O = N  - 84.5 = NdBrnC - 90.5 dBaO NdBmOp PWOP 

i s  numerical ly  equal  t o  t h e  

s i n c e  S = 0 dBmO. 
dBmOp It i s  a l s o  u s e f u l  t o  n o t e  t h a t  N 

weighted-noise- to- t e s t - t o n e  r a t i o  (N ch”ch)dB ch 
The CCIR o b j e c t i v e s  f o r  t e l e v i s i o n  channels  shown by the c i r c l e s  

i n  F ig .  2-5c apply  t o  the r a t i o  of peak-to-peak video s i g n a l  (excluding 

synchronizing pu l ses )  t o  t h e  1-sec average power of cont inuous random 

no i se ,  using the CCIR-recommended weight ing network. I f  a fad ing  d i s -  

t r i b u t i o n  similar t o  that  assumed f o r  te lephone systems i s  adopted,  

the  t e l e v i s i o n  o b j e c t i v e s  f o r  sa te l l i t e  and t e r r e s t r i a l  systems a re  

seen t o  l i e  on the  same curve.  

The p r i n c i p l e s  involved i n  using t h e  message o b j e c t i v e s  of F ig .  2-5 

t o  d e r i v e  p r o t e c t i o n  r a t i o s  are t h e  same f o r  s a t e l l i t e  systems as f o r  

terrestrial  r a d i o - r e l a y  systems, bu t  b a s i c  d i f f e r e n c e s  i n  t h e  two types 

of systems a f f e c t  the  r e l a t i v e  importance of t h e  f a c t o r s  which must be 

taken i n t o  account .  Thus, a t y p i c a l  long-haul microwave r e l a y  system 

has a l a r g e  number of  l i n k s  (e .g . ,  n = 140 f o r  a t r a n s c o n t i n e n t a l  sys-  

tem), each having q u i t e  s imi la r  equipment and p a t h  parameters ,  and each 

s u b j e c t  t o  s eve re  s i g n a l  f ad ing  dur ing  c e r t a i n  t i m e s  of the  day. A 

t y p i c a l  sa te l l i t e  l i n k ,  however, has  o n l y  two l i n k s  (n  = 2 ) ,  which are 

l i k e l y  t o  have ve ry  d i f f e r e n t  equipment parameters b u t  e x h i b i t  p r a c t i -  

c a l l y  no d i u r n a l  f ad ing .  

P r o t e c t i o n  Ra t ios  f o r  Terrestrial  FM Radio-relay Systems 

Consider an n - l i n k  microwave r e l a y  system ca r ry ing  a t  least 240 FDM 

te lephone channels us ing  i - f  t y p e  repeaters and low index FM without  

feedback. Such a s y s t e m  i s  t y p i c a l  of those  employed by t h e  B e l l  System 

f o r  t r a n s c o n t i n e n t a l  te lephone and TV t ransmiss ion .  P ro tec t ion  r a t i o s  

a t  t h e  repeater inputs  are needed f o r  both the  thermal  no i se  and the  

RFI components of t h e  unwanted s i g n a l .  For t h i s  purpose,  i t  w i l l  be 

assumed t h a t  i n  t h e  absence of f ad ing ,  a l l  r e p e a t e r s  have the same appar- 

e n t  c a r r i e r  power inpu t  and t h a t  t h e  fad ing  on ind iv idua l  l i n k s ,  whi le  

uncorre la ted  between l i n k s ,  i s  governed by t h e  same d i s t r i b u t i o n  r e l a t i v e  

t o  t h e  f r ee - space  o r  unfaded c a r r i e r  l e v e l .  
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Thermal Noise. The p r o t e c t i o n  r a t i o  f o r  thermal  n o i s e  may be found 

by us ing  t h e  exper imenta l ly  determined s i n g l e - l i n k  f ad ing  d i s t r i b u t i o n  

i n  con junc t ion  w i t h  E q .  (2-2) and t h e  t r a n s f e r  c h a r a c t e r i s t i c s  f o r  t h e  

r e f e r e n c e  case t o  p r e d i c t  t h e  fad ing  d i s t r i b u t i o n  of 1-min mean no i se  

power a t  t h e  output  of t h e  worst  channel .  The p r o t e c t i o n  r a t i o  is  then  

t h a t  unfaded v a l u e  of t h e  s i n g l e - l i n k  c a r r i e r - t o - n o i s e  r a t i o  which makes 

t h e  p red ic t ed  ou tpu t  d i s t r i b u t i o n  l i e  as c l o s e  as p o s s i b l e  t o  t h e  ob- 

j e c t i v e  thermal  n o i s e  d i s t r i b u t i o n  wi thout  exceeding it a t  any p o i n t .  

I f  t h e  p red ic t ed  d i s t r i b u t i o n  matches t h e  o b j e c t i v e  a t  a l l  p o i n t s ,  

t h e  thermal  n o i s e  p r o t e c t i o n  r a t i o  may be determined e n t i r e l y  from t h e  

message o b j e c t i v e s  t h a t  apply i n  t h e  absence of a f ade .  Thus, us ing  

t h e  s u b s c r i p t  o t o  i n d i c a t e  unfaded v a l u e s ,  and s e t t i n g  C . / X  

E q .  (2-2) g ives  f o r  t h e  thermal  no i se  components of X 

= ( C / X ) o ,  r i  
and Nch i 

where (C / X I )  

receiver, and R i s  t h e  RTC f o r  t h e  r e f e r e n c e  unwanted s i g n a l ,  as ob- 

t a ined  by adding t h e  DTC and CTC i n  dB f o r  FM as given i n  Fig.  2-1. 

i s  the effective carrier- to-noise  ra t io  a t  the te rmina l  n n o  

For example, w i t h  a modulation index D = 1.5, Fig.  2-1  g i v e s  

R = 23.5 dB. Hence, s e t t i n g  n = 140 and us ing  the 20-percent  thermal- 

n o i s e  o b j e c t i v e  10 log(Sch/N ) 

g i v e s ,  f o r  the thermal-noise p r o t e c t i o n  ra t io ,  

= 55 d B  from Fig.  2-5a, E q .  (2-7) 
ch o 

10 lOg(C/X) = 21.5 - 23.5 + 55 = 53 dB 
0 

This  i s  t o  be compared w i t h  t h e  unfaded s i n g l e - l i n k  c a r r i e r - t o - n o i s e  

r a t i o  of 50 t o  53 dB obta ined  i n  p r a c t i c e  w i t h  t h e  TD-2 system whose 

modulation index w i t h  a 600-channel baseband i s  about  1 .5 .  

The e f f e c t  of  changing t h e  FM modulation index o r  bandwidth ex- 

pansion r a t i o  from tha t  assumed i n  the example may be obta ined  w i t h  t h e  

a i d  of F i g .  2-1. Thus,  i f  t h e  index i s  reduced from 1.5 t o  0.5, t h e  

RTC w i l l  dec rease  from 23.5 dB t o  11.5 dB, and the p r o t e c t i o n  r a t i o  must 
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be  increased  from 53 dB t o  65 dB. Th i s  i s  c l o s e  t o  the 63-dB carrier- 

to -no i se  r a t i o s  t y p i c a l  of t h e  TH system whose modulation index w i t h  

1860 channels  i s  about 0 .5 .  Conversely,  doubl ing t h e  modulation index 

w i l l  i n c r e a s e  t h e  RTC by about 8 dB and permit t h e  p r o t e c t i o n  r a t i o  t o  

be re laxed  t o  45 dB. 

I n  t h i s  connec t ion ,  however, i t  is  important t o  note  from Eq. (2-2)  

t h a t  when t h e  c a r r i e r - t o - n o i s e  r a t i o  on a s i n g l e  l i n k  fades  by a f a c t o r  

p ,  t he  e f f e c t i v e  c a r r i e r - t o - n o i s e  r a t i o  a t  t h e  t e rmina l  r e c e i v e r  input  

i s  reduced t o  

I f  t h e  fade  is  deep,  p w i l l  be much l a r g e r  than  n - 1 and it fol lows 

t h a t  (C' /X')  

no i se  r a t i o  (C/X) , /p  on the  faded l i n k .  

modulation index ,  t h e  p r o t e c t i o n  r a t i o  should exceed t h e  sum of t h e  FM 

threshold  and t h e  maximum a l lowable  s i n g l e - l i n k  fade  measured i n  dB; 

o therwise  t h e  t e rmina l  i npu t  ca r r i e r - to -no i se  r a t i o  would drop below 

threshold  dur ing  t h e  fade.  For example, i f  t h e  maximum fade  is  F = LO 
l o g  p = 35 dB, the  modulation index should not  exceed t h e  va lue  f o r  

which t h e  p r o t e c t i o n  r a t i o  i s  equa l  t o  F + 10 = 45 dB. 

w i l l  be approximately equa l  t o  the  apparent  c a r r i e r - t o -  * n n F  
Therefore ,  i n  choosing t h e  

The preceding c a l c u l a t i o n s  of thermal-noise  p r o t e c t i o n  r a t i o s  

us ing  the  unfaded n o i s e  o b j e c t i v e  assumed t h a t  t h e  p red ic t ed  d i s t r i b u t i o n  

of 1-min output  no i se  power matched t h e  thermal-noise  o b j e c t i v e s  a t  a l l  

p o i n t s .  This  method of c a l c u l a t i o n  is  s t i l l  v a l i d  when t h e  p red ic t ed  

fad ing  i s  less seve re  than  t h a t  implied by t h e  o b j e c t i v e ,  but  when i t  

i s  more s e v e r e ,  t h e  no i se  o b j e c t i v e  corresponding t o  s m a l l  percentages 

of t h e  month i s  t h e  dominating c o n s i d e r a t i o n  and leads  t o  somewhat h igher  

* 
Comparing t h i s  w i th  Eq. ( 2 - 7 ) ,  it is seen  t h a t  (CA/Xi> ,  = ' (n/p)(CA/XA)o; i . e . ,  dur ing  a s i n g l e - l i n k  f ade ,  t h e  t e rmina l  input  

ca r r i e r - to -no i se  r a t i o  fades  by t h e  f a c t o r  p / n ,  o r  F - 10 l o g  n dB where 
F = 10 log  p .  
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va lues  of p r o t e c t i o n  r a t i o .  For example, i f  actual fad ing  i s  compar- 

a b l e  t o  t h a t  observed i n  c e r t a i n  p a r t s  of t h e  TD-2 s y s t e m ,  i t  can be 

shown t h a t  t h e  p r o t e c t i o n  r a t i o s  must  be increased  by about 8 dB over 

those  c a l c u l a t e d  from t h e  unfaded o b j e c t i v e s .  

I n t e r f e r e n c e .  I n  computing p ro tec t ion  r a t i o s  f o r  RFI i n  terres- 

t r i a l  systems, it should be recognized t h a t  t h e  wanted s i g n a l  a t  t h e  

r e p e a t e r  i n p u t s  w i l l  u sua l ly  b e  the  p r i n c i p a l  parameter t o  e x h i b i t  fad- 

ing .  Thus a d i s t r i b u t i o n  q u i t e  similar t o  t h a t  f o r  t h e  c a r r i e r - t o -  

thermal-noise r a t i o  should b e  obtained f o r  t he  c a r r i e r - t o - i n t e r f e r e n c e  

r a t i o  and t h e  c a l c u l a t i o n  procedure w i l l  b e  t h e  same except  t h a t  (1) 

t h e  RTCs w i l l  d i f f e r  from re fe rence  case  va lues  t o  t h e  e x t e n t  t h a t  t h e  

power spectrum of t h e  i n t e r f e r i n g  s i g n a l s  d e p a r t s  from t h a t  of  whi te  

n o i s e ,  and (2)  t h e  unfaded ca r r i e r - to - in t e r f e rence  r a t i o s  may no t  be  

t h e  same a t  a l l  r e p e a t e r s .  

To t ake  t h e s e  d i f f e r e n c e s  i n t o  account ,  E q .  (2-2) 

component form 

ch 'i 
'ik R i k  Xik - =  

where N i s  t h e  component of the t o t a l  ou tput  channel 

by an unwanted s i g n a l  of type k and power X e n t e r i n g  

r e p e a t e r  i, and R i s  t h e  RTC f o r  unwanted s i g n a l s  of 

i k  

i k  

i k  

is w r i t t e n  i n  

(2-9) 

n o i s e  N caused ch 
t h e  system a t  

t h i s  type.  

I n  o rde r  t o  use  t h i s  equat ion  t o  calculate  i n t e r f e r e n c e  p r o t e c t i o n  

r a t i o s ,  i t  i s  of course  necessary  t o  subdiv ide  t h e  t o t a l  i n t e r f e r e n c e  

o b j e c t i v e s  among t h e  r e p e a t e r s  and t h e  d i f f e r e n t  i n t e r f e r e n c e  sources .  

Such a subd iv i s ion ,  c o n s i s t e n t  both wi th  t h e  20-percent CCIR o b j e c t i v e s  

shown i n  F ig .  2-5a and w i t h  commercial p r a c t i c e  f o r  i n t r a - sys t em i n t e r -  

f e rence ,  i s  shown i n  Table  2-1A. The corresponding i n t e r f e r e n c e  pro- 

t e c t i o n  r a t i o s ,  c a l c u l a t e d  from t h e s e  o b j e c t i v e s  on t h e  assumption t h a t  

f ad ing  i s  no worse than  t h a t  implied by t h e  o b j e c t i v e s  f o r  t h e  smaller 

percentages of t h e  month, are a l s o  presented i n  Table  2-1A f o r  t h e  same 

FM modulation ind ices  used t o  i l l u s t r a t e  t h e  thermal-noise p r o t e c t i o n  

r a t i o s - - i . e . ,  D = 0.5, 1.5, 3 .  It w i l l  be noted that  the TV o b j e c t i v e s  

l ead  t o  p r o t e c t i o n  r a t i o s  t h a t  are less s t r i n g e n t  than those  imposed by 

the o b j e c t i v e s  f o r  telephone messages. 
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For s i m p l i c i t y ,  white-noise  r e f e r e n c e  case v a l u e s  o f  t h e  RTCs were 

used i n  computing a l l  of t he  p r o t e c t i o n  ra t ios .  This  i s  a good approx- 

imation f o r  i n t e r f e r e n c e  from terrestrial s t a t i o n s ,  and i t  a l s o  holds  

q u i t e  w e l l  f o r  i n t e r f e r e n c e  from satel l i te  systems i f  carrier frequen- 

cies are spaced no c l o s e r  than one-quarter t h e  r f  bandwidth. The pro- 

t e c t i o n  r a t i o s  f o r  t h e  l a t te r  i n t e r f e r e n c e  are of cour se  q u i t e  dependent 

on how t h e  t o t a l  1000-pWOp o b j e c t i v e  f o r  t h i s  kind of i n t e r f e r e n c e  i s  

p a r t i t i o n e d - - i . e . ,  on how t h e  1000 pWOp i s  d iv ided  between e a r t h  s t a t i o n s  

and sa te l l i t e  r e p e a t e r  sou rces  and how many e n t r i e s  of each kind are 

assumed. The r e s u l t  i n  Table 2-1 i l l u s t r a t e s  t h e  simple case where t h i s  

o b j e c t i v e  i s  d iv ided  equa l ly  among a l l  140 r e p e a t e r s .  

E f f e c t  of Changing t h e  Messape Object ives .  It i s  i n t e r e s t i n g  t o  

s p e c u l a t e  on some of t h e  des ign  changes t h a t  would b e  p o s s i b l e  i f  t h e  

message o b j e c t i v e s  were modified.  For example, i f  i n  Table 2-1, t he  

t o t a l  o b j e c t i v e s  f o r  thermal n o i s e  and f o r  i n t e r f e r e n c e  from sa t e l l i t e  

systems were t o  be interchanged,  t h e  p r o t e c t i o n  r a t i o s  f o r  thermal 

n o i s e  would a l l  be inc reased  by 5 dB w h i l e  t hose  f o r  i n t e r f e r e n c e  could 

be reduced by t h e  same amount. The new p r o t e c t i o n  r a t i o  f o r  thermal 

n o i s e  could then  be achieved, f o r  example, by i n c r e a s i n g  t h e  t r a n s m i t t e r  

power a t  a l l  of the r e p e a t e r s  by 5 dB. Th i s  change i n  r e p e a t e r  power 

would no t  a f f e c t  t h e  observed c a r r i e r - t o - i n t e r f e r e n c e  r a t i o s  f o r  i n t r a -  

system i n t e r f e r e n c e ,  and so t h e  p r o t e c t i o n  r a t i o  f o r  t h i s  type of i n t e r -  

f e r e n c e  would con t inue  t o  be m e t .  But t h e  c a r r i e r - t o - i n t e r f e r e n c e  r a t i o s  

observed f o r  i n t e r f e r e n c e  from satel l i tes  would b e  enhanced by 5 dB. 

Since the  p r o t e c t i o n  r a t i o  f o r  t h i s  type o f  i n t e r f e r e n c e  i s  now 5 dB 

lower than b e f o r e ,  sa te l l i te  EIRP could be r a i s e d  by n e a r l y  1 0  dB. 

S a t e l l i t e  Systems 

As prev ious ly  noted,  a sa te l l i t e  r e l a y  system has on ly  two l i n k s  

t o  cons ide r ,  and f a d i n g  on these l i n k s  i s  normally less seve re  than t h a t  

i n d i c a t e d  i n  t h e  CCIR no i se  o b j e c t i v e s .  On t h e  o t h e r  hand, the ou tpu t  

n o i s e  o b j e c t i v e  may not  be d iv ided  e q u a l l y  between t h e  up l i n k  and t h e  

down l i n k .  This  is t y p i c a l l y  the case f o r  t h e  thermal and intermodula- 

t i o n  components, b u t  f o r  t h e  cases of t h e  RFI components t h a t  w i l l  be  

i l l u s t r a t e d ,  they are divided equa l ly  between up l i n k  and down l i n k .  
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The C / X  r a t i o s  r equ i r ed  f o r  any s p e c i f i e d  p a r t i t i o n  of t h e  ou tpu t  

no i se  o b j e c t i v e s  f o r  a sa te l l i t e  system may be c a l c u l a t e d  from Eq. (2-9). 

Thus, d e s i g n a t i n g  t h e  up l i n k  by t h e  s u b s c r i p t  i = 1, and t h e  down l i n k  

by i = 2,  t h e  C/X r a t i o s  f o r  t h e  thermal n o i s e  component of t h e  unwanted 

s i g n a l s  are 

(&)o = = 

where RiN and kch/NiN) are r e s p e c t i v e l y  the  RTC and t h e  unfaded m e s -  

sage o b j e c t i v e  f o r  thermal n o i s e  e n t e r i n g  t h e  system a t  t h e  receiver 

f o r  l i n k  i. 

unwanted s i g n a l  may be obtained.  

0 

S i m i l a r l y  t h e  C/X r a t i o s  f o r  t h e  o t h e r  components of t h e  

The c a l c u l a t e d  C / X  r a t i o s  are not  des igna ted  p r o t e c t i o n  r a t i o s  i n  

t h i s  case s i n c e  they  do n o t  i nc lude  a v a r i e t y  of margin f a c t o r s  t h a t  

must b e  added i n  a p r a c t i c a l  system. The a p p r o p r i a t e  margins and pro- 

t e c t i o n  r a t i o s  w i l l  b e  d i scussed  and i l l u s t r a t e d  i n  Sec t ion  I V .  

The C/X r a t i o s  f o r  RFI f o r  te lephone and t e l e v i s i o n  channels u s i n g  

t h e  FM parameters proposed f o r  t h e  INTELSAT I11 system and f o r  t h e  do- 

mestic p i l o t  program of t h e  Communication S a t e l l i t e  Corporation are in-  

d i c a t e d  i n  Table 2-2. 

The unfaded message o b j e c t i v e s  assumed f o r  both systems are d i s -  

played i n  Table  2-2A f o r  te lephone channels and i n  Table 2-2B f o r  tele- 

v i s i o n .  The former are c o n s i s t e n t  w i th  a publ ished breakdown of t h e  

t o t a l  C C I R  o b j e c t i v e  of 10,000 pWOp used i n  planning t h e  INTELSAT I11 

s y s  t e m .  

A s  wi th  t h e  examples used t o  i l l u s t r a t e  t h e  c a l c u l a t i o n  of protec-  

t i o n  r a t i o s  f o r  terrestrial systems, r e f e r e n c e  n o i s e  va lues  of RTC are 

used i n  a l l  cases. This  is be l i eved  t o  be a conse rva t ive  assumption 

f o r  a model environment i n  which carrier frequency i n t e r l e a v i n g  makes 

the  t o t a l  i n t e r f e r e n c e  s p e c t r a  uniform a c r o s s  t h e  passband of any given 

receiver. 

f o r  te lephone messages. 

of 24 ,  60, and 132 channels  i n  nominal r f  bandwidths of 5 ,  10, and 20 

MHz r e s p e c t i v e l y .  

I n  INTELSAT 111, t h r e e  c a p a c i t i e s  of r f  channels are provided 

These employ wideband FM t o  c a r r y  FDM basebands 

The proposed J?M modulation i n d i c e s  are such t h a t  t h e  
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r e f e r e n c e  RTC i s  about 44.5 dB f o r  a l l  t h r e e  c a p a c i t i e s .  I f  t h e  1000- 

pWOp o b j e c t i v e  f o r  RFI is d iv ided  e q u a l l y  between up l i n k  and down l i n k ,  

a C/X of 18.5 dB is  ob ta ined  as i n d i c a t e d  i n  Table 2-2A. 

The t runk  message channels proposed f o r  t h e  domestic s a t e l l i t e  sys- 

t e m  would c a r r y  1800-channel te lephone basebands us ing  narrowband FM 
with a modulation index of about 1.25. The RTC f o r  such a c i r c u i t  and 

white-noise  i n t e r f e r e n c e  is  about 21 dB l e a d i n g  t o  t h e  C/X f o r  RFI of 

42 dB i n d i c a t e d  i n  Table 2-2A. 

For TV t r ansmiss ion  w i t h  INTELSAT 111, t h r e e  q u a l i t y  levels are 

a v a i l a b l e .  The h i g h e s t  q u a l i t y  level uses  an FM modulation index of 

3.75 and r e q u i r e s  a nominal 40-MHz rf channel. The r e f e r e n c e  v a l u e  of 

the RTC f o r  such a channel i s  45 dB, which, when combined wi th  t h e  m e s -  

s age  o b j e c t i v e s  used f o r  terrestrial  TV t r ansmiss ion ,  y i e l d s  t h e  C / X  

f o r  RFI of 23 dB shown i n  Table 2-2B. The C/X f o r  RFI of 25 dB i s  ob- 

t a ined  f o r  TV t ransmission over  t h e  p i l o t  system which proposed an FM 

modulation index of 3.  

Also shown i n  Table 2-2 is  a p a r t i t i o n  of t h e  t o t a l  message objec- 

t i v e s  f o r  telephone and f o r  TV which would emphasize t h e  RFI components, 

i . e . ,  a l l o c a t e  about one-third of t h e  t o t a l  o b j e c t i v e  t o  RFI and d i v i d e  

i t  e q u a l l y  between t h e  up and t h e  down l i n k s .  

The f i n a l  minimum t o t a l  C/X of 6 dB shown i n  Table 2-2 could b e  

obtained wi th  a system t h a t  u ses  an  a p p r o p r i a t e  modulation index and 

corresponding RTC. Although t h i s  apparent  va lue  is about 3 dB below 

th re sho ld ,  i t  i s  assumed t h a t  e i t h e r  only h a l f  of t h e  t o t a l  nominal ob- 

jective w i l l  b e  experienced,  o r  t h a t  f u t u r e  s t anda rds  may b e  changed t o  

h a l f  of t h e  nominal t o t a l  o b j e c t i v e s  i n d i c a t e d .  This  t ype  of consider- 

a t i o n  appears  t o  have been used i n  the  planning f o r  INTELSAT I11 which 

y i e l d s  a t o t a l  C/X of 5.5 dB f o r  FDM telephone channels.  
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111. ANTENNA, PROPAGATION, AND GEOMETRIC FACTORS 

Antenna, propagation, and geometric factors play a prominent role in 

the separation or isolation of different communication links sharing the 

same spectrum. The satellite spacings and the number of satellites within 

view of an earth station that can use the same spectrum independently with- 

out producing excessive interference will depend critically on the direc- 

tivity patterns of  the earth-station antennas as determined by their size 

(diameter/wavelength or D/A)  and illumination. Significant isolation may 

also be achieved by appropriate use of polarization discrimination. 

nally, propagation factors such as multipath fading and precipitation 

attenuation can become important in most systems, and geometric factors 

such as separation distances and orientations of directive antennas can 

become critical in the compatibility of systems that share frequencies. 

Fi- 

REFERENCE ANTENNA PATTERNS 

In order to illustrate the effects of typical antennas on satellite 

spacing and system design, some reference antenna models were selected 

and their patterns for a D/h = 100 are illustrated in Fig. 3-1 .  The 

CCIR standard is a conservative peak envelope of current low-noise an- 

tenna practice recommended by CCIR for interference calculations. The 

"parabolic" antenna represents what might be expected from typical pro- 

duction design with an illumination function falling to 0.25 power at the 

perimeter and a 10-percent feed-blocking factor. The pattern represents 

the average value to be expected for the sidelobe region and is asymptotic 

to 8 dB below isotropic at large angles off the mainlobe on the front side 

of the antenna. The "uniform" illumination circular array represents what 

might be expected if the performance is limited by a random 20-percent rms 

excitation error for each element in the array. The pattern again repre- 

sents the average value of the sidelobes. A similar random error and av- 
erage value of sidelobes is assumed for the Taylor 40 dB-5 array and the 

.cc 

-k 
See Appendix A for further illustrations and details. 
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uniformly i l l umina ted  "linear" a r r a y .  All p a t t e r n s  are f e l t  t o  be conser- 

vative performance estimates of f u t u r e  product ion p o s s i b i l i t i e s .  

I n  applying t h e  r e fe rence  p a t t e r n s  the  ques t ion  w i l l  a r ise  as t o  how 

much margin should be allowed i n  t h e  p r o t e c t i o n  r a t i o s  t o  account f o r  t h e  

v a r i a t i o n s  i n  t h e  antenna p a t t e r n s  above the  va lue  f o r  t h e  average s i d e -  

lobe.  I f  a s i t u a t i o n  i s  considered involving on ly  one i n t e r f e r i n g  source 

i n  the n e a r  s i d e l o b e s ,  t h e  t h e o r e t i c a l  peak i n t e r f e r e n c e  power would be 

twice t h e  average s ide lobe  l e v e l ,  so a 3-dB margin a d d i t i o n  would seem 

j u s t i f i e d .  However, i f  t h e r e  are many i n t e r f e r i n g  sources ,  p a r t i c u l a r l y  

i f  t hey  are spaced a number of beamwidths apar t ,  and i f  bandwidths ex- 

ceeding a few percent  a r e  used,  no a d d i t i o n a l  margin may be necessa ry .  

For the  many c l o s e l y  spaced s a t e l l i t e s  i l l u s t r a t e d  i n  t h i s  Memorandum, a 

2-dB margin a d d i t i o n  i s  considered a conse rva t ive  allowance. 

I n  a d d i t i o n  t o  t h e  f i x e d  p a t t e r n s  a l r e a d y  d i scussed ,  an  i n t e r e s t i n g  

f u t u r e  p o s s i b i l i t y  i s  the  adap t ive  o r  adapted a r r a y  f o r  which the  phasing 

a n d  i l l u m i n a t i o n  f u n c t i o n s  are a d j u s t e d  t o  minimize t h e  t o t a l  i n t e r f e r e n c e  

r ece ived  from unwanted d i r e c t i o n s .  This technique can e s t a b l i s h  n u l l s  i n  

d i s c r e t e  i n t e r f e r i n g  d i r e c t i o n s  and can a l s o  minimize i n t e r f e r e n c e  d i f -  

fused over  wide s ide lobe  a n g l e s .  The r e j e c t i o n  is  l i m i t e d  by the  band- 

width,  t he  number of i n t e r f e r i n g  sources ,  and the  number and spacing of 

antenna elements. Also,  i t  may be more e f f e c t i v e  i f  t h e  wanted s i g n a l  i s  

coded i n  some manner t o  f a c i l i t a t e  t h e  adap t ing  process.  
JC 

A l l  t h e  i n d i v i d u a l  antenna p a t t e r n s  have two d i s t i n c t ,  though i n t e r -  

a c t i n g ,  r eg ions  of i n t e r e s t :  t he  mainlobe and s ide lobe  regions.  The 

mainlobe i s  c h a r a c t e r i z e d  by very s t e e p  edges with t h e  o v e r a l l  width f o r  

a given D/A va ry ing  by about a f a c t o r  of two over t h e  range of i l l umina -  

t i o n  func t ions  of i n t e r e s t  f o r  t h e  a p p l i c a t i o n s  considered. The uniform 

i l l u m i n a t i o n s  have t h e  narrower mainlobes, while i l l u m i n a t i o n s  t a p e r i n g  

away from t h e  c e n t e r  may be used t o  lower t h e  s ide lobe  l e v e l s  a t  t h e  ex- 

pense of broadening t h e  mainlobe by nea r ly  a f a c t o r  of two i n  t h e  extreme 

c a s e s  considered here .  

* 
See Appendix A f o r  f u r t h e r  d e t a i l s  o f  adap t ive  a r r a y s .  
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The antenna p a t t e r n s  t h a t  have been i l l u s t r a t e d  are "free-space" pat-  

t e r n s  unmodified by t h e  e a r t h  o r  o t h e r  environment. 

f l e c t i o n s  o r  s c a t t e r i n g  from t h e  environment can S i g n i f i c a n t l y  modify t h e  

free-space p a t t e r n s - - p a r t i c u l a r l y  a t  t h e  lower backlobe l e v e l s .  This  may 

be most r e l e v a n t  f o r  microwave r e l a y s  t h a t  have been designed t o  have 

ve ry  l o w  f r ee - space  backlobes. I f  t h e s e  s t a t i o n s  i l l u m i n a t e  t h e  e a r t h  o r  

s c a t t e r i n g  o b j e c t s  w i t h  t h e  antenna mainlobe o r  p r i n c i p a l  s i d e l o b e s ,  and 

i f  t h e  i l l umina ted  e a r t h  can be seen from sa t e l l i t e  l o c a t i o n s ,  t h e  e f -  

f e c t i v e  coupl ing between the  satel l i tes  and t h e  microwave r e l a y s  may be 

equ iva len t  t o  s i g n i f i c a n t l y  l a r g e r  backlobes than  f r ee - space  p a t t e r n s  

would i n d i c a t e .  

The e f f e c t s  of re- 

POLARIZATION DISCRIMINATION AND PROPAGATION FACTORS 

The use  of p o l a r i z a t i o n  d i s c r i m i n a t i o n  could be e x p l o i t e d  t o  double 

t h e  e f f e c t i v e  spectrum a v a i l a b l e  i f  a p p r o p r i a t e  system design choices  

a r e  made. C i r c u l a r  p o l a r i z a t i o n  f o r  s a t e l l i t e  communications has  some 

obvious advantages over t h e  method where one o r  both of t h e  antennas are 

l i n e a r l y  po la r i zed .  However, i t  is  no t  g e n e r a l l y  p o s s i b l e  t o  o b t a i n  pe r -  

f e c t  c i r c u l a r  p o l a r i z a t i o n  because of t h e  d e p o l a r i z i n g  n a t u r e  of t he  re- 

f l e c t o r  i n  d i s h  antennas and o t h e r  hardware and propagat ion f a c t o r s .  

Thus e l l i p t i c a l  p o l a r i z a t i o n  wi th  unequal axes must be considered.  

Figure 3-2 i l l u s t r a t e s  t h e  l i m i t s  on p o l a r i z a t i o n  d i s c r i m i n a t i o n  as  

a f u n c t i o n  of the  d i f f e r e n c e  i n  axial  r a t i o s  o f  t h e  p o l a r i z a t i o n  of t h e  

i n c i d e n t  s i g n a l  and t h e  r e c e i v i n g  antenna. The m a x i m u m  d i s c r i m i n a t i o n  

i s  ob ta ined  when t h e  major axes of t h e  unwanted i n c i d e n t  s i g n a l  and the  

r e c e i v i n g  antenna are  o r thogona l ,  and t h e  minimum occur s  when the  major 

axes are a l igned .  The or thogonal  case a p p l i e s  f o r  a l l  axial  r a t i o s ,  and 

t h e  a l i g n e d  case a p p l i e s  where t h e  l a r g e r  a x i a l  r a t i o  of e i t h e r  t h e  s i g -  

n a l  o r  r e c e i v i n g  antenna is  t h a t  marked on t h e  curve.  I f  t h e  a x i a l  r a t i o s  

of t h e  p o l a r i z a t i o n  o f  t h e  i n c i d e n t  unwanted s i g n a l s  from sa t e l l i t e s  and 

t h e  ax ia l  r a t i o  o f  p o l a r i z a t i o n  f o r  t he  e a r t h  r e c e i v i n g  antenna can be 

maintained or thogonal  and w i t h i n  2 dB of each o t h e r ,  o r  i f  t hey  can both 

be maintained w i t h i n  1 dB r e g a r d l e s s  o f  t h e i r  o r i e n t a t i o n ,  a d i s c r i m i n a t i o n  

of b e t t e r  t han  about 19 dB would be assured.  On t h e  o t h e r  hand, i f  t h e s e  
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axial ratios could be maintained orthogonal and within 0.5 dB of each 
other, more than 30 dB of discrimination could be assured. 
it should be feasible to maintain operating specifications somewhere 

between these two so as to provide between 19 and 30 dB of polarization 

discrimination over the main beam (or within 1/3 radian of the axis for 

wider beams) without excessive cost in equipment design and maintenance. 

The sidelobes are assumed to be adequately rejected by the angular an- 

tenna response characteristics so as not to require significant addi- 

tional polarization discrimination in sidelobe directions. 

In practice 

* 
As another alternative, an adaptive system might be used to main- 

tain the axes of the polarization of  the unwanted incident signal and 

the receiving antenna orthogonal while adjusting the magnitude of the 

axial ratio of the receiving antenna to minimize the unwanted signal. 

This technique should make feasible very high polarization discrimina- 

t ion. 

Thus it seems feasible t o  provide polarization discrimination of 

20 to 30 dB (or more with adaption), so that if modulation and other 

system characteristics are chosen t o  provide the output signal quality 

desired with input wanted-to-unwanted signal ratios in this range, 

it should be possible to double the effective spectrum available by 

using it independently on two orthogonal polarizations. 

* 
The curves of Fig. 3-2, which were determined under the assumption 

that the axial ratios of the wanted and unwanted incident signals are 
equal, also account for the fact that there is some discrimination against 
the wanted signal, unless the axial ratio of the wanted signal is equal to 
that of the receiving antenna and the major axes are aligned. However, 
since for axial ratios less than 2 dB the discrimination against the wanted 
signal is only a few tenths of a dB regardless of the orientation of the 
polarization axes, the curves would be altered only negligibly if the axial 
ratios of the wanted and unwanted signals were unequal. For detailed theo- 
retical background on polarization discrimination refer to H. 6 .  Booker 
(ed.), et al., "Techniques for Handling Elliptically Polarized Waves with 
Special Reference to Antennas,'' Proc. IRE, Vol. 39, No. 5, May 1951, pp. 
533-552; G. Sinclair, "The Transmission and Reception of Elliptically 
Polarized Waves," Proc. IRE, Vol. 38, No.  2, February 1950, pp. 148-151; 
and M. G. Morgan and W. R. Evans, Jr., "Synthesis and Analysis of Ellip- 
tical Polarization Loci in Terms of Space-Quadrature Sinusoidal Components," 
Proc. IRE, Vol. 39, N o .  5, May 1951, pp. 552-556. 
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The p o l a r i z a t i o n  d i s c r i m i n a t i o n  discussed above w i l l  not  be a f f e c t e d  

by propagation f a c t o r s  i n  most s a t e l l i t e  a p p l i c a t i o n s  of i n t e r e s t ,  because 

t h e  propagat ion pa ths  of t he  wanted and unwanted ( t o  be d i sc r imina ted  

a g a i n s t )  s i g n a l s  a re  p r a c t i c a l l y  i d e n t i c a l  and a r e  a f f e c t e d  i n  t h e  same 

way. 

t h a t  must be obtained i n  o r d e r  t o  t a k e  advantage of p o l a r i z a t i o n  d i s -  

c r imina t ion .  However, i n  o r d e r  t o  accommodate propagat ion v a g a r i e s  such 

as mul t ipa th  f ad ing  o r  p r e c i p i t a t i o n  a t t e n u a t i o n ,  a p p r o p r i a t e  margins 

must be included i n  t h e  p r o t e c t i o n  r a t i o s  t o  ensure o t h e r  systems per- 

formance o b j e c t i v e s .  This tends t o  become more and more important w i th  

i n c r e a s i n g  frequency, and techniques such as space d i v e r s i t y  t o  a l l e v i -  

a te  weather-induced a t t e n u a t i o n  and adap t ive  antennas t o  reduce mult i -  

path f ad ing  become a t t r a c t i v e .  

Thus no a d d i t i o n a l  propagation margin needs t o  be added t o  t h e  C/X 

* 
** 

EARTH- TO- SATELLITE GEOMETRY FACTORS"&~' 

For any given d i s t r i b u t i o n  of synchronous s a t e l l i t e s ,  t h e  d i f f e r -  

ences i n  C / X  a t  va r ious  e a r t h - s t a t i o n  l o c a t i o n s  are due p r i m a r i l y  t o  t h e  

v a r i a t i o n s  i n  the  angu la r  s e p a r a t i o n s  between a wanted s a t e l l i t e  s i g n a l  

and i t s  n e a r e s t  unwanted neighbors.  The angu la r  s e p a r a t i o n s  are d e t e r -  

mined l a r g e l y  by the  d i s t a n c e  from t h e  e a r t h  s t a t i o n  t o  t h e  d e s i r e d  sat- 

e l l i t e ,  a d i s t a n c e  f u l l y  p re sc r ibed  by spec i fy ing  t h e  s a t e l l i t e  e l e v a t i o n  

above t h e  horizon.  

apparent  e l e v a t i o n  of t h e  s a t e l l i t e  above t h e  horizon.  For t h e  extreme 

s i t u a t i o n s  of ver t ica l  and h o r i z o n t a l  viewing from t h e  e a r t h  w i t h  t h e  

a n g u l a r l y  most s e n s i t i v e  antennas,  t h e  n e t  excursion o f  C / X  i s  about  2 dB. 

The r e fe rence  e a r t h - t o - s a t e l l i t e  geometry model used f o r  i n t e r f e r e n c e  

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

a t  45' l a t i t u d e  looking a t  a wanted e q u a t o r i a l  synchronous s a t e l l i t e  on 

t h e  same long i tude  and a f u l l  o r b i t  of  unwanted synchronous sa te l l i t es  a t  

V a r i a t i o n s  of C / X  are thus  determined p r i m a r i l y  by 

7k 

?i?C 

See Appendix C f o r  f u r t h e r  d e t a i l s .  

See Appendix A f o r  f u r t h e r  d e t a i l s .  
J& 

See Appendix B f o r  d e t a i l s .  
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equa l  l o n g i t u d i n a l  spacings on both s i d e s  of t h e  wanted s a t e l l i t e .  This  

r e fe rence  case  i s  near  t he  midpoint of t h e  v a r i a t i o n  o f  t h e  C / X  w i t h  e a r t h -  

s t a t i o n  l o c a t i o n ,  and an  a d d i t i o n a l  margin allowance o f  1 dB i s  adequate 

t o  handle o t h e r  geometries from t h i s  l a t i t u d e .  

i'c 

Another e a r t h - t o - s a t e l l i t e  geometry f a c t o r  t h a t  may become important 

f o r  system design t o  reduce i n t e r f e r e n c e  is concerned wi th  t h e  r e l a t i v e  

alignment of terrestr ia l  microwave r e l a y  antennas and t h e  s a t e l l i t e  r e l a y  

antennas.  I f  t he  microwave r e l a y  s i tes  are chosen so t h a t  none o f  t h e i r  

antennas po in t  toward synchronous o r b i t s ,  the  i n t e r f e r e n c e  p o t e n t i a l  can 

be g r e a t l y  reduced. I f ,  i n  a d d i t i o n ,  t he  s a t e l l i t e  antennas a r e  su f -  

f i c i e n t l y  d i r e c t i v e  so as t o  be a b l e  t o  s i g n i f i c a n t l y  reduce t h e i r  g a i n  

toward t h e  e a r t h ' s  ho r i zon ,  t h e  i n t e r f e r e n c e  p o t e n t i a l  can be f u r t h e r  re- 

duced. Such techniques a r e  u s e f u l  f o r  low t o  m i d - l a t i t u d e s  where rela- 

t i v e l y  s m a l l  bands o f  east-west microwave r e l a y  azimuths need t o  be 

excluded. However, above l a t i t u d e s  of about 60 i t  may be necessary t o  

exclude so much nor th - sou th  azimuth t h a t  s h a r i n g  t h e  same frequencies  

between microwave r e l a y s  and s a t e l l i t e  r e l a y s  a t  t h e s e  l a t i t u d e s  may not  

be f e a s i b l e .  I n  f a c t  t he  t echno log ica l  p o s s i b i l i t i e s  of designing the  

s a t e l l i t e  antenna p a t t e r n s  t o  provide uniform ( t o  w i t h i n  3 dB) coverage 

below 60' l a t i t u d e ,  wh i l e  adequately r e j e c t i n g  l a t i t u d e s  above 60 , seem 

r a t h e r  remote. Thus most of t h e  burden of antenna alignment f o r  reducing 

i n t e r f e r e n c e  i n  shared frequency bands must b e  placed on the  t e r r e s t r i a l  

microwave r e l a y s ,  and a t  the h ighe r  l a t i t u d e s  t h e s e  microwave r e l a y s  may 

be l i m i t e d  t o  usage on ly  wi th  l i n k s  w i t h i n  narrow east-west azimuth bands,  

0 

0 '  

REFERENCE GROUND-ENVIRONMENT MODELS 

I n  o r d e r  t o  t e s t  how t h e  va r ious  system parameters i n f l u e n c e  i n t e r -  

f e rence  and t h e  p o s s i b i l i t i e s  f o r  s h a r i n g  f r equenc ie s  between t e r r e s t r i a l  

microwave r e l a y  s t a t i o n s  and communication s a t e l l i t e  e a r t h  t e r m i n a l s ,  i t  

w i l l  be necessa ry  t o  use s u i t a b l e  r e fe rence  ground-environment models. 

One such r e f e r e n c e  model provides  t h e  maximum i d e a l  d e n s i t y  of ground 

s t a t i o n s  f o r  a given minimum s e p a r a t i o n  d between s t a t i o n s .  This i s  a 

JC 
See Appendix B f o r  d e t a i l s .  
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uniform distribution arranged in a triangular grid of hexagonal patterns 
so that each station has 6 nearest neighbors at the minimum separation 
distance, 1 2  more stations within twice the minimum separation distance, 

18 additional stations in the interval between two and three minimum sep- 

aration distances, etc. It will be assumed that these locations repre- 
sent the ideal maximum combined distribution density of terrestrial 

earth stations using a common frequency band. 

Another ideal distribution model that may be of interest for some 

applications would be one based on a pattern of squares with the minimum 

separation distance d forming the side of a square. The density of the 

ideal square distribution is &$3 times that from the triangular grid of 

hexagonal patterns. Figure 3-3 illustrates the manner in which inter- 

ference would accumulate for the two ideal distributions discussed, assum- 

ing isotropic radiators on a flat plane with radiated power attenuating 

as 1/ (distance) from the sources. The accumulated interference from the 

square distribution approaches approximately $d3 times that from the tri- 

angular distribution, and as a first approximation the accumulation out 

to a distance of n minimum separation distances can be represented by 

log n, where Cy and C C1 + C are constants for any particular dis- In 2 2 
tribution. Thus, the interference does not accumulate very rapidly, and 

any additional attenuation beyond free-space propagation, e.g., atmospher- 

ic absorption or beyond-the-horizon diffraction, will normally quickly 

dampen to insignificance the contribution of the more distant sources. 

This may be illustrated by assuming a minimum spacing of 40 km (typical 
of microwave relay spacing in the 4 and 6 GHz bands) with isotropic 
sources on line-of-sight towers. Then with either the triangular or 

square distribution in representative terrain, the total power density 

at any one site from all directions would conservatively be less than six 

times that from the nearest station. Even with exceptional terrain and 

anomalous propagation it is very unlikely that the above factor would be 
exceeded for a minimum separation of 40 km. 

These reference grsund-environment models should be treated as limit- 

ing cases of high-density frequency sharing, and the interference that 

might be experienced in practice would only approach that predicted if 

the intensity of sharing approaches that of the models. 
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I V .  PARAMETER CONSTRAINTS FOR TOLERABLE INTERFERENCE 

The type  of r e l a t i o n s h i p  i n d i c a t e d  i n  Sec t ion  I between X/C and 

t h e  o t h e r  parameters of t h e  systems w i l l  b e  used i n  t h i s  s e c t i o n  t o  de- 

termine t h e  c o n s t r a i n t s  on t h e  v a r i o u s  parameters f o r  t o l e r a b l e  i n t e r -  

f e rence .  With t h e  performance o b j e c t i v e s ,  t h e  p r o t e c t i o n  r a t i o s  and 

t h e i r  i n t e r r e l a t i o n s h i p s  developed i n  Sec t ion  11, and t h e  o t h e r  f a c t o r s  

presented i n  Sec t ion  111, t h e  parameter c o n s t r a i n t s  f o r  t o l e r a b l e  in -  

t e r f e r e n c e  i n  each i n t e r f e r e n c e  mode are determined. For convenience 

i n  r e f e r e n c i n g ,  t h e  modes w i l l  b e  numbered a r b i t r a r i l y  i n  t h e  o r d e r  i n  

which they a r e  discussed.  

INTERFERENCE FROM SATELLITES TO EARTH STATIONS, MODE 1 

The i n t e r f e r e n c e  mode t h a t  w i l l  be  considered i n  g r e a t e s t  d e t a i l  

i s  t h e  s i n g l e - l i n k  i n t e r f e r e n c e  from unwanted sa te l l i t e  s i g n a l s  t o  t h e  

e a r t h  s t a t i o n  r e c e i v i n g  t h e  wanted sa te l l i t e  signal. A s  t h e  d e f i n i t i o n  

of symbols i n  Sec t ion  I i n d i c a t e d ,  

d2 F G G i 1’s /e - - p s I s ,G -+e/,e . Ms’e se x e+s,s’ Ms’e e ts ,s’  

e+s ,s 
P G  2 * G  G 

e+s , s ds’e Fc se s s+e,e C 

The s imple approximation ho lds  very w e l l  f o r  most s i t u a t i o n s  i n  which 

t h e  e q u i v a l e n t  i s o t r o p i c a l l y  r a d i a t e d  power (EIRP) i n  any given band- 

width i n  t h e  d i r e c t i o n  of t h e  e a r t h  s t a t i o n  i s  t h e  same from every 

satell i te.  This s i t u a t i o n  w i l l  b e  e l a b o r a t e d  i n  more d e t a i l  than t h e  

o t h e r s ,  a l though t h e  e f f e c t s  of d i f f e r i n g  EIRP (whether i n a d v e r t e n t  o r  

by design)  w i l l  a l s o  b e  t r e a t e d .  

E f f e c t s  of Ea r th - s t a t ion  Antenna P a t t e r n s  

The approximation of Eq. (4-1) p r i n c i p a l l y  invo lves  t h e  ea r th - s t a -  

t i o n  r e c e i v i n g  antenna p a t t e r n s .  The satel l i te  spacings t h a t  are de- 

r i v e d  from t h e s e  p a t t e r n s  are obtained as fol lows:  The r e f e r e n c e  

e a r t h - s a t e l l i t e  geometry model i s  used,  i .e . ,  t h e  e a r t h  s t a t i o n  i s  a t  45 0 
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l a t i t u d e  w i t h  i t s  antenna po in ted  a t  t h e  wanted sa te l l i t e  on t h e  same 

meridian,  and t h e r e  i s  a f u l l  r i n g  of synchronous e q u a t o r i a l  satell i tes 

a t  uniform l o n g i t u d i n a l  spacing p rov id ing  i n t e r f e r i n g  s i g n a l s .  

satell i tes are assumed t o  have t h e  s a m e  EIW i n  any given bandwidth i n  

t h e  d i r e c t i o n  of t h e  e a r t h  s t a t i o n ,  b u t  only those  satel l i tes  above t h e  

l o c a l  horizon are assumed t o  c o n t r i b u t e  i n t e r f e r e n c e .  The r a t i o s  of 

t h e  sum of unwanted s i g n a l s  t o  wanted s i g n a l  ( i n t e r f e rence - to - s igna l  

r a t i o s )  f o r  t h e  r e f e r e n c e  antenna p a t t e r n s  of Sec t ion  I11 are then  de- 

termined as a f u n c t i o n  of sa te l l i t e  l o n g i t u d i n a l  spacing.  These are 

i l l u s t r a t e d  i n  Fig. 4-1 f o r  D/A = 300. 

Figure 4-2 i s  a similar i l l u s t r a t i o n  f o r  a l i n e a r  adap t ive  a r r a y  

Each p o i n t  on t h e  curve f o r  an a d a p t i v e  a r r a y  repre- 

A l l  

* 

wi th  D/A = 10. 

s e n t s  a d i f f e r e n t  i l l u m i n a t i o n  func t ion .  Thus t h e  adap t ive  curves rep- 

r e s e n t  f a m i l i e s  of antennas of t h e  same s i z e ,  each of which is adapted 

t o  g ive  t h e  b e s t  s igna l - to - in t e r f e rence  r a t i o  f o r  t h e  s a t e l l i t e  spac ing  

involved. 

f o r  comparison wi th  t h e  adap t ive  a r r a y s .  

The Taylor 40 dB-5 a r r a y  curves f o r  D/X = 10 are included 

Seve ra l  p o t e n t i a l  a p p l i c a t i o n s  f o r  which a d a p t i v e  a r r a y s  appear 

e s p e c i a l l y  a t t ract ive are o u t l i n e d  i n  Appendix A. 

c r imina t ion  performance t h a t  appears  p o s s t b l e  wi th  r e l a t i v e l y  s m a l l  

a p e r t u r e s  compared w i t h  convent ional  antennas might completely change 

system des ign  f o r  sa te l l i t e  spacing and frequency sha r ing .  However, 

u n t i l  t h e i r  performance has  been proven i n  p r a c t i c e  and t h e  convent ional  

antennas have been r ep laced ,  system design s p e c i f i c a t i o n s  must be based 

on t h e  weakest convent ional  antenna whose performance must b e  p r o t e c t e d  

i n  service. Thus t h e  remainder of t h e  d i s c u s s i o n s  i n  t h i s  s e c t i o n  w i l l  

b e  concerned wi th  parameter c o n s t r a i n t s  f o r  t o l e r a b l e  i n t e r f e r e n c e  us ing  

convent ional  antennas.  

The ou t s t and ing  d i s -  

An important  l i m i t i n g  f a c t o r  t o  cons ide r  f o r  any of t h e  curves of * 

Figs.  4-1 o r  4-2 is t h a t  any source  of n o i s e  o r  i n t e r f e r e n c e  which be- 

comes compe t i t i ve  w i t h  t h e  sa te l l i t e  sources  under c o n s i d e r a t i o n  b u t  

which is independent of sa te l l i t e  spac ing  w i l l  provide an asymptot ic  

level f o r  which inc reased  spac ing  w i l l  no longer  y i e l d  dec reas ing  X/C. 

* 
Figures  f o r  o t h e r  D / h  va lues  and d e t a i l s  f o r  t h e i r  u s e  are given 

i n  Appendix A .  
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This behavior  is  i l l u s t r a t e d  f o r  t h e  adap t ive  a r r a y s  of Fig.  4-2, where 

r e c e i v e r  n o i s e  i s  assumed t o  be 70 dB below t h e  s i g n a l .  

Some gene ra l  f e a t u r e s  of t h e  curves f o r  convent ional  antennas 

should b e  pointed ou t .  

and t h e  c l o s e s t  ones are i n  d i r e c t i o n s  corresponding t o  a f l a t  p o r t i o n  

of t he  antenna p a t t e r n  ( see  f i g u r e s  i n  Appendix A ) ,  then X / C  w i l l  f a l l  

o f f  w i th  s a t e l l i t e  spac ing  a approximately as l / a .  This i s  due t o  

t h e  change i n  t h e  number of sa te l l i t es  c o n t r i b u t i n g  from t h a t  p o r t i o n  

of t he  p a t t e r n  and i s  i l l u s t r a t e d  i n  t h e  r eg ion  of t h e  f l a t  s h e l f  f o r  

t h e  Taylor  40 dB-5 antennas.  On t h e  o t h e r  hand, i f  t h e  antenna p a t -  

t e r n s  themselves f a l l  o f f  r a p i d l y  wi th  ang le  i n  t h e  r eg ion  of t h e  near- 

est i n t e r f e r i n g  s o u r c e s ,  then t h e s e  c l o s e s t  sou rces  w i l l  dominate t h e  

t o t a l  i n t e r f e r e n c e  and X / C  w i l l  f a l l  o f f  approximately as t h e  antenna 

p a t t e r n .  This  i s  t h e  case  f o r  t he  " l i n e a r "  (%l/a ) , t he  CCIR (%l/o , 
and t h e  ''uniform" (%1/0 ) antennas as i s  i l l u s t r a t e d  i n  Fig.  4-1. 

I f  t h e  i n t e r f e r i n g  s a t e l l i t e s  are e q u a l l y  spaced 

2 . 5 )  

3 

3 The l / a  behavior  i s  t y p i c a l  of many s i t u a t i o n s  of i n t e r e s t  and 

w i l l  be used t o  i l l u s t r a t e  a v a r i e t y  of e f f e c t s  of antenna p a t t e r n s  on 

s a t e l l i t e  spacing.  For example, when X / C  l / o  , t he  i n t e r f e r e n c e  con- 

t r i b u t i o n  of a l l  t he  s a t e l l i t e s  beyond t h e  n e a r e s t  neighbors on each 

s i d e  of t h e  wanted s a t e l l i t e  i s  less than  0 . 2  of t h a t  from t h e  n e a r e s t  

neighbors ( i . e . ,  

3 

< 2 . 4 )  f o r  uniform spacing and EIRP. Ms 'e 
It is c l e a r  from Fig.  4-1 (and s imilar  i l l u s t r a t i o n s  f o r  o t h e r  D/X 

i n  Appendix A) t h a t  both D/X and t h e  type of i l l u m i n a t i o n  are important  

i n  determining t h e  sa te l l i t e  spac ing  performance of t h e  system. I n  or- 

d e r  t o  s p e c i f y  t h i s  performance wi th  a s i n g l e  measure, an e q u i v a l e n t  

uniform s i z e  ( D / X )  w i l l  be  introduced.  This  i s  t h e  equ iva len t  uniform 

i l l u m i n a t i o n  c i r c u l a r  a p e r t u r e  t h a t  w i l l  p e r m i t  t h e  same s a t e l l i t e  spac- 

i n g  performance. 

t he  spac ing  f a c t o r  r equ i r ed  t o  s h i f t  t h e  a c t u a l  X/C  curve t o  t h e  spac- 

i n g  i n d i c a t e d  f o r  t h e  uniform antenna f o r  t h e  same d e s i r e d  va lue  of X/C.  

For example, i n  Fig. 4-1 f o r  X / C  = -30 dB, t h e  spacing va lue  of 1.0 f o r  

t h e  p a r a b o l i c  antenna must be m u l t i p l i e d  by 0.8 t o  o b t a i n  t h e  spac ing  

f o r  t he  uniform antenna f o r  X / C  = -30 dB. Thus t h e  equ iva len t  uniform 

s i z e  of t he  parabola  would b e  (D/A) = 0.8(300) = 240 a t  X / C  = -30 dB. 

U 

I t  can be ob ta ined  by mul t ip ly ing  the  a c t u a l  D/X by 

0 

U 
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Tradeoffs  Involving Bandwidth Expansion 

It may be d e s i r a b l e  t o  use modulation methods t h a t  i n c r e a s e  band- 

width expansion W/B i n  o r d e r  t o  reduce t h e  t o t a l  power requirements 

o r  t o  i n c r e a s e  t h e  t o t a l  information c a p a c i t y  of t h e  system. For ex- 

ample ,  g r e a t e r  bandwidth expansion would permit lower C / X  va lues  b u t  

would reduce information t r a n s f e r  w i th  a given spectrum p e r  s a t e l l i t e .  

However, t h e  lower pe rmis s ib l e  C / X  values  would make p o s s i b l e  c l o s e r  

s a t e l l i t e  spac ings ,  and hence a l a r g e r  number of sa te l l i tes .  Whether 

o r  not a g r e a t e r  t o t a l  i n fo rma t ion  c a p a c i t y  becomes p o s s i b l e  depends 

on whether t h e  X / C  changes more f o r  a given percentage change i n  sat- 

e l l i t e  spac ing  o r  i n  W/B. 
* 

Refe r r ing  t o  Fig.  2-1 shows t h a t  t h e r e  is  no advantage i n  going' 

from SSB o r  DSB t o  low index FM (D < 1.8) f o r  more t o t a l  information 

capac i ty  o r  less t o t a l  power (no p o r t i o n  of any curve of X / C  ve r sus  0 

i n  Fig.  4-1 has  a n e g a t i v e  s l o p e  of less than u n i t y ,  s o  t h e r e  w i l l  be  

no information c a p a c i t y  advantage i n  going t o  a g r e a t e r  W/B p o i n t  i n  

Fig.  2-1 u n l e s s  i t  is above a s l o p e  of u n i t y ,  i .e. ,  above t h e  r e fe rence  

l i n e  when r e f e r r e d  t o  SSB o r  DSB). However, t h e r e  can be an i n c r e a s e  

i n  t o t a l  i n fo rma t ion  c a p a c i t y  by g r e a t e r  bandwidth expansion i n  e i t h e r  

FM o r  PCM i f  t h e  f r a c t i o n a l  dec rease  i n  s a t e l l i t e  spacing exceeds t h e  

f r a c t i o n a l  i n c r e a s e  i n  W/B. I f  i t  i s  d e s i r a b l e  f o r  o t h e r  reasons t o  

use  FM o r  PCM, then i t  w i l l  be advantageous f o r  both t o t a l  power and 

information c a p a c i t y  t o  i n c r e a s e  W/B u n t i l  t h re sho ld  i s  reached f o r  

t he  ou tpu t  message q u a l i t y  d e s i r e d  o r  u n t i l  t h e  sa te l l i t e  spacing 

crowds t h e  n e a r e s t  unwanted satel l i tes  up t o  t h e  mainlobe of t h e  an- 

tenna. This  advantage occurs  because 

c h a r a c t e r i s t i c  of F ig .  2-1 i s  g r e a t e r  

curve o u t s i d e  of t h e  mainlobe i n  Fig.  

t h e  s l o p e  of t h e  FM t r a n s f e r  

t han  3 and no p o r t i o n  of any 

4-1 i s  s t e e p e r  than -3.  

* 
Lower X/C v a l u e s  would a l s o  permit g r e a t e r  m u l t i p l i c a t i o n  of t h e  

independent beams p o s s i b l e  w i t h  d i r e c t i v e  antennas on board t h e  satel- 
l i tes.  
t o  reduce C / X  through bandwidth expansion i n  o r d e r  t o  i n c r e a s e  t h e  to- 
t a l  information c a p a c i t y  of a l l  t h e  satel l i tes .  However, t h e  j u s t i f i -  
c a t i o n  developed a t  t h i s  p o i n t  f o r  g r e a t e r  W/B i s  based e n t i r e l y  on an 
i n c r e a s e  i n  t h e  number of satell i tes.  

I f  t h i s  technique is used i t  w i l l  n e a r l y  always b e  advantageous 
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The above advantages f o r  g r e a t e r  W/B are heightened by t h r e e  o t h e r  

F i r s t ,  i f  l a r g e  enough W/B i s  used t o  reduce t h e  r equ i r ed  C/X f a c t o r s .  

t o  less than 20 t o  30 dB, i t  should be p o s s i b l e  t o  achieve enough po la r -  

i z a t i o n  d i s c r i m i n a t i o n  t o  u s e  two p o l a r i z a t i o n s  independent ly  and thus  

double t h e  e f f e c t i v e  spectrum a v a i l a b l e .  Second, i f  t h e  f r equenc ie s  

of a l t e r n a t e  satell i tes are i n t e r l e a v e d  by one-fourth t o  one-half of 

W, improvement f a c t o r s  even g r e a t e r  than f o r  t h e  r e f e r e n c e  white-noise 

case could b e  achieved, making inc reased  W/B s e e m  even more a t t ract ive.  

Third,  t he  advantages of i n c r e a s i n g  t h e  number of independent beams 

p o s s i b l e  from each sa te l l i t e  could dominate a l l  o t h e r  f a c t o r s .  
* 

I f  t h e  n e t  i n c r e a s e  i n  t o t a l  system c a p a c i t y  achieved by inc reas -  

i n g  W/B i s  s m a l l ,  i t s  c o s t  may seem h igh ,  s i n c e  t h e  i n c r e a s e  i n  t h e  

number of sa te l l i t es  must be g r e a t e r  than t h e  i n c r e a s e  i n  W/B, and t h e  

c o s t  of t h e  sa te l l i t e  component of t h e  system w i l l  b e  approximately 

p r o p o r t i o n a l  t o  t h e  number of sa te l l i tes .  Some i n c r e a s e s  i n  t o t a l  sys- 

t e m  c a p a c i t y  can be achieved only a t  g r e a t e r  c o s t  p e r  c i r c u i t .  Thus i f  

t h e r e  i s  no crowding of o r b i t a l  space ,  o r  i f  only a very few sa t e l l i t e s  

are used with any e a r t h  s t a t i o n ,  i t  would probably be less c o s t l y  t o  

minimize the  number of s a t e l l i t e s  and t o  n o t  i n c r e a s e  W/B f o r  g r e a t e r  

t o t a l  combined o r b i t a l  c a p a c i t y .  This  may a l s o  be t h e  case f o r  t h e  

e a r t h - s t a t i o n  r e c e i v i n g  antenna s i z e .  When many e a r t h  r e c e i v i n g  sta- 

t i o n s  are involved i n  a system, t h e  t o t a l  system c o s t  can u s u a l l y  be 

reduced by dec reas ing  t h e  s i z e  and c o s t  of t he  e a r t h - s t a t i o n  r e c e i v i n g  

antennas.  However, when t h e  e a r t h  antennas are used t o  i s o l a t e  t h e  

s i g n a l s  from d i f f e r e n t  sa te l l i tes ,  reducing antenna s i z e  w i l l  be  i n  

c o n f l i c t  w i th  ach iev ing  c l o s e r  sa te l l i t e  spac ing  and g r e a t e r  o r b i t a l  

capac i ty .  It is  important ,  t h e r e f o r e ,  i n  e s t a b l i s h i n g  s a t e l l i t e  sys- 

tems t o  use v a l u e s  f o r  parameters such as W/B and e a r t h - s t a t i o n  antenna 

s i z e  t h a t  w i l l  permit t h e  o r b i t a l  c a p a c i t y  growth needed f o r  a l l  t h e  

systems t h a t  w i l l  s h a r e  t h e  o r b i t  and spectrum dur ing  t h e  p r o j e c t e d  

l i f e  of t h e  system. 

* 
See f o o t n o t e  on previous page. 
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Dif fe rences  i n  S a t e l l i t e  EIRPs 

For t h i s  mode of i n t e r f e r e n c e  i t  is clear from Eq. (4-1) t h a t  only 

t h e  relative va lues  of E I R P s  are involved i n  determining X/C, i . e . ,  it 
is  independent of t h e  a b s o l u t e  v a l u e s  of t h e  sa te l l i t e  EIRPs. I f  a l l  

EIRPs are m u l t i p l i e d  by t h e  same f a c t o r ,  both X/C and t h e  r e q u i r e d  sat- 

e l l i t e  spac ings  remain unchanged. 

systems s h a r i n g  a given o r b i t  and spectrum, t h e  exac t  s o l u t i o n  f o r  t h e  

minimum o r b i t a l  spacings becomes ve ry  complicated.  However, when t h e  

n e a r e s t  neighbors  dominate t h e  i n t e r f e r e n c e  (as w a s  p rev ious ly  i n d i -  

ca t ed  t o  be t h e  case i n  most s i t u a t i o n s  of i n t e r e s t ,  and p a r t i c u l a r l y  

i f  X / C  0: l / a  ) , a s i m p l e  approximate expres s ion  is obtained.  

s imples t  form i t  a p p l i e s  when t h e  same p r o t e c t i o n  r a t i o s ,  W/B, and i n -  

t e r l e a v i n g ,  are used wi th  t h e  ad jacen t  sa te l l i tes  so t h a t  t h e  X/C re- 

qu i r ed  i s  t h a t  obtained wi th  wh i t e  n o i s e .  

any two satel l i tes  depends p r i m a r i l y  on t h e  spacing q u o t i e n t  which in-  

volves  (D/h), and the  r a t i o  of t h e  E I R P s  of t h e  two satel l i tes .  

l a r g e r  t h e  spac ing  q u o t i e n t  t h e  smaller t h e  spacing t h a t  is p o s s i b l e .  

I f  t h e  EIRPs d i f f e r  f o r  sa te l l i t e  

3 
I n  i t s  

The spac ing  r equ i r ed  between 

The 

where CJ i s  t h e  spacing needed between ad jacen t  Satell i tes s and sb; a , b  a 
is  t h e  spac ing  needed i f  a l l  sa te l l i tes  were e q u a l l y  spaced wi th  equal  

EIRP and a l l  t h e  e a r t h  s t a t i o n s  had equa l  e q u i v a l e n t  uniform antenna s i z e  

i s  t h e  r a t i o  of t h e  EIRP of sa t o  t h a t  of s i n  t h e  pass- (D/h)Uo; Pa/b b 
band of sa; and (D/A)Ua i s  t h e  smallest e q u i v a l e n t  uniform s i z e  antenna 

us ing  s . The sa te l l i t e  wi th  t h e  smaller spac ing  q u o t i e n t  q is  t h e  

weaker system t o  b e  p r o t e c t e d .  

Equation (4 -2)  a p p l i e s  only i n  t h e  d i r e c t i o n  g i v i n g  t h e  l a r g e r  spacing,  

i.e., p r o t e c t i n g  t h e  weaker system s . 

OO 

a a /b  
It i s  des igna ted  sa and t h e  o t h e r  sb. 

a 
Equation (4 -2)  i s  most a p p l i c a b l e  t o  s i t u a t i o n s  where t h e  i n t e r f e r -  

ence c o n t r i b u t i o n  from t h e  two s i d e s  of sa are comparable, i.e., when 

t h e  spac ing  q u o t i e n t s  i n  t h e  two d i r e c t i o n s  are comparable. I f  t h e r e  
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is  a sequence of sa te l l i tes  of ascending o r  descending s t r e n g t h  so t h a t  

a sa te l l i t e  w i t h i n  t h e  sequence experiences most of i t s  i n t e r f e r e n c e  

from only one s i d e ,  then t h e  spac ing  toward t h e  i n t e r f e r e n c e  s i d e  might 

b e  reduced t o  as l i t t l e  as 0.8 of t h a t  i n d i c a t e d  by Eq. (4 -2)  when es- 

s e n t i a l l y  a l l  t h e  i n t e r f e r e n c e  i s  from t h e  n e a r e s t  neighbor on t h a t  s i d e .  

However, f o r  a long series of ascending sa te l l i t e  s t r e n g t h s ,  sa te l l i t es  

beyond t h e  n e a r e s t  neighbor may a l s o  c o n t r i b u t e  s i g n i f i c a n t  i n t e r f e r e n c e  

which should b e  taken i n t o  account i n  determining t h e  spacing.  
* 

Thus, as a good approximation, t h e  spacing r equ i r ed  between any 

two ad jacen t  sa te l l i t es  w i l l  d i f f e r  from t h e  r e f e r e n c e  spac ing  u only 

i f  t h e r e  is a d i f f e r e n c e  i n  t h e  spac ing  q u o t i e n t  of t he  ad jacen t  sat- 

e l l i t e s  o r  t h e i r  o t h e r  n e a r e s t  neighbors.  I n  most ca ses  t h e r e  w i l l  be  

a g r e a t e r  spac ing  than  u r equ i r ed  between sa te l l i t es  of d i f f e r e n t  spac- 

i n g  q u o t i e n t s  i n  o rde r  t o  p r o t e c t  t h e  performance of t h e  system us ing  

t h e  s a t e l l i t e  with t h e  smaller spacing q u o t i e n t .  Thus, i f  a group of 

sa te l l i tes  each with t h e  same spacing q u o t i e n t  i s  t o  be mixed wi th  

ano the r  group of s a t e l l i t e s  with a d i f f e r e n t  common spacing q u o t i e n t ,  

t h e  most e f f i c i e n t  u se  of o r b i t  space would minimize t h e  number of ad- 

j a c e n t  sa te l l i t es  wi th  d i f f e r e n t  spacing q u o t i e n t s .  

0 

0 

For example, i f  t h e r e  are two groups each of n sa te l l i t es  with a l l  

parameters being i d e n t i c a l  except  f o r  a 9-dB d i f f e r e n c e  i n  t h e  E I R P s  of 

t h e  s a t e l l i t e s  i n  the  two groups,  and i f  t h e  two groups are placed adja-  

cen t  t o  each o t h e r  s o  t h a t  t h e r e  i s  only one p a i r  of ad j acen t  s a t e l l i t e s  

* 
A s i m p l e  procedure f o r  determining t h e  approximate minimum spac- 

i n g s  f o r  any s p e c i f i e d  o rde r ing  of sa te l l i tes  i s  t o  beg in  a t  a p o i n t  of 
maximum sa t e l l i t e  s t r e n g t h ,  i . e . ,  equa l  o r  smaller spacing q u o t i e n t s  
from both s i d e s .  Then t a k i n g  e i t h e r  n e a r e s t  neighbor ,  t h e  spacing t o  
i t  can be determined by us ing  Eq. ( 4 - 2 )  wi th  sa as t h e  weaker s a t e l l i t e  
and Sb as t h e  s t r o n g e r  one. I f  t h e  next  s a t e l l i t e  sc on t h e  o t h e r  s i d e  
of sa is  s i g n i f i c a n t l y  weaker than sa, then Dab could b e  reduced by a 
f a c t o r  as s m a l l  as 0.8 i f  sc makes no s i g n i f i c a n t  i n t e r f e r e n c e  contr ibu-  
t i o n  t o  t h e  use of sa. 
by Eq. ( 4 - 2 )  i t  may be necessary t o  i n c r e a s e  t h i s  spacing somewhat be- 
cause of the i n t e r f e r e n c e  c o n t r i b u t i o n  of Sb. It  may a l s o  be p o s s i b l e  
t o  decrease i t  s l i g h t l y  i f  t h e r e  is  no s i g n i f i c a n t  i n t e r f e r e n c e  c o n t r i -  
bu t ion  from the  o t h e r  s i d e  of sc. 
a sa te l l i t e  w i t h  minimum spacing q u o t i e n t  has  been reached a f t e r  which 
t h e  procedure should be i n i t i a t e d  aga in  a t  a p o i n t  of maximum s a t e l l i t e  
s t r e n g t h .  I n  t h i s  way a l l  t h e  spacings can b e  determined t o  g ive  t h e  
approximate minimum t h a t  could be achieved wi th  t h e  s p e c i f i e d  o r d e r i n g  
of t he  s a t e l l i t e s .  

I n  t h e  above s i t u a t i o n  i f  oca is  now determined 

This procedure can be continued u n t i l  
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with d i f f e r e n t  E I R P s ,  t h e  minimum o r b i t a l  space occupancy would b e  ap- 

proximately 2na between t h e  f i r s t  and las t  of t h e  2n sa te l l i t es .  On 

the  o t h e r  hand, i f  t h e  satel l i tes  of t h e  two groups were i n t e r l e a v e d  

s o  t h a t  t h e r e  w a s  a 9-dB d i f f e r e n c e  i n  E I R P  between every p a i r  of adja-  

cent  sa te l l i tes ,  a l l  t h e  spacings would need t o  be 20 and t h e  t o t a l  

o r b i t a l  occupancy would be 4no 

previous c a s e  f o r  n $> 1. 

0 

0' 

- 200,  o r  n e a r l y  t w i c e  t h a t  of t h e  
0 

A s  a rough gene ra l  r u l e ,  i f  t h e r e  are u n c e r t a i n t i e s  about t h e  rel- 

a t i v e  E I R P s  o r  spac ing  q u o t i e n t s  of ad jacen t  sa te l l i t es ,  and assuming 

X l C  a l / a 3 ,  t h e  spacing allowance t h a t  should b e  made between t h e  two 

satel l i tes  i s  a doubling f o r  each 9-dB equ iva len t  of EIRP d i f f e r e n c e  

poss ib l e .  For example, i f  an 18-dB d i f f e r e n c e  is  p o s s i b l e ,  t h e  spacing 

should b e  approximately 40 . 
0 

E f f e c t s  of Sa t e l l i t e  Antenna P a t t e r n s  

So f a r  sa te l l i t e  spacing has  been considered i n  conjunct ion wi th  

d i r e c t i v e  e a r t h - s t a t i o n  r e c e i v i n g  antennas i n  o r d e r  t o  s e p a r a t e  o r  i so -  

l a t e  l i n k s ,  s o  t h a t  any given spectrum can be used independently many 

t i m e s  (each t i m e  w i th  a d i f f e r e n t  s a t e l l i t e )  f o r  t h e  same o r  d i f f e r e n t  

_ e a r t h  l o c a t i o n s .  

w i th  d i r e c t i v e  antennas on board the  s a t e l l i t e s .  These may be used t o  

augment the  i s o l a t i o n  provided by the  e a r t h - s t a t i o n  antennas (by re- 

ducing t h e  EIRP of unwanted s a t e l l i t e s  i n  t h e  d i r e c t i o n  of t h e  p a r t i c -  

u l a r  e a r t h  s t a t i o n ) .  O r  i t  may be used t o  provide,enough i s o l a t i o n  t o  

e a r t h  s t a t i o n s  a t  d i f f e r e n t  l o c a t i o n s  s o  t h a t  t h e  same spectrum can be 

used independent ly  many t i m e s ,  i n  t h i s  case from t h e  same o r  d i f f e r e n t  

s a t e l l i t e s  t o  d i f f e r e n t  e a r t h  l o c a t i o n s .  Since t h e  i s o l a t i o n s  by t h e  

e a r t h - s t a t i o n  antennas and by t h e  s a t e l l i t e  antennas can b e  made in-  

dependently,  t h e  m u l t i p l i c a t i o n  of spectrum use  can be made a product 

of t h e  two. 

A similar type of l i n k  i s o l a t i o n  can be provided 

The t o t a l  ang le  over  which t h e  satel l i tes  can b e  spaced from a 

The s i n g l e  e a r t h  l o c a t i o n  is less t han  71 r a d i a n s  i n  one dimension. 

t o t a l  ang le  over which t h e  beams from one satel l i te  can be spaced over 

t h e  e a r t h ' s  s u r f a c e  i s  less than  1 /3  r a d i a n  i n  dimensions. Thus 
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f o r  a given s i z e  an tenna ,  a g r e a t e r  spectrum m u l t i p l i c a t i o n  f a c t o r  i s  

p o t e n t i a l l y  a v a i l a b l e  from a synchronous sa te l l i t e  than from an e a r t h  

s t a t i o n  f o r  D/X g r e a t e r  than about 100. This  is  one reason why l a r g e  

antennas on board t h e  sa te l l i t es  w i l l  become a t t r a c t i v e  f o r  m u l t i p l y i n g  

the  e f f e c t i v e  spectrum a v a i l a b l e  f o r  communication r e l a y .  I n  a d d i t i o n ,  

t he  l a r g e  sa te l l i t e  a p e r t u r e s  enable  a given EIRP from t h e  sa te l l i t e  

wi th  less t r ansmi t t ed  power, and al low t h e  up l i n k  t o  o p e r a t e  wi th  less 

e a r t h  s t a t i o n  EIRP and i n t e r f e r e n c e  p o t e n t i a l  t o  terrestrial systems. 

Margins and P r o t e c t i o n  Ra t ios  Required 

It is  necessary t o  add a v a r i e t y  05 margin f a c t o r s  t o  t h e  i d e a l  

C / X  required a t  t h e  i n p u t  t o  t h e  receiver i n  o r d e r  t o  arrive a t  a sat- 

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

f e rence  mode: 

o S a t e l l i t e  p o s i t i o n  u n c e r t a i n t i e s  can ve ry  e a s i l y  b e  converted 

i n t o  a power margin if X / C  i s  p r o p o r t i o n a l  t o  some exponent of 

0 .  For example, i f  X/C  a l / a3 ,  and i f  every sa te l l i t e  can in -  

dependently va ry  about i t s  assigned l o n g i t u d i n a l  p o s i t i o n  by 

only a s m a l l  percentage of t h e  nominal spac ing ,  X/C  can have 

as much as t h r e e  t i m e s  t h i s  percentage change. I n  o t h e r  terms, 

independent l o n g i t u d i n a l  v a r i a t i o n s  about ass igned l o n g i t u d i n a l  

p o s i t i o n s  of 8 pe rcen t  of t h e  nominal spac ing  can be accommo- 

da ted  by adding a 1-dB a d d i t i o n a l  margin t o  t h e  p r o t e c t i o n  ra- 

t i o .  Fu tu re  c o n t r o l  c a p a b i l i t y  should provide such accuracy 

wi thou t  excess ive  c o s t .  

adequate  f o r  t h i s  f a c t o r  and should inclulle t h e  e f f e c t s  of any 

u n c e r t a i n t i e s  i n  antenna po in t ing .  

The 1-dB margin should i n  f a c t  b e  

o S a t e l l i t e  antenna g a i n  may vary by as much as 3 dB over  t h e  de- 

s igned coverage, e s p e c i a l l y  i f  narrow beams are employed and 

many beams are used t o  cover an area. Thus a t  least a 3-dB 

margin is  needed f o r  t h i s  f a c t o r .  

The satel l i te  r e l a y  power output  may "age" o r  d i f f e r  i n  per- 

formance over i t s  design l i f e  t o  provide an uncompensated vari- 

a t i o n  i n  ou tpu t  power between satell i tes which could probably 

o 
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be l i m i t e d  t o  2 d B  wi thout  excess ive  des ign  c o s t .  Hence a 2- 

d B  margin could be allowed f o r  t h i s  f a c t o r .  

o The p r o b a b i l i t y  of  t h e  s i d e l o b e  peaks r a t h e r  than  average va lue  

e f f e c t i v e l y  determining t h e  i n t e r f e r e n c e  may j u s t i f y  adding a 

margin (see Sec t ion  111) t o  t h e  i d e a l  X / C  when us ing  average 

va lue  curves  t o  determine s a t e l l i t e  spacing.  This  margin should 

vary  from about 2 d B  f o r  c l o s e s t  spacing near  t h e  mainlobe t o  

0 d B  a t  g r e a t e r  than  10 t imes t h i s  spacing.  

o E a r t h - t o - s a t e l l i t e  geometry f a c t o r s  may r e q u i r e  an a d d i t i o n a l  

1 - d B  margin (see Sec t ion  111). 

o Propagat ion --- a t t e n u a t i o n a n d  f ad ing  may r e q u i r e  a margin f a c t o r  

f o r  t h i s  mode of i n t e r f e r e n c e .  However, i t  needs on ly  accommo- 

d a t e  t h e  d i f f e r e n c e  i n  a t t e n u a t i o n  and f ad ing  between t h e  wanted 

s a t e l l i t e  and the  sum of t h e  two n e a r e s t  unwanted sa te l l i t es .  

Below 10 GHz t h i s  d i f f e r e n c e  is  n e g l i g i b l e  and even a t  h igher  

f requencies  where l a r g e  a t t e n u a t i o n s  may be experienced,  t h e  

d i f f e r e n c e  i s  l i k e l y  t o  be only a very  s m a l l  f r a c t i o n  of  t h e  

t o t a l  a t t e n u a t i o n  i f  t h e  s a t e l l i t e s  are  c l o s e l y  spaced. 

o The p r o t e c t i o n  r a t i o s  r equ i r ed  f o r  t h i s  i n t e r f e r e n c e  mode can 

now be  determined by adding t h e  a p p r o p r i a t e  margin ( e .g . ,  8 dB) 

t o  t h e  inpu t  C / X  va lues  f o r  any s p e c i f i e d  system. Using t h e  

va lues  i n d i c a t e d  i n  Table 2-2 f o r  INTELSAT I11 and COMSAT'S 

P i l o t  Domestic S a t e l l i t e  proposa l  and t h e  X / C  versus  s a t e l l i t e  

spac ing  curves  of Appendix A ,  t h e  spac ing  va lues  i n d i c a t e d  i n  

Table  4-1 are obta ined .  The "parabol ic"  antenna curves were 

used,  and t h e  (D/X) v a l u e s  i n d i c a t e d  i n  Table 4-1 were assumed 

f o r  t h e  nominal antenna s i z e s  of t h e  e a r t h  r e c e i v i n g  s t a t i o n s .  

The va lues  f o r  s a t e l l i t e  spac ing  wi th  minimum C / X  RFI emphasis 

were obta ined  by adding an 8-dB margin t o  t h e  C / X  minimum f o r  

a message o b j e c t i v e  p a r t i t i o n i n g  emphasizing RFI from Table 2-2. 

With i n t e r l e a v i n g  o f  f requencies  t h e  W/B r equ i r ed  t o  achieve  

t h e  C/X minimum wi th  wh i t e  no i se  would be  a conse rva t ive  va lue .  

e 

Table  4-1 i l l u s t r a t e s  t h a t  d i f f e r e n t  s e r v i c e s  wi th  t h e  same 

s a t e l l i t e  may r e s u l t  i n  d i f f e r e n t  a l lowable  spac ings .  

p i l o t  domestic program, t h e  t runk  message service t o  the  l a r g e r  

For t h e  
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System 

antennas r e q u i r e s  a l a r g e r  spacing than TV t o  t h e  smaller an- 

tennas because of t h e  smaller bandwidth expansion used f o r  t h e  

t runk  message s e r v i c e .  

S a t e l l i t e  
RFI S a t e l l i t e  Spacing with 

RFI P r o t e c t i o n  Longi tudinal  Minimum C/X 
x/ c Ratio Spacing RFI Emphasis 

(dB) (dB) (deg) (deg) 

Table 4-1 

TV 63 Qua l i ty  I 320 1-23 I 31 1.15 0.39 

Summary f o r  t h i s  Mode of I n t e r f e r e n c e  

The c h a r a c t e r i s t i c s  of t h i s  mode of i n t e r f e r e n c e  and t h e  c o n s t r a i n t s  

i t  imposes f o r  g r e a t e s t  c a p a c i t y  may be summarized as fol lows:  

Trunk 

TV 
Me s s age 

The Ea r th  S t a t i o n s .  They should be coordinated t o  minimize d i f f e r -  

ences i n  spac ing  q u o t i e n t s .  This w i l l  e s t a b l i s h  some minimum (D/X) f o r  

a given usage. 

c i a l l y  important  i n  determining t h e  minimum s a t e l l i t e  spac ing  achievable  

and consequently t h e  t o t a l  information c a p a c i t y  of a given spectrum f o r  

synchronous s a t e l l i t e  r e l ay ing .  This mode of i n t e r f e r e n c e  i s  indepen- 

dent  of t h e  number o r  relative l o c a t i o n  of t h e  e a r t h  r e c e i v i n g  s t a t i o n s  

o r  coord ina t ion  of t h e i r  use;  i . e . ,  each r e c e i v i n g  e a r t h  s t a t i o n  needs 

t o  coord ina te  only wi th  t h e  t r a n s m i t t i n g  e a r t h  s t a t i o n  as t o  which sat- 

e l l i t e  it is  t o  use and when i t  i s  t o  use i t .  

The Communication S a t e l l i t e  System. 

U 

Making the  minimum (D/XIU as l a r g e  as p o s s i b l e  is  espe- 

The modulation p r o p e r t i e s  of 

t h e  s i g n a l s  should b e  coordinated f o r  g r e a t e s t  b e n e f i t ,  which would in- 

volve us ing  comparable bandwidth expansions and i n t e r l e a v i n g  t h e  fre- 

quencies between a d j a c e n t  satellites. Also, i n c r e a s i n g  t h e  bandwidth 

320 -42 50 5.7 0.39 
100 -25 33 4 . 1  1.25 
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expansion r a t i o  t o  enab le  t h e  use  of  t h e  smallest p r a c t i c a l  p r o t e c t i o n  

r a t i o s  w i l l  u sua l ly  permit  c l o s e r  s a t e l l i t e  spac ings  and more indepen- 

dent  beams from t h e  s a t e l l i t e  and thus  w i l l  make important  i n c r e a s e s  

p o s s i b l e  i n  t h e  t o t a l  in format ion  capac i ty  of a given spectrum f o r  syn- 

chronous s a t e l l i t e  r e l ay ing .  I n  a d d i t i o n ,  t h e  oppor tuni ty  exists f o r  

two independent systems and a l l o c a t i o n s  on two independent p o l a r i z a t i o n s  

if t h e  systems are designed t o  use  i d e a l  C / X  r a t i o s  smaller than  20 t o  

30 dB. 

The S a t e l l i t e s .  This  i n t e r f e r e n c e  mode i s  independent o f  t h e  ab- 

s o l u t e  va lue  of t h e  s a t e l l i t e  EIRP as long  as i t  dominates t h e  unwanted 

s i g n a l s .  The s a t e l l i t e  spac ing  needed i s  determined by the  spac ing  quo- 

t i e n t ,  which depends on t h e  re la t ive  va lues  of t h e  EIRPs of ad jacen t  

s a t e l l i t e s .  It is  t h e r e f o r e  most e f f i c i e n t  i n  o r b i t a l  space consump- 

t i o n  t o  o r d e r  t he  s a t e l l i t e s  s o  as t o  minimize t h e  number of  s a t e l l i t e  

ad jacenc ie s  wi th  d i f f e r e n t  spac ing  quot ien ts - - to  avoid,  as much as pos- 

s i b l e ,  i n t e r l e a v i n g  of d i s p a r a t e  s a t e l l i t e  systems i f  t h e  spac ing  quo- 

t i e n t s  f o r  t h e  s a t e l l i t e  systems s h a r i n g  a given spectrum cannot be  

s tandard ized .  The use  of high-gain antennas on board t h e  satel l i tes  

would a l low the  i s o l a t i o n  of many l i n k s  t o  e a r t h ;  t h i s  would permit  a 

f u r t h e r  important  m u l t i p l i c a t i o n  of t h e  informat ion  c a p a c i t y . o f  a given 

spectrum from each s a t e l l i t e .  It should r e q u i r e  on ly  1 dB of  margin t o  

accommodate up t o  8 pe rcen t  of t h e  nominal spac ing  of  independent vari- 

a t i o n  about ass igned  l o n g i t u d i n a l  p o s i t i o n s .  

INTERFERENCE FROM EARTH STATIONS TO SATELLITES, MODE 2 

Th i s  i n t e r f e r e n c e  mode involves  i n t e r f e r e n c e  from unwanted e a r t h  

s t a t i o n s  t o  t h e  s a t e l l i t e  r e c e i v i n g  t h e  wanted e a r t h - s t a t i o n  s i g n a l .  

Again, fo l lowing  t h e  n o t a t i o n s  and procedures  i n d i c a t e d  i n  Sec t ion  I ,  

G d2 G G 

G (4 -3 )  
Me's es Fx . s+e e' Me's e'+s',s 

-9----= - 'e' e'+s',s . - 
G e-ts , s 

'e's - 
sfe , e 2 

e e+s,s de's Fc 
P es C 

The s imple approximation is very  n e a r l y  t h e  same as Eq. (4-1) and i t  

holds  under a similar set  of cond i t ions .  However, t h e r e  i s  an important  
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d i s t i n c t i o n  i n  t h a t  t h i s  r e l a t i o n  involves  the  r a t i o  of t h e  ga ins  of sep- 

arate e a r t h - s t a t i o n  t r a n s m i t t i n g  antennas,  whereas Eq. (4-1) i nvo lves  

the  r a t i o s  of t h e  ga ins  of t he  same e a r t h - s t a t i o n  r e c e i v i n g  antenna i n  

t h e  va r ious  d i r e c t i o n s  of t h e  s a t e l l i t e s .  This d i s t i n c t i o n  w i l l  prob- 

ab ly  be of most concern i n  e s t a b l i s h i n g  margins f o r  propagat ion a t t e n -  

u a t i o n .  Since t h e  propagat ion pa ths  i n  t h e  e a r t h ' s  atmosphere w i l l  be  

q u i t e  d i f f e r e n t  f o r  t h e  i l l u m i n a t i o n s  of ad jacen t  sa te l l i t es  i n  t h i s  

case,  t he  f u l l  magnitude of t h e  p o s s i b l e  v a r i a t i o n s  i n  propagat ion a t -  

t enua t ion  must be added as a margin i n  t h e  p r o t e c t i o n  r a t i o  f o r  t h i s  

mode of i n t e r f e r e n c e .  This may mean t h a t  a s i g n i f i c a n t l y  l a r g e r  spac- 

i n g  q u o t i e n t ,  

down l i n k  i f  t h e  s a t e l l i t e  spacing is  not t o  be l i m i t e d  by t h e  up l i n k  

a t  f r equenc ie s  above 10 GHz. Most of t h e  o t h e r  c h a r a c t e r i s t i c s  d i s -  

cussed f o r  t h e  r e c i p r o c a l  i n t e r f e r e n c e  mode have a p p l i c a t i o n  t o  t h i s  

mode a l s o  and they w i l l  only be summarized he re .  

* 
o r  (D/A)U, w i l l  be r equ i r ed  i n  t h e  up l i n k  than i n  t h e  

Earth S t a t i o n s .  This  mode depends only on t h e  relative and n o t  t h e  

a b s o l u t e  va lues  of t h e  e a r t h - s t a t i o n  EIWs  as long as i t  dominates t h e  

unwanted s i g n a l s .  The e a r t h  s t a t i o n s  should be coordinated t o  minimize 

d i f f e r e n c e s  i n  spacing q u o t i e n t s .  This w i l l  e s t a b l i s h  some minimum 

(D/X) f o r  a given usage. Making t h e  minimum (D/X) l a r g e  i s  espe- 

c i a l l y  important i n  determining t h e  minimum sa te l l i t e  spacing achiev- 

ab le .  It should b e  designed s o  as t o  be compatible wi th  t h e  spacing 

determined f o r  t h e  r e c i p r o c a l  l i n k .  I n  t h e  4- and 6-GHz bands t h e  fre- 

quency of t he  up l i n k  being h ighe r  than t h e  down l i n k  provides  enough 

l a r g e r  D / X ,  u s ing  t h e  same s i z e  d i s h  t o  compensate f o r  t h e  margin allow- 

ance d i f f e r e n c e  f o r  p r e c i p i t a t i o n  a t t e n u a t i o n  i n  t h e  two cases. Thus 

compatible sa te l l i t e  spacing can be achieved f o r  both modes wi th  t h e  

same e a r t h - s t a t i o n  antenna. This  may not  b e  p o s s i b l e  f o r  o t h e r  s i t u -  

a t i o n s  invo lv ing  h i g h e r  f r equenc ie s  o r  smaller r a t i o s  of f r equenc ie s ,  

up l i n k  t o  down l i n k .  The EIRP p e r  u n i t  of bandwidth f o r  a l l  ea r th -  

s t a t i o n  t r a n s m i t t e r s  u s ing  t h e  same sa te l l i t e  t ransponder  should b e  

equa l .  The t r ansmiss ions  should be coordinated between e a r t h  s t a t i o n s  

U U 

* 
The spac ing  q u o t i e n t  i s  de f ined  i n  t h e  same way as f o r  t h e  recip-  

r o c a l  case of Eq. (4-21, except  t h a t  t h e  EIRPs involved are those  i l l u m i -  
n a t i n g  t h e  r e s p e c t i v e  sa te l l i t es  r a t h e r  than emanating from them. 
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s o  t h a t  each s a t e l l i t e  is i l l umina ted  only once wi th  t h e  f u l l  EIRP i n  

each frequency band. The t o t a l  wanted information bandwidth t r a n s m i t t e d  

t o  each sa te l l i t e  cannot exceed t h e  wanted information bandwidth r e l ayed  

back toward e a r t h .  

The Communication Sa te l l i t e  System. The system c h a r a c t e r i s t i c s  in-  

d i c a t e d  i n  t h e  summary of t h e  r e c i p r o c a l  mode a l s o  apply t o  t h i s  mode, 

i n c l u d i n g  a requirement t h a t  t h e  c h a r a c t e r i s t i c s  f o r  t h e  two modes must 

be mutually compatible.  However, t h e r e  i s  a f u r t h e r  q u a l i f i c a t i o n  on 

one f e a t u r e ,  i . e . ,  t h e  oppor tun i ty  e x i s t s  f o r  two independent systems 

and a l l o c a t i o n s  on two independent p o l a r i z a t i o n s  i f  t he  systems are de- 

s igned f o r  p r o t e c t i o n  r a t i o s  smaller than 20 t o  30 dB. I n  t h i s  ca se  i t  

is t h e  p r o t e c t i o n  r a t i o ,  i n c l u d i n g  a l l  t h e  margins ( p a r t i c u l a r l y  f o r  

propagation a t t e n u a t i o n ) ,  t h a t  i s  involved r a t h e r  than t h e  i d e a l  X / C  ra- 

t i o s ,  u n l e s s  t h e  two p o l a r i z a t i o n s  over any frequency band emanate from 

the  s a m e  e a r t h  s t a t i o n .  For the  l a t te r  s i t u a t i o n  t h e  s p e c i f i c a t i o n s  

revert  t o  those of t h e  r e c i p r o c a l  mode, i . e . ,  i nvo lv ing  i d e a l  X / C  ra- 

t i o s .  For f r equenc ie s  above 10 GHz i t  would probably not  be f e a s i b l e  

i n  most cases t o  use two p o l a r i z a t i o n s  independently on t h e  same f r e -  

quency f o r  t he  up l i n k  u n l e s s  they emanate from the  same e a r t h  s t a t i o n .  

Thus t h i s  cond i t ion  might be an a p p r o p r i a t e  s p e c i f i c a t i o n  on t h e  use o f  

two independent p o l a r i z a t i o n s .  

The S a t e l l i t e s .  The same sa t e l l i t e  c h a r a c t e r i s t i c s  as those p re -  

v ious ly  i n d i c a t e d  i n  t h e  summary of t h e  r e c i p r o c a l  mode a l s o  apply t o  

t h i s  mode, except  t h a t  t h e  wanted EIRP i l l u m i n a t i n g  a s a t e l l i t e  should 

now b e  s u b s t i t u t e d  f o r  t h e  EIRP  emanating from t h a t  s a t e l l i t e  i n  t h e  

r e c i p r o c a l  mode. 

OTHER DIRECT INTERFERENCE MODES 

The seven o t h e r  d i r e c t  i n t e r f e r e n c e  modes are less complicated and 

need less e l a b o r a t i o n  than t h e  two a l r e a d y  t r e a t e d ,  which are h igh ly  in- 

volved wi th  sa te l l i t e  spacing.  These remaining modes w i l l  b e  t r e a t e d  

very b r i e f l y ,  only by h i g h l i g h t i n g  those f e a t u r e s  which might s i g n i f i -  

c a n t l y  c o n s t r a i n  one o r  more of t h e  parameters o r  l i m i t  frequency-shar- 

i n g  ope ra t ions .  
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S a t e l l i t e - t o - s a t e l l i t e  I n t e r f e r e n c e ,  Mode 3 

The equa t ion  f o r  i n t e r f e r e n c e  mode 3 i s  

G 

G 

2 G 
( 4 - 4  1 , Ms's des Fx . s+-e,s' $ 1  xs's - - 's' s'+e,s 

'es e e+s,s ds's 2 F  c s+e , e P G  

This  mode can b e  s i g n i f i c a n t  only i f  t h e  same frequency bands are used 

f o r  both up l i n k s  and down l i n k s .  However, as w i l l  be  i n d i c a t e d  later,  

such o p e r a t i o n s  may b e  p r a c t i c a l  f o r  some f u t u r e  a p p l i c a t i o n s  and would 

double t h e  bandwidth a v a i l a b l e  i n  prime p o r t i o n s  of t h e  spectrum. A l -  

though they may no t  be c u r r e n t l y  designed t o  o p e r a t e  i n  t h i s  manner, 

i t  would be r e l a t i v e l y  s t r a i g h t f o r w a r d  t o  design t h e  sa te l l i t e  antennas 

s o  t h a t  t h i s  mode of i n t e r f e r e n c e  need n o t  l i m i t  o p e r a t i o n s  of t h i s  

type.  For example, s'+e,s G G -1 G G s+e,s' N < 10 ; sfeye N > l o 2 ;  e+s,s 2 lo5 ;  

Ps, = Pe; Msls  Fx/Fc = 2;  and xs'sIces = 10 -3 . Then dsls 5 des 4 ~ 1 1 0 ~  , 

0 o r  t h e  minimum sa te l l i t e  spac ing  could be less than 0 .1  l o n g i t u d e ,  

which i s  considerably less than the  spacing l i m i t a t i o n s  imposed by 

o t h e r  i n t e r f e r e n c e  modes f o r  t h e  f o r e s e e a b l e  f u t u r e .  Analysis  of t h e  

o t h e r  i n t e r f e r e n c e  modes w i l l  demonstrate t h a t  t h i s  mode may be d i s -  

missed without imposing c o n f l i c t i n g  c o n s t r a i n t s  on any of t h e  system 

parameters.  

I n t e r f e r e n c e  Mode 4 Between Ea r th  S t a t i o n s  

The equat ion f o r  i n t e r f e r e n c e  mode 4 i s  

G 

G 

2 .G 
(4 -5)  

- Fe' e*+s,e Mete dse Fx . e+s,e' 

2 F  &S,S c 
G 

E t  'e'e - 
' s  e ' s  s+e,e 

Again, t h i s  mode i s  of no consequence u n l e s s  t h e  same frequency bands 

are used f o r  both up l i n k s  and down l i n k s .  However, it w i l l  be  shown 

t h a t  t h i s  mode of i n t e r f e r e n c e  could b e  t o l e r a t e d  w i t h i n  t h e  c o n s t r a i n t s  
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t h a t  o t h e r  i n t e r f e r e n c e  modes w i l l  impose anyway f o r  reducing e a r t h  

s t a t i o n  EIRP and i n c r e a s i n g  sa te l l i t e  EIRP.  Thus t h i s  mode o f  i n t e r -  

f e rence  would n o t  prevent  t h e  shared use  of a given frequency band f o r  

both up l i n k s  and down l i n k s .  I n  o r d e r  t o  i l l u s t r a t e  t h i s ,  f i r s t  con- 

s i d e r  only one o t h e r  i n t e r f e r i n g  e a r t h  s t a t i o n  so  t h a t  M e8e  Fx/Fc % 1. 
5 

G r r G  > 10 ; G N > 10 ; Pet N Ps; and If e'+s,e 

'e tef'se 
spacing could b e  less than  40 km. I f  t h e  product of t h e  sa te l l i t e  

t r a n s m i t t i n g  antenna gain and the  e a r t h - s t a t i o n  r e c e i v i n g  antenna ga in  

i s  inc reased  by a f a c t o r  of t e n ,  t h i s  mode of i n t e r f e r e n c e  could b e  

t o l e r a t e d  f o r  M e t e  Fx/Fc 

40 km and a maximum i d e a l  d e n s i t y  of t h e s e  e a r t h  s t a t i o n s  i n  t h e  r e f -  

erence ground-environment model desc r ibed  i n  Sec t ion  111. 

s t r a i n t s  from t h i s  mode of i n t e r f e r e n c e  are subord ina te  t o  those which 

w i l l  be  i n d i c a t e d  f o r  modes y e t  t o  be discussed i f  some minimum e a r t h -  

s t a t i o n  spac ing  such as 40 km is  accep tab le  f o r  t h e  a p p l i c a t i o n s  under 

cons ide ra t ion .  For mobile and o t h e r  a p p l i c a t i o n s  where i t  may n o t  b e  

p o s s i b l e  t o  l i m i t  t h e  minimum t r a n s m i t t e r  and receiver s e p a r a t i o n s  i n  

t h i s  way, it may not  prove f e a s i b l e  t o  o p e r a t e  wi th  up l i n k s  and down 

l i n k s  i n  t h e  same frequency band--i.e., t h e  down l i n k  may need t o  ex- 

clude p o s s i b i l i t i e s  

ceivers i n  t h e  same frequency band. 

e+s,e' 2 IO-'; s+e,e - 
-3  10 then dele 2 dse s o  t h e  minimum e a r t h  s t a t i o n  

10 wi th  a minimum e a r t h - s t a t i o n  spac ing  o f -  

The con- 

of c l o s e  approaches between t r a n s m i t t e r s  and re- 

I n t e r f e r e n c e  from Terrestrial t o  Ea r th  S t a t i o n s ,  Mode 5 

This  i n t e r f e r e n c e  mode, i nvo lv ing  i n t e r f e r e n c e  from microwave re- 

l a y s  t o  e a r t h  s t a t i o n s ,  is  very s i m i l a r  t o  t h e  previous one between 

e a r t h  s t a t i o n s  : 

G d2 G 
ctt 't'e - - 't, t'+t,e . Mt'e sc Fx , e+s,t' 

'se s s+e,e 2 F  e t s  ,s dte  c 
G P G  

G G t h e  same minimum spac ing  could be achieved If 't' t l+t ,e  Z P e '  et-ts,e 
wi th  dte as wi th  de,e f o r  t h e  previous mode. Thus t h e  same c o n s t r a i n t s  
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on t h e  product  of t h e  sa te l l i t e  t r a n s m i t t i n g  antenna gain and the  ea r th -  

s t a t i o n  r e c e i v i n g  antenna ga in  apply f o r  t h i s  case, as do t h e  l i m i t a -  

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

I n t e r f e r e n c e  Mode 6 Between Terrestrial Microwave Relay S t a t i o n s  

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

p o t e n t i a l ,  t h e  ground geometry model desc r ibed  i n  Sec t ion  I11 f o r  max- 

imum packing d e n s i t y  of microwave r e l a y s  w i l l  b e  assumed f o r  t h i s  in- 

t e r f e r e n c e  mode. For convenience i n  i l l u s t r a t i o n  f o r  some of t h e  o t h e r  

modes, t he  minimum s e p a r a t i o n  d i s t a n c e  d between s t a t i o n s  w i l l  be  

assumed t o  b e  40 km o r  0.001 of t h e  d i s t a n c e  t o  synchronous o r b i t .  For 

t h e  maximum t h e o r e t i c a l  d e n s i t y  each s t a t i o n  has  6 n e a r e s t  neighbors a t  

spacings of 40 km. The wanted s i g n a l s  involve one o r  two of t h e s e  near- 

est neighbors while  a l l  the remaining s t a t i o n s  can c o n t r i b u t e  unwanted 

s i g n a l s  w i th  an upper bound t o  t h e  rate of accumulation of t h e s e  signals 

with d i s t a n c e  behaving as i n d i c a t e d  i n  Fig. 3-3 .  The equa t ion  desc r ib -  

i n g  t h i s  i n t e r f e r e n c e  mode is  

t t  

d2 F G 
P t f  t ' f t f  , t  , t t  x t+t,t' 

* G  
- 

G 
Ctt Pt t+t,t t+t , t 

(4 -7)  

For t h e  i d e a l  geometry and equa l  t r a n s m i t t i n g  powers t h i s  X/C i s  inde- 

pendent of t he  power ou tpu t s .  Also,  i t  i s  r e l a t i v e l y  independent of 

s e p a r a t i o n  d i s t a n c e  d as long as t h e  ho r i zon  l i m i t a t i o n s  maintain t t  
For most microwave systems such as t h e  TD-2 and t't' n e a r l y  cons t an t  M 

TH, a generous allowance would g i v e  
* 

2 
dt't Fc 

M t d t  t t  x d2 F Ctt  
(4-8)  

* 
See Sec t ion  I1 f o r  p r o t e c t i o n  r a t i o s  and Sec t ion  I11 f o r  geomet- 

r i c  f a c t o r s .  



-61- 

This means t h a t  t he  r a t i o  o f  main-beam-to-far-sidelobe antenna ga ins  

should be g r e a t e r  than 40 dB. Such a cond i t ion  can be s a t i s f i e d  f o r  

antennas wi th  G 2 30 dB and is  b e t t e r  assured t h e  l a r g e r  t h e  gain.  

Most c u r r e n t  microwave systems conse rva t ive ly  s a t i s f y  t h i s  cond i t ion .  

I n t e r f e r e n c e  Mode 7 from Earth t o  Terrestrial  S t a t i o n s  

The extreme i l l u s t r a t i o n  of t h i s  mode of i n t e r f e r e n c e  would b e  t o  

r e p l a c e  a l l  t h e  unwanted microwave r e l a y  s t a t i o n s  of t h e  model f o r  t h e  

previous mode w i t h  e a r t h  s t a t i o n s .  Then Eq. (4 -7 )  would be transformed 

t o  

G 2 F  G 
- -  'e e-+s,t Met dtt x t+t,e 

2 F  t4-t , t de t  c 
* G  G .  

E 'et - 
Ctt Pt t+t,t 

(4 -9)  

and, fol lowing Eq. ( 4 - 8 ) ,  

'e e G s , t  t G t , e  

G2 Pt 
10-8 - 

t t , t  

8 Since G = G N lo-' and G2 10 f o r  most c u r r e n t  systems i n  

t h e  bands of i n t e r e s t  , 
e s , t  t t , e  t t , t  

2 P < 10 Pt e -  

This c o n d i t i o n  can b e  s a t i s f i e d  f o r  f u t u r e  systems, and probably w i l l  

need t o  be s a t i s f i e d  anyway t o  avoid excess ive  p r e c i p i t a t i o n  scatter 

i n t e r f e r e n c e  i n  shared bands a t  h i g h e r  f r equenc ie s .  

I n t e r f e r e n c e  Mode 8 from S a t e l l i t e s  t o  Terrestrial S t a t i o n s  

Using t h e  same ground geometry as i n  modes 6 and 7 f o r  maximum 

i d e a l  d e n s i t y  of microwave r e l a y s ,  t h e  equa t ion  f o r  mode 8 becomes 
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G ' F  G 

dst  Fc 

%t dtt  x t+t,s ' s  s+e,t . . -  - -  
G 

tf t , t  G 2 
cs Xst - 
Ct t Pt t+t,t 

(4-10) 

This  mode i s  most e a s i l y  i l l u s t r a t e d  wi th  a s p e c i f i c  microwave r e l a y  

system. The TD-2 system w i l l  be  used f o r  t h i s  purpose,  and i t  w i l l  b e  

assumed t h a t  f i r s t ,  

' F  

' F  
< dtt  x 

dst c 
N 

s i n c e  t h e  p r o t e c t i o n  r a t i o  h a s  a l r eady  inc luded  a margin f o r  F sec- 

ond, t h a t  t h e  TD-2 antennas avoid p o i n t i n g  a t  synchronous o r b i t s  so  

t h a t  a t  any s i n g l e  TD-2 r e c e i v i n g  antenna,  

than  10 toward any s a t e l l i t e ,  w i l l  be  g r e a t e r  t han  1 f o r  less than  10 

s a t e l l i t e s ,  and w i l l  be  g r e a t e r  than  10 f o r  less than  100 s a t e l l i t e s ,  

C '  

G w i l l  never  be  g r e a t e r  
t"t , s 

-1 

8 s o  t h a t  M < 10;  t h i r d ,  t h a t  Pt t G t , t  = 3 x 10 w a t t s  over  a s t  t+t ,s  - 
500 MHz band; and f o u r t h ,  t h a t  (from Sec t ion  11) t h e  p r o t e c t i o n  r a t i o  

f o r  t h i s  mode i s  less than 60 dB. Then each s a t e l l i t e  E I R P  i n  t h e  500- 

MHz band (with i n t e r l e a v i n g  o f  f r equenc ie s  so as t o  be  t h e  equ iva len t  

of whi te  n o i s e )  i s  l i m i t e d  t o  

P G < 3 x l o 7  W o r  75 dBW i n  500 MHz 
s s+e,t - 

A similar e x e r c i s e  f o r  t h e  TH system y i e l d s  

P G < 10' W o r  80 dBW i n  500 MHz 
s s+e,t - 

Current  C C I R  recommendations f o r  maximum power f l u x  d e n s i t y  pro- 

duced a t  t h e  s u r f a c e  of  t h e  e a r t h  from a space  s t a t i o n  provide  a l i m i t  

equ iva len t  t o  62 t o  68 dBW f o r  the  E I R P  f o r  t h e  same cond i t ions .  
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I n t e r f e r e n c e  Mode 9 from Terrestrial S t a t i o n s  t o  Sa te l l i t e s  

The equa t ion  f o r  t h i s  i n t e r f e r e n c e  mode i s  

2 
Mts des Fx . Pt t-+t,s . ct Xts - 

dts  Fc 

G 

G 2 
- -  

‘es ’e e-ts ,s 

G 

G 
s+e t 

s+e ,e 
A (4-11) 

I n  o rde r  t o  i l l u s t r a t e  t h e  requirements on e a r t h  s t a t i o n  E I R P ,  i t  w i l l  
,. 

3 
M G  t s  s+e,t . 

* G  e e+s,s 2 ‘t t+t,s 
P G  G 

s+e e 

I f  i t  i s  s p e c i f i e d  t h a t  t h e  average va lue  of 

u n i t y  f o r  t h e  microwave r e l a y s  w i t h i n  t h e  area on the  e a r t h ’ s  s u r f a c e  

covered by t h e  s a t e l l i t e  r e c e i v i n g  beamwidth, and t h a t  less than LO 

pe rcen t  w i l l  have v a l u e s  as high as 1 0 ,  t h e  fo l lowing  c o n s t r a i n t s  are 

obtained : 

G w i l l  be  less than  t’t ,s 

G 
3 Mts s4e,t P G  e e+s,s > 1 0  G 

N 

Pt s+e ,e 
(4 -12)  

where Mts is  t h e  number of microwave r e l a y s  w i t h i n  t h e  area covered by 

G .  s4e 
6 Thqs w i t h  f u l l  e a r t h  coverage f o r  G and wi th  G = 10 , sfe ’ e’s , s 

pe/pt N > 
t h e i r  sha red  frequency band. 

f e c t  of l a r g e  s& w i t h  50-dB antenna ga in  (30 dB g r e a t e r  than f o r  f u l l  

e a r t h  coverage) only 200 microwave r e l a y s  would b e  w i t h i n  t h e  beamwidth 

f o r  maximum t h e o r e t i c a l  d e n s i t y  w i t h  a microwave r e l a y  spacing o f  40 

km. Then (P 

P w i t h  a more modest v a l u e  of G . 
t e+s , s 

M ~ ~ .  Then i f  Mts > lo3, Pe must be g r e a t e r  than Pt i n  

On t h e  o t h e r  hand, t o  i l l u s t r a t e  t h e  ef-  

9 e e s , s  e >/(I?,> 2 2 lo5 ,  so t h a t  P could b e  made equa l  t o  
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SCATTER MODES OF INTERFERENCE 

The p r e c i p i t a t i o n  sca t te r  modes of i n t e r f e r e n c e  are  t h e  most d i f -  

f i c u l t  t o  e v a l u a t e  as t o  c o n s t r a i n t s  on system design t o  m e e t  pe r fo r -  

mance o b j e c t i v e s  f o r  s a t e l l i t e  and microwave r e l a y  systems s h a r i n g  t h e  

same frequency bands. The p r i n c i p a l  reason f o r  t h i s  i s  t h a t  t h e  ex- 

pected s p a t i a l  d i s t r i b u t i o n  of p r e c i p i t a t i o n  and i t s  s t a t i s t i c s  f o r  

t h e  l o c a l i t i e s  of i n t e r e s t  are  e s s e n t i a l l y  unknown, p a r t i c u l a r l y  a t  t h e  

higher  a l t i t u d e s .  It i s  n o t  too  d i f f i c u l t  t o  parameter ize  t h e  s ca t t e r  

i n t e r f e r e n c e  i n  ways t h a t  bound t h e  e f f e c t s  s o  as t o  cons iderably  re- 

duce u n c e r t a i n t i e s ,  and t h i s  has  been done i n  Appendix C .  However, 

t h e r e  s t i l l  may be order-of-magnitude u n c e r t a i n t i e s  i n  estimates t h a t  

might be made about t h e  i n f l u e n c e  of p r e c i p i t a t i o n  s c a t t e r  i n t e r f e r e n c e  

i n  any l o c a l i t y .  

The p o t e n t i a l l y  most important geometry f o r  s i g n i f i c a n t  s c a t t e r  

i n t e r f e r e n c e  between s a t e l l i t e  and microwave r e l a y  systems i s  f o r  

coupl ing through a common volume of main-beam i n t e r s e c t i o n  as i l l u s -  

t r a t e d  i n  F igs .  1-1 and C-4. I n  t h i s  geometry t h e  microwave r e l a y  beams 

are  c l o s e  t o  t h e  ho r i zon ,  whereas s a t e l l i t e  r e l a y  beams are  l i k e l y  t o  

be a good f r a c t i o n  of 90 minus l a t i t u d e  i n  degrees  above t h e  horizon,  

and any common volume o f  i n t e r s e c t i o n  i s  a p t  t o  be cons ide rab ly  c l o s e r  

t o  the  e a r t h  s t a t i o n  than t o  the  microwave r e l a y .  

A s  a l i m i t i n g  model f o r  maximum p o t e n t i a l  oppor tun i ty  f o r  i n t e r -  

s e c t i o n s ,  cons ide r  t h e  maximum t h e o r e t i c a l  d e n s i t y  of microwave r e l a y s  

p rev ious ly  d i scussed  with a spacing of 40 km and w i t h  an  e a r t h  s t a t i o n  

s u b s t i t u t e d  f o r  one of t h e  microwave r e l a y s .  I f  t h e  microwave r e l a y s  

each have two back-to-back beams w i t h  beamwidths of 1 deg which are 

randomly o r i e n t e d  i n  azimuth, t h e i r  main beams would occupy less than  

113 of  1 pe rcen t  of  t h e  atmospheric volume a t  0.1-km a l t i t u d e  b u t  would 

occupy almost a l l  of i t  above 13-km a l t i t u d e .  The p r o b a b i l i t y  of  main- 

beam common volume f o r  a ver t ica l  e a r t h - s t a t i o n  beam would approach un- 

i t y  by an a l t i t u d e  of about 7 km (350 km t o  microwave r e l a y  s t a t i o n ) ,  

and f o r  a beam 30' above t h e  ho r i zon  by an a l t i t u d e  of about 3.5 km (240 

km t o  microwave r e l a y  s t a t i o n ) .  Thus i t  would probably be f e a s i b l e  t o  

coord ina te  s i t e  l o c a t i o n s  and beam o r i e n t a t i o n s  t o  avoid main-beam in-  

t e r s e c t i o n s  w i t h i n  two s t a t i o n  spacings s e p a r a t i o n  and below 1-km 
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a l t i t u d e .  However, beyond t h e s e  ranges and a l t i t u d e s  t h e  coord ina t ion  

t o  avoid i n t e r s e c t i o n s  i s  l i k e l y  t o  be more d i f f i c u l t  than designing 

the  systems t o  be compatible with main-beam i n t e r s e c t i o n s .  It  is wi th  

t h i s  background t h a t  t h e  s c a t t e r  i n t e r f e r e n c e  through main-beam i n t e r -  

s e c t i o n  i s  i n v e s t i g a t e d  i n  Appendix C. 

The scatter i n t e r f e r e n c e  e f f e c t s  are c a l c u l a t e d  as a f u n c t i o n  of 

r a i n  rate, s e p a r a t i o n  between s t a t i o n s ,  and frequency. Two extreme 

s p a t i a l  d i s t r i b u t i o n s  are considered: one,  t h a t  would maximize t h e  

scatter i n t e r f e r e n c e  e f f e c t s ,  assumes t h a t  t h e  r a i n  is  contained i n  t h e  

common volume of main-beam i n t e r s e c t i o n  only;  and t h e  o t h e r ,  t h a t  would 

dampen any s c a t t e r i n g  e f f e c t s  by a t t e n u a t i o n ,  assumes t h a t  t h e  r a i n  rate 

e x i s t s  throughout t h e  e n t i r e  volume. A simple procedure is  descr ibed 

i n  Appendix C which permits  i n t e r p o l a t i n g  t h e  e f f e c t s  of  any mixture  

between t h e s e  two extremes. The important  ques t ions  are: What i s  t h e  

worst  mixture  t h a t  occurs  t h e  maximum accep tab le  f r a c t i o n  of t he  t i m e  

f o r  any l o c a l i t y ?  Bow do t h e  e f f e c t s  va ry  wi th  frequency? With sta- 

t i o n  s e p a r a t i o n ?  With r a i n  ra te?  

- 

I f  an a r b i t r a r y ,  though p l a u s i b l e  assumption is  made t h a t  f o r  no 

consequent ia l  pe r iod  of t i m e  w i l l  t h e r e  e x i s t  s i g n i f i c a n t  p r e c i p i t a t i o n  

i n  a common volume of main-beam i n t e r s e c t i o n  without  t h e  presence of 

t h e  e q u i v a l e n t  of an average of a t  l eas t  1 t o  10 pe rcen t  of t he  common- 

volume r a i n  rate throughout t h e  volumes between t h e  i n t e r s e c t i o n  and 

t h e  s t a t i o n s ,  a f a i r l y  simple gene ra l  conclusion is obtained:  Attenu- 

a t i o n  dominates t h e  scatter. For i n c r e a s i n g  r a i n  rate, s t a t i o n  sepa- 

r a t i o n ,  and frequency above s m a l l  va lues  of t h e s e  parameters ,  s c a t t e r  

i n t e r f e r e n c e  has  dec reas ing  i n f l u e n c e .  

Even i f  t h e  assumption about r a i n  d i s t r i b u t i o n  does n o t  hold i n  

p r a c t i c e ,  t h e r e  appears t o  be enough leeway i n  f e a s i b l e  sa te l l i t e  aper- 

t u r e  and al lowable EIRP t o  design around t h e  scatter i n t e r f e r e n c e  prob- 

l e m  f o r  t h e  denses t  s h a r i n g  environment w i t h  40-km spacing between 

microwave r e l a y s .  However, experimental  d a t a  are needed t o  b e t t e r  

e s t a b l i s h  t h e  design s p e c i f i c a t i o n s  t h a t  w i l l  ensu re  t h e  compatible 

s h a r i n g  of t h e  spectrum as cons t r a ined  by scatter i n t e r f e r e n c e  i n  a 

p a r t i c u l a r  l o c a t i o n .  
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There is  some r i s k  of t h e  momentary e f f e c t s  of s c a t t e r  i n t e r f e r -  

ence from f o r e i g n  o b j e c t s  ( b i r d s ,  a i r c r a f t ,  e t c . )  i n  t h e  common volume 

of main-beam i n t e r s e c t i o n .  By coord ina t ing  s i t i n g  t o  avoid low-a l t i t ude  

6 300 m) common volumes, t h e  r i s k  from b i r d s  and most f r equen t  small 

o b j e c t  i n t e r c e p t i o n s  can be c o n t r o l l e d .  To minimize t h e  b r i e f  high- 

l i g h t i n g  e f f e c t s  of l a r g e  a i r c r a f t  which could be troublesome out t o  

ranges as g r e a t  as 40 km, t h e  e a r t h  s t a t i o n s  should be loca ted  t o  avoid 

i n t e r c e p t i n g  t h e  bus i e r  a i r  l anes .  

COMBINED EFFECTS OF INTERFERENCE FROM ALL MODES 

The c o n s t r a i n t s  on t h e  system parameters f o r  t o l e r a b l e  i n t e r f e r -  

ence i n  each i n t e r f e r e n c e  mode have been determined, a l lowing t h e  con- 

servative p r o t e c t i o n  r a t i o s  f o r  terrestrial  microwave r e l a y s  t h a t  are 

used i n  c u r r e n t  p r a c t i c e .  

t h e  p r o t e c t i o n  r a t i o  assumed f o r  determining parameter c o n s t r a i n t s  w a s  

30 dB, which is about 10 dB g r e a t e r  than i s  needed f o r  l a r g e  bandwidth 

expansion r a t i o s  and conse rva t ive  margin allowances.  With t h e s e  as- 

sumptions t h e  combined e f f e c t s  of i n t e r f e r e n c e  from a l l  modes may be 

i n t e r p r e t e d  as fol lows.  Modes 1 and 2 involve only t h e  s a t e l l i t e  and 

e a r t h - s t a t i o n  system. Inc reas ing  c a p a c i t y  b e n e f i t s  can be de r ived  f o r  

i nc reased  (D/X)e, f o r  i nc reased  RTC and bandwidth expansion, and f o r  

i nc reased  (D/A) . It  w i l l  a l s o  be advantageous f o r  achieving g r e a t e r  

c a p a c i t y  t o  use each frequency band independently on two p o l a r i z a t i o n s  

and f o r  both up l i n k s  and down l i n k s .  The coord ina t ion  and s t a n d a r d i -  

z a t i o n  of t h e  o r b i t a l  and spectrum usage w i l l  a l s o  g r e a t l y  enhance t h e  

b e n e f i t s  t h a t  can be der ived.  Mode 3 p r i m a r i l y  involves  t h e  s a t e l l i t e s  

which can e a s i l y  be designed t o  make t h i s  i n t e r f e r e n c e  mode of no con- 

sequence. 

p a r a b l e  wi th  P i n  i t s  bandwidth and consequently i n c r e a s i n g  t h e  

s a t e l l i t e  a p e r t u r e s .  Mode 6 invo lves  only t h e  microwave r e l a y s ,  and 

convent ional  design p r a c t i c e  uses l a r g e  enough G t o  conse rva t ive ly  

t ake  care of t h i s  problem. Modes 8 and 9 r e q u i r e  coord ina t ion  of t h e  

p o i n t i n g  of microwave r e l a y  antennas t o  avoid d i r e c t i o n s  of synchronous 

satell i tes.  

For t h e  sa te l l i t e  r e l a y s  and e a r t h  s t a t i o n s ,  

S 

Modes 4 ,  5 ,  and 7 are b e s t  handled by reducing Pe t o  be com- 

t 

t t  

Mode 9 may a l s o  r e q u i r e  a c o n f l i c t i n g l y  l a r g e  va lue  of Pe 
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un les s  l a r g e r  a p e r t u r e s  than  f o r  e a r t h  coverage are used on t h e  satel-  

l i t es .  With t h e  p o i n t i n g  coord ina t ion  of  microwave r e l a y  antennas as- 

sumed f o r  modes 8 and 9 ,  cons iderably  l a r g e r  EIRPs could b e  allowed p e r  

s a t e l l i t e  than  c u r r e n t  C C I R  recommendations wi thou t  changing t h e  n o i s e  

o b j e c t i v e s  o r  system des ign  of microwave r e l a y  p r a c t i c e .  

ence from sca t te r  modes can be  most e a s i l y  a l l e v i a t e d  by i n c r e a s i n g  sat- 

e l l i t e  EIW and decreas ing  e a r t h - s t a t i o n  t r a n s m i t t i n g  power. However, 

more exper imenta l  d a t a  are needed t o  s p e c i f y  system des ign  t h a t  w i l l  

ensure  adequate  performance i n  t h e  presence of  sca t te r  i n t e r f e r e n c e .  

Thus, most of t h e  burden of accommodation t o  an i n t e n s e  s h a r i n g  

between microwave r e l a y s  and s a t e l l i t e  r e l a y s  wi th  both  up l i n k s  and 

down l i n k s  i n  t h e  s a m e  frequency bands rests on t h e  des ign  of  t h e  sat- 

e l l i t e  r e l a y  system. The i n d i c a t e d  d i r e c t i o n s  of change t o  relieve t h e  

i n t e r f e r e n c e  problems ( inc reased  s a t e l l i t e  a p e r t u r e  and E I F P ,  i nc reased  

RTC and bandwidth expansion,  and decreased e a r t h - s t a t i o n  t r a n s m i t t i n g  

power) a l s o  tend t o  i n c r e a s e  t h e  t o t a l  system c a p a c i t y  and should t h e r e -  

f o r e  be  l o g i c a l  long-term goa l s  anyway. 

The i n t e r f e r -  

The s i n g l e  important  c o n s t r a i n t  imposed on t h e  microwave r e l a y s  i s  

t h a t  of po in t ing  coord ina t ion  t o  avoid t h e  d i r e c t i o n s  of synchronous 

o r b i t s .  The coord ina t ion  ind ica t ed  seems about t h e  minimum accep tab le  

and could be evolved g r a d u a l l y  w i t h  t h e  bui ldup  of a l l  t h e  systems.  It  

does not  seem t o  be  an excess ive  requirement f o r  t h e  g r e a t  b e n e f i t s  t h a t  

could be de r ived  w i t h  t h e  coord ina ted  s h a r i n g  of t h e  spectrum. This  

po in t ing  coord ina t ion  should not  be  hard t o  accommodate a t  low through 

m i d - l a t i t u d e s .  However, as ind ica t ed  i n  Appendix B ,  a t  l a t i t u d e s  above 

60°, t h e  excluded d i r e c t i o n s  become s o  l a r g e  t h a t  i t  may n o t  b e  f e a s i b l e  

t o  implement a s p e c i f i c  requirement f o r  microwave r e l a y s  wi th  t h e  co-  

o r d i n a t i o n  r e s t r i c t i o n s .  I n  these reg ions  i t  may be  necessary  t o  choose 

between microwave sa te l l i t e  r e l a y s  f o r  a system o p e r a t i n g  a t  t h e  

shared  f requencies .  
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V. FREQUENCY-SHARING POTENTIAL OF SYNCHRONOUS ORBITS 

The most beneficial utilization of every portion of the available 

spectrum will ultimately be needed to satisfy the demands for this 

limited (though nondepleting) resource. Each portion of the spectrum 

has different characteristics which must be exploited with hardware 

whose performance and cost is frequency dependent. This section will 

examine the dependence of low-noise and output devices on frequency 

and explore the potential spectrum needs for various types of service. 

Then illustrative sharing possibilities will be presented that match 

the long-term potential needs to the beneficial use of the character- 

istics of the various portions of the spectrum. 

J- 

DEPENDENCE OF LOW-NOISE AND OUTPUT DEVICES ON FREQUENCY" 

The equivalent noise temperature of low-noise devices and the 

efficiency of power output devices degrade gradually with increasing 

frequency over the 0.1 to 10 GHz range and only somewhat more rapidly 

in the 10 to 100 GHz range. Power output above 10 GHz tends to fall 

approximately as 1/f2 for most solid-state devices. 

exception, of course, is the transistor, which has a transition region 

at about 2 to 4 GHz and has little merit above 10 GHz as either a low- 

noise amplifier or as an output amplifier due to the limitations of 

current technology. 

The important 

Current low-noise devices such as microwave transistor, tunnel 

diode, and uncooled parametric amplifiers are sophisticated and costly, 

but they can become commonplace and inexpensive via current laboratory 

technology for fabricating microwave hybrid integrated circuits if an 

application justifying high-volume production were to develop. Thus, 

although a single uncooled parametric amplifier at 4 to 10 GHz currently 
sells for about $4500 to $13,000 including the pump source, integrated 

units selling for $500 to $700 now appear feasible at the 100 to 500 
quantity level, and units selling for $10 to $50 may become feasible at 
the 10 million unit level. 

Jx 
See Appendix D for details. 



-69-  

Despi te  t h e  c u r r e n t l y  low c w  power output  of 0 .1  t o  10 W f o r  

IMPATT, Gunn, and LSA devices  around 10 GHz, they  a l r eady  cha l l enge  

v a r a c t o r - m u l t i p l i e r  cha ins  and have e c l i p s e d  t h e  tunne l  diode o s c i l l a t o r .  

I n j e c t i o n  locking provides  ga ins  of 10 t o  30 dB as t h e  locking range 

o r  frequency d e v i a t i o n  decreases  from 100 t o  5 MHz. Techniques f o r  

s t ack ing  d iodes ,  f o r  forming ser ies-paral le l  a r r a y s  on a c h i p ,  and f o r  

hybr id  combining o f f e r  i nc reased  o u t p u t s  of from 2 t o  64 t i m e s  t h a t  of  

t h e  s i n g l e  dev ice  wi th  l i t t l e  l o s s  i n  e f f i c i e n c y .  Thus s o l i d - s t a t e  de- 

vices may d i s p l a c e  many t r a v e l i n g  wave tubes  (TWTs) w i t h i n  a few y e a r s  

f o r  space  a p p l i c a t i o n s .  However, TWTs can make a v a i l a b l e  k i l o w a t t s  of  

microwave power from 2 t o  100 GHz by hybr id  o r  space  combining. The 

o v e r a l l  e f f i c i e n c y  of TWT a m p l i f i e r s  d e c l i n e s  from a t y p i c a l  va lue  of  

about 25 t o  35 pe rcen t  a t  2 GHz t o  about 1 2  t o  1 7  pe rcen t  a t  100 GHz. 

Such a slow dec rease  i s  n o t  o p t  t o  dominate t h e  cho ice  o f  f requency.  

I f  t h e r e  i s  only a s m a l l  frequency dependence of t h e  c o s t  of low- 

n o i s e  p r e a m p l i f i e r s  ( a s  p o s t u l a t e d  i n  Appendix D ) ,  then even tua l ly  

n e i t h e r  a v a i l a b i l i t y ,  nor  performance, nor c o s t  i s  a p t  t o  determine 

t h e  cho ice  of  f r equenc ie s  i n  t h e  range  0.1 t o  100 GHz f o r  advanced 

communication s a t e l l i t e  systems. 

REQUIREMENTS FOR A VARIETY OF TYPES OF SERVICE 

The most demanding a p p l i c a t i o n s  wi th  r e spec t  t o  outage s e e m  t o  be 

f o r  t runk  l i n e  carrier services. The requirements  f o r  t h e s e  services 

could most e a s i l y  b e  s a t i s f i e d  (from a propagat ion  s t andpo in t )  w i th  

spectrum below about 15 GHz f o r  s a t e l l i t e  l i n k s .  It should be p o s s i b l e  

t o  use  common shared frequency bands f o r  both up and down s a t e l l i t e  

l i n k s ,  even though d i f f e r e n t  antennas o r  s a t e l l i t e s  would be r equ i r ed  

f o r  t h e  up and t h e  down l i n k s  on t h e  s a m e  frequency. However, t h i s  

would be f e a s i b l e  only  f o r  a p p l i c a t i o n s  where some minimum sepa ra t ion  

of t e rmina l s  could be s p e c i f i e d  and c o n t r o l l e d .  It would no t  be prac-  

t i c a l  f o r  many mobile uses  o r  f o r  t h e  d e n s i t y  of usage t h a t  might be 

involved i n  r ece iv ing  broadcas t .  These l a t t e r  a p p l i c a t i o n s  could bes t  

be  s a t i s f i e d  wi th  one-way usage,  and such usage could be shared by a l l  

s a t e l l i t e  r e l a y  serv ices- -mobi le ,  f i xed ,  and broadcas t ;  however, pu re ly  

t e r r e s t r i a l  s e r v i c e s  involv ing  t r a n s m i t t e r s  - and r e c e i v e r s  on t h e  same 
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f r equenc ie s  without minimum s e p a r a t i o n  r e s t r i c t i o n s  should be excluded 

f o r  e f f i c i e n t  use o f  t hese  bands. 

The g r e a t e s t  need f o r  s e r v i c e s  with u n r e s t r i c t e d  t e rmina l  separa-  

t i o n s  a l s o  involves  t h e  sma l l e s t  antenna s i z e s .  Mobile systems have 

mechanical a p e r t u r e  s i z e  l i m i t a t i o n s  f o r  o p e r a t i o n ,  and broadcast  re- 

c e i v e r s  f o r  homes would r e q u i r e  small a p e r t u r e s  i n  o rde r  t o  be economi- 

c a l l y  f e a s i b l e  f o r  so many r e c e i v e r s .  Since t h e  t o t a l  g l o b a l  system 

c a p a c i t y ,  as l i m i t e d  by s a t e l l i t e  spac ing ,  depends on the  diameter  i n  

wavelengths of t he  e a r t h  t e rmina l  antennas,  t he  g r e a t e s t  p o t e n t i a l  ca- 

p a c i t y  f o r  a given bandwidth, as w e l l  as f o r  l a r g e r  bandwidths, can b e  

obtained by choosing as s h o r t  a wavelength as i s  p r a c t i c a l .  Also most 

of t h e s e  a p p l i c a t i o n s  are less demanding on service c o n t i n u i t y  than 

t runk  l i n e  c a r r i e r  a p p l i c a t i o n s ,  and can b e t t e r  t o l e r a t e  t h e  propaga- 

t i o n  degrada t ions  t h a t  may be experienced a t  t h e s e  h ighe r  f r equenc ie s .  

There i s  a f u r t h e r  requirement f o r  most mobile a p p l i c a t i o n s ,  which 

i s  t o  be a b l e  t o  p o i n t  t h e  antenna t o  accommodate r a p i d  v e h i c l e  a t t i t u d e  

changes. A t  t h e  h ighe r  f r equenc ie s  a given adequate a p e r t u r e  s i z e  (e .g . ,  

1-m diameter)  becomes f a i r l y  d i r e c t i v e ,  n e c e s s i t a t i n g  a r a p i d  p o i n t i n g  

o r  t r a c k i n g  c a p a b i l i t y ,  whereas a t  very low f r equenc ie s  (e.g. ,  500 t o  

1000 MHz) t he  same a p e r t u r e  s i z e  r e q u i r e s  very l i t t l e  p o i n t i n g .  Th i s  

d i f f e r e n c e  between us ing  t h e  two extremes i n  frequency i s  f u r t h e r  ac- 

centuated i f  a nav iga t ion  system is  included which r e q u i r e s  simultaneous 

l i n k i n g  wi th  a number of sa te l l i tes  i n  d i f f e r e n t  d i r e c t i o n s .  The tech- 

n i c a l  problem of doing t h i s  economically i n  t h e  near t e r m  i s  much more 

formidable a t  t h e  h i g h e r  than a t  t h e  lower f r equenc ie s .  I f  i t  proves 

t e c h n i c a l l y  f e a s i b l e  t o  superimpose down l i n k s  on c u r r e n t  a l l o c a t i o n s  

i n  t h e  range 470 t o  960 MHz without  r e s t r i c t i n g  o r  i n t e r f e r i n g  w i t h  t h e  

a p p l i c a t i o n s  of e x i s t i n g  a l l o c a t i o n s ,  t h i s  p o r t i o n  of t h e  spectrum w i l l  

seem extremely a t t ract ive f o r  many mobile,  b roadcas t ,  and a u s t e r e  termi- 

n a l  a p p l i c a t i o n s .  

By us ing  l a r g e  bandwidth expansions i t  should be p o s s i b l e  t o  pro- 

v i d e  adequate s i g n a l  s t r e n g t h  f o r  t h e  d e s i r e d  message q u a l i t y  without  

an observable  e f f e c t  on convent ional  TV r e c e p t i o n .  For the o p p o s i t e  

problem of r e j e c t i n g  s t r o n g  l o c a l  TV s i g n a l s ,  adap t ive  a r r a y s  wi th  

small numbers of elements appear t o  o f f e r  a ve ry  promising approach. 4& 
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ILLUSTRATIVE SHARING POSSIBILITIES 

There are many ways i n  which the  s p e c t r u m  might b e  p a r t i t i o n e d  and 

shared t o  provide enormous communication capacities. The purpose of  

t h i s  i l l u s t r a t i o n  i s  t o  show one way i n  which i t  might be done w i t h  

minimal jeopardy t o  ves ted  pract ice ,  provid ing  many t i m e s  the c a p a c i t y  

c u r r e n t l y  used o r  p ro jec t ed  f o r  t h e  f o r e s e e a b l e  needs. 

I n  t h r e e  p o r t i o n s  of t he  spectrum below 15 GHz (3400 t o  4990 MHz, 

5725 t o  8500 MHz, and 10.7 t o  15.35 GHz), t he re  i s  7.6 GHz of  spectrum 

c u r r e n t l y  a l l o c a t e d  t o  f i x e d  and mobile o r  t o  communication s a t e l l i t e  

se rv ices .  Th i s  i s  t h e  p r i m e  p o r t i o n  of  t h e  spectrum most s u i t a b l e  f o r  

t runk  l i n e  carrier s e r v i c e s .  It could be exp lo i t ed  most advantageously 

by sha r ing  i t  between f i x e d  and both  up and down l i n k  communication sat- 

e l l i t e  s e r v i c e s .  I f  system des igns  allowed f o r  t o l e r a b l e  i n t e r f e r e n c e  

as p rev ious ly  i n d i c a t e d ,  i t  should be p o s s i b l e  t o  use  t h i s  s p e c t r u m  on 

two independent p o l a r i z a t i o n s ,  and i f  high-gain s a t e l l i t e  antennas are 

used, t he  spectrum c a p a c i t y  could be  m u l t i p l i e d  aga in  many times by 

independent beam p o s i t i o n s  f o r  each s a t e l l i t e .  I n  a d d i t i o n ,  the number 

of sa te l l i t es  t h a t  could be used independent ly  would be p ropor t iona l  t o  

the equ iva len t  s i z e  of t h e  smallest e a r t h  antenna using those  s a t e l l i t e s .  

I f  a p p l i c a t i o n s  involv ing  q u i t e  d i f f e r e n t  e a r t h  antenna s i z e s  are con- 

templated,  i t  would be  more e f f i c i e n t  t o  s e p a r a t e  them by sa te l l i t e ,  f r e -  

quency, and/or p o l a r i z a t i o n  so as not  t o  l i m i t  t h e  spac ings  of t h e  satel- 

l i t e s  used by t h e  l a r g e r  e a r t h  antennas.  For example, i f  t he  up and t h e  

down f r equenc ie s  were reversed  between the  a p p l i c a t i o n s  w i t h  e a r t h  antennas 

of d i f f e r e n t  s i z e ,  t h e  satel l i tes  f o r  t he  two a p p l i c a t i o n s  could be spaced 

independent ly .  It i s  es t imated  that  a margin f o r  propagat ion  a t t e n u a t i o n  

of  10  t o  15 dB might be r equ i r ed  a t  15 GHz t o  ensure  a g a i n s t  system p e r -  

formance degrada t ion  0.01 pe rcen t  of t h e  t i m e  i n  greas of moderately high 

p r e c i p i t a t i o n .  
"PI' 

The remaining p o r t i o n s  of t he  spectrum that  might be  shared by sat- 

e l l i t e  r e l a y s  i n  t h i s  i l l u s t r a t i o n  would involve  one-way usage f o r  a l l  

types of sa te l l i t e  r e l a y  service--mobile ,  f i x e d ,  and broadcas t .  The 

down l i n k  f o r  one band might be from 470 to  960 MHz w i t h  t h e  correspond- 

ing  up l i n k s  i n  t h e  frequency r eg ion  between 1430 and 2300 MHz. Th i s  
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arrangement could accommodate, f o r  example, 120 MHz f o r  air mobile,  120 

MHz f o r  l a n d  mobile,  and 250 MHz f o r  d i r e c t  broadcast  o r  o t h e r  a u s t e r e  

e a r t h  antenna a p p l i c a t i o n s .  Each o f  t h e s e  p o r t i o n s  could be used inde- 

pendently on two p o l a r i z a t i o n s .  The p r i n c i p a l  r e u s e  of t h e  spectrum i n  

t h i s  case might b e  accomplished by using l a r g e  antenna g a i n s  on t h e  

satell i tes t o  i s o l a t e  communications t o  d i f f e r e n t  areas a t  t h e  e a r t h  

t e rmina l s .  There would be ve ry  l i t t l e  dependence on i s o l a t i o n  by e a r t h  

antennas f o r  sa te l l i t e  spacing,  i .e.,  t h e  number of sa te l l i tes  would be 

determined by t h e  t o t a l  power and coverage needed and t h e i r  o r b i t a l  l oca -  

t i o n s  would no t  be cr i t ical .  

I n  a d d i t i o n ,  between 17 and 50 GHz (17.7 t o  23 GHz, 25.25 t o  31.3 

GHz, and 36 t o  50 GHz) t h e r e  i s  a t o t a l  of more than  25 GHz of spectrum 

c u r r e n t l y  a l l o c a t e d ,  p r i m a r i l y  t o  f i x e d  and mobile s e r v i c e s  , o r  unal lo-  

ca t ed  t h a t  might be p a r t i t i o n e d  i n t o  exc lus ive  sa te l l i t e  up and down 

bands f o r  a l l  k inds  of sa te l l i t e  s e r v i c e ,  i nc lud ing  f i x e d ,  a i r  and l and  

mobile, and d i r e c t  broadcast .  Space d i v e r s i t y  f o r  f i x e d  services may 

provide adequate  system performance t o  m e e t  t r unk  l i n e  carrier o b j e c t i v e s  

f o r  sa te l l i t e  r e l a y  i n  bands between 17 and 50 GHz w i t h  margins of 10 t o  

30 dB f o r  propagat ion a t t e n u a t i o n .  For air and land mobile and d i r e c t  

b roadcas t ,  v e r s a t i l e  d i r e c t i o n  d i v e r s i t y  w i t h  sa te l l i t e  redundancy may 

a l s o  provide adequate system performance f o r  t h e s e  systems i n  the  same 

bands w i t h  margins of 1 0  t o  30 dB f o r  propagat ion a t t e n u a t i o n .  

And f i n a l l y ,  above 80 GHz (80 t o  100 GHz, 130 t o  160 GHz, and 200 

t o  300 GHz),  t h e r e  i s  150 GHz of spectrum t h a t  i s  c u r r e n t l y  unal located 

and t h a t  might be p a r t i t i o n e d  i n t o  exc lus ive  synchronous satel l i te  up 

and down bands f o r  a l l  k inds  of sa te l l i te  s e r v i c e .  It would seem most 

a p p r o p r i a t e ,  however, t o  emphasize t h e  use o f  t h e s e  l a t te r  bands w i t h  

aircraft  o r  satellites above much o f  t h e  atmosphere. 

A l l  of  t h e  one-way bands above 17  GHz could be used independently 

on two p o l a r i z a t i o n s ,  could provide adequate i s o l a t i o n  t o  permit  c l o s e  

spacing of sa te l l i tes  w i t h  v e r y  modest phys i ca l  s i z e  e a r t h  terminal  an- 

t ennas ,  and would permit  f u r t h e r  spectrum m u l t i p l i c a t i o n  wi th  high-gain 

(though p h y s i c a l l y  s m a l l )  antennas on t h e  satellites. Thus, t h e r e  i s  an 

enormous p o t e n t i a l  c a p a c i t y  a v a i l a b l e  a t  t h e  higher  f r e q u e n c i e s  f o r  

a p p l i c a t i o n s  t h a t  can  accep t  o r  avoid t h e  e f f e c t s  of l a r g e  atmospheric 

a t t e n u a t i o n s  t h a t  may occur .  
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Appendix A 

REFERENCE ANTENNAS AND THE EFFECTS OF SATELLITE SPACING 

The earth-station antenna is particularly important in determining 

the amount of interference that is received from unwanted satellites, and 

hence in determining the satellite spacing needed to limit the interfer- 

ence to any specified value. 

and many illuminations for most types. In order to illustrate the range 

of performances potentially available, typical patterns for a variety of 

conventional antennas are defined as reference antenna patterns. Then the 

performances of these antennas are illustrated in terms of interference- 

to-signal ratios as a function of satellite spacing. Finally, the poten- 

tial performance of adaptive arrays is illustrated under various conditions 

to demonstrate some of the attractive features of this unconventional type 

of antenna. 

There are many possible types of antennas 

CONVENTIONAL ANTENNA PATTERNS 

The reference antenna patterns chosen are illustrated in Figs. A-1 

through A - 4 ,  where the power relative to the maximum on the main-beam axis 

is plotted as a function of the angle away from the axis. The mathematical 

form for the power pattern is usually a function of u = (rrD/h) sin 8 ,  where 
D is the antenna diameter, 1 is the wavelength, and 9 is the angle from 

the axis. When it is of this form, a universal power pattern can be con- 

structed as a function of u for any D/X.  

not of this form; nor are the errors or boundary corrections for any of the 

patterns, so they have been illustrated for a range of values of D/h. In 

order to use the illustrated patterns for arbitrary desired D/X, the pat- 

tern with the nearest D/X may be selected and the e values multiplied by 
the ratio of the illustrated to the desired D/X. This will give adequate 

accuracy for most applications except where "errors" or limitations below 

isotropic are involved. 

to D/I  interpolation errors, which increase with the difference between 

the desired and illustrated D/X.  

However, the CCIR reference is 

The CCIR patterns will of course always be subject 
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The "parabol ic"  r e f e r e n c e  p a t t e r n  i l l u s t r a t e s  what could be consid- 

e r e d  as t y p i c a l  o f  a c i r c u l a r  p a r a b o l i c  r e f l e c t o r  antenna,  w i t h  an  i l l u -  

minat ion f a l l i n g  t o  0.25 power a t  t h e  p e r i m e t e r  and a 10-percent  blockage 

f a c t o r .  The curve r e p r e s e n t s  t he  average va lue  of t h e  s i d e l o b e s  by drop- 

ping i n  s t e p s  through the  f i r s t  t h r e e  s i d e l o b e s  and then  as l / u 3  through 

t h e  remainder of t he  s i d e l o b e s  through p o i n t s  3 dB below t h e  peaks of a l l  

t h e  s i d e l o b e s .  This r e fe rence  antenna,  w i t h  an e f f i c i e n c y  of 60 t o  70 

p e r c e n t ,  has a p a t t e r n  l i m i t e d  a t  wide ang le s  t o  about 8 dB below i s o t r o p i c .  

The "uniform" r e fe rence  p a t t e r n  i s  t h a t  of a uniformly i l l umina ted  

c i r c u l a r  a p e r t u r e .  It  s t e p s  through t h e  f i r s t  s i d e l o b e  and then  f a l l s  

as l / u 3  through t h e  remainder of t h e  s i d e l o b e s  through p o i n t s  3 dB below 

the peaks of a l l  t h e  s ide lobes ;  i t  thus  r e p r e s e n t s  t h e  average va lue  of 

the s ide lobes .  The "e r ro r "  curve shows t h e  e f f e c t s  of an  average 20 pe r -  

cent r m s  e x c i t a t i o n  e r r o r  on each element of a l a r g e  a r r a y  wi th  uniform 

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

The "Taylor 40 dB-5" r e f e r e n c e  p a t t e r n  (1'2) r e p r e s e n t s  t h e  prac- 

t i ca l  l i m i t  of c u r r e n t  antenna technology f o r  l o w  s ide lobes .  This  model 

i s  designed t o  l i m i t  t he  f i r s t  f i v e  s ide lobe  peaks t o  40 dB below t h e  main 

beam. The r e fe rence  p a t t e r n  r e p r e s e n t s  t h e  average value of t h e  s i d e -  

lobes.  It i s  f l a t  a t  43 dB below t h e  main beam through t h e  f i r s t  f i v e  

s i d e l o b e s  and then  f a l l s  as l / u  

maining s i d e l o b e s .  The "e r ro r "  curve a g a i n  r e p r e s e n t s  t h e  e f f e c t s  o f  an 

average 20-percent rms e x c i t a t i o n  e r r o r  on each element of a l a r g e  a r r a y  

designed f o r  t h i s  p a t t e r n .  

3 through t h e  average va lue  of t h e  re- 

The " l inea r "  r e f e r e n c e  model r e p r e s e n t s  a uniformly i l l umina ted  
2 l i n e  source.  It s t e p s  through t h e  f i r s t  s i d e l o b e  and then  f a l l s  as l / u  

through the  average va lue  of a l l  t h e  s i d e l o b e s .  

The f i n a l  r e f e r e n c e  model i s  the  C C I R  s t anda rd  f o r  i n t e r f e r e n c e  cal-  

c u l a t i o n s .  

to  i s o t r o p i c ,  w i t h  a lower l i m i t  of 10 dB below i s o t r o p i c .  Since a l l  our 

r e fe rence  p a t t e r n s  a r e  given r e l a t i v e  t o  t h e  maximum along t h e  a x i s  of 

t he  main beam, the C C I R  antenna p a t t e r n  i s  somewhat i n c o n s i s t e n t  and does 

no t  s c a l e  ve ry  w e l l  w i t h  the o t h e r  p a t t e r n s .  It  i s  probably ve ry  conser- 

v a t i v e  over most of i t s  range and r e p r e s e n t s  an  e m p i r i c a l  envelope of t h e  

s i d e l o b e s  f o r  some low-noise antennas.  

This  s t anda rd  is  given as G = 32 - 25 log  0 (dB), w i t h  r e s p e c t  
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SATELLITE INTERFERENCE USING CONVENTIONAL EARTH-STATION ANTENNAS 

The interference-to-signal ratios X/C with the reference antenna 
patterns were computed using the reference earth-satellite geometry model. 

This assumes an earth station at 45O latitude with its antenna axis pointed 

at the wanted satellite on the same meridian. The interference is from a 

full ring of synchronous equatorial satellites at uniform longitudinal 

spacing. All satellites are assumed to have the same EIRP in any given 
bandwidth in the direction of the earth station, but only those satellites 

above the local horizon are assumed to contribute interference. The re- 

sults of these computations for the reference antenna patterns of Figs. 

A - 1  through A-4 are given in Figs. A-5 through A - 8 .  Further interpretation 

of  the interference computations for conventional antennas is made in Sec- 

tion IV. 

INTERFERENCE DISCRIMINATION WITH ADAPTIVE ARRAYS 

It has been shown that feedback circuitry like that in Fig. A-9 can 
adjust the complex weights of the elements of an array to give very nearly 

the best possible signal-to-interference ratio for any configuration of 

elements and interfering sources. ( 3 ’ 4 )  Because the adjusting signal is 

derived from the output and fed back to the input, an adaptive array not 

only seeks the optimum illumination function but also corrects what other- 

wise might be its own element-spacing errors, making near optimum perform- 

ance possible without precise antenna design or construction. 

wish to know then: 

One may 

o How well can an adaptive array perform? 

o What are its limitations? 

o How practical is it to implement? 

To answer the first question, a computer program was written to find 

the optimum performance for various arrays with interfering satellites 

arranged as indicated in the reference geometry. The results are illus- 

trated in Fig. A - 1 0 .  

nal was assume to limit the attainable C/X at about the limit of computer 
accuracy. 

a square array adaptive in the plane of the satellites but with a fixed 

Internal receiver noise 70 dB below the wanted sig- 

Solid lines show the effect of a diffusely reflecting earth on 
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uniform i l l u m i n a t i o n  i n  t h e  o t h e r  dimension. The dashed l i n e s  are f o r  

a l i n e a r  a r r a y  without  r e f l e c t i o n .  For comparison, t h e  performance of 

t h e  Taylor 40 dB-5 w i t h  a D / h  = 10 i s  a l s o  shown. 

width adapt ive-array cases are considerably b e t t e r ,  as would b e  expected. 

Many o t h e r  cases were examined, and i t  w a s  found t h a t  t h e  no-reflec- 

The narrower band- 

t i o n  antenna p a t t e r n s  d i d  no t  vary more than  a few dB wi th  wide changes 

i n  e a r t h - s t a t i o n  l a t i t u d e ,  and t h a t  t h e  curves f o r  va lues  of D/A from 5 

t o  100 were ve ry  c l o s e  t o  t h e  n o - r e f l e c t i o n  curves i n  Fig.  A-10 when t h e  

spacing scale w a s  normalized by mul t ip ly ing  by 10 A/D. 

i n d i c a t e  what could be achieved ove r  a wide range of D/A va lues .  

Thus t h e s e  curves 

The r e s u l t s  i n  Fig.  A-10 assumed t h a t  t he  d e s i r e d  s a t e l l i t e  w a s  i n  

a d i r e c t i o n  pe rpend icu la r  t o  t h e  a r r a y .  E l e c t r o n i c a l l y  s t e e r i n g  t o  o f f -  

a x i s  sa te l l i tes  would cause a degradat ion due t o  e f f e c t i v e  antenna shorten- 

ing.  E s t i m a t e s  of t h e  degradat ion can be made by assuming t h a t  t h e  e f f e c t i v e  

D/X i s  (D/X)cos 8 ,  where 8 is  t h e  o f f - a x i s  angle  of t h e  d e s i r e d  s a t e l l i t e .  

A s tudy of the behavior of t h e s e  adap t ive  a r r a y s  i n d i c a t e s  t h a t  when 

t h e  number of s a t e l l i t e s  v i s i b l e  t o  the antenna i s  less than the number 

of e lements ,  antenna weights a r e  f a i r l y  uniform, g iv ing  a narrow main 

beam w i t h  t h e  antenna p a t t e r n  ad jus t ed  t o  p l a c e  t h e  i n t e r f e r i n g  satel- 

l i t e s  i n  p a t t e r n  n u l l s .  

s a t e l l i t e s  a r e  e f f e c t i v e l y  spread ou t  i n  ang le ,  the i n t e r f e r e n c e  cannot 

be put i n t o  n u l l s ,  and a more Tay lo r - l i ke  p a t t e r n  r e s u l t s  i n  which near- 

i n  s i d e l o b e  levels a r e  reduced a t  t h e  expense of some main-beam broadening 

t o  o b t a i n  the  b e s t  compromise. Optimum element weights  ob ta ined  from t h i s  

type of program can be used a s  a des ign  goal  f o r  f i x e d - a r r a y  antennas.  

For wide bandwidth cases, where t h e  i n t e r f e r i n g  

Antenna e r r o r s  and poss ib ly  r e f l e c t i o n s  l i m i t  average s i d e l o b e  l e v e l s  

of convent ional  antennas t o  about 10 dB below i s o t r o p i c .  Adaptive a r r a y s  

can achieve much g r e a t e r  r e j e c t i o n  r a t i o s  a g a i n s t  d i s c r e t e  i n t e r f e r e n c e  

sources  than is  implied by t h i s  empi r i ca l  r u l e ,  a s  i n d i c a t e d  i n  Fig.  A-10. 

However, t h e  presence of r e f l e c t i o n s  from surrounding o b j e c t s  o r  a rough 

e a r t h  does impose a need f o r  more g a i n ,  i .e . ,  more elements .  Ob jec t s  

causing r e f l e c t i o n s  t h a t  a r e  no t  i n  the  main beam a r e  t r e a t e d  a s  a d d i t i o n a l  

i n t e r f e r i n g  s a t e l l i t e s  and a r e  d i sc r imina ted  a g a i n s t  without  much loss i n  

C/X.  D i f fuse  o r  Lambert s c a t t e r i n g ,  however, produces a d i s t r i b u t e d  r e t u r n  

t h a t  i s  d i f f i c u l t  t o  suppress  w i t h  small  numbers of elements.  I n  the case  
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of  a l i n e  a r r a y ,  some of t h i s  energy f a l l s  i n  t h e  pancake-l ike main beam, 

causing severe degradat ion.  

w e r e  made f o r  a square a r r a y  of D / X  = 10, adap t ive  i n  one dimension and 

having a f l a t  nonadaptive i l l u m i n a t i o n  p a t t e r n  i n  the  o t h e r .  

The r e f l e c t i o n  c a l c u l a t i o n s  of Fig.  A-10  

The break- 

away p o i n t  i s  p r i m a r i l y  dependent on t h e  l e n g t h  and i l l u m i n a t i o n  func- 

t i o n  of t h e  a r r a y  i n  t h e  d i r e c t i o n  pe rpend icu la r  t o  t h a t  of t h e  adapt ion.  

The t i m e  allowed f o r  t h e  network t o  adapt  w i l l  determine how close- 

l y  t h e  optimum i s  approached. W i d r ~ w ' ~ )  shows t h a t  f o r  a p a r t i c u l a r  

adapt ive a lgo r i thm t h e  l ea s t - squa re  e r r o r  between a c t u a l  and opt imal  

s i g n a l  ou tpu t  is p r o p o r t i o n a l  t o  t h e  number of  antenna adjustments  and 

i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  adap t ive  t i m e  cons t an t .  A gene ra l  com- 

p u t e r  s imula t ion  model cons t ruc t ed  by W. Doyle w a s  used t o  compare t h e  

adap t ive  p r o p e r t i e s  of t he  c i r c u i t  of F ig .  A-9a with t h a t  of Fig.  A-9b 

of Widrow. The r e s u l t s  were q u i t e  similar, both i n d i c a t i n g  t h a t  when 

adapt ion t akes  p l a c e  f o r  a ten-element (20-adjustment) a r r a y  wi th  t h e  

d e s i r e d  s i g n a l  absen t ,  t h e  p rocess  approaches 1 o r  2 dB of t h e  optimum 

i n  a t i m e  r equ i r ed  f o r  about 75 independent samples. I f  t h e  t i m e  f o r  an 

independent sample is assumed t o  be t h e  r e c i p r o c a l  o f  t h e  bandwidth, a 

1-MHz bandwidth would r e q u i r e  about 75 psec t o  adapt  t h i s  w e l l .  

The a n a l y s i s  and s imula t ions  o f  Doyle a l s o  po in t  o u t  t h e  v e r y  major 

d i f f e r e n c e  between adap t ing  when t h e  d e s i r e d  s i g n a l  i s  p resen t  and when 

it i s  absen t .  I f  one a d a p t s  as i n  Widrow us ing  a s i g n a l  known a t  t h e  re- 

ceiver, o r  as i n  Applebaum t o  a given angu la r  d i r e c t i o n  wi thou t  a s i g n a l  

i n  t h a t  d i r e c t i o n ,  t hen  the a d a p t i v e  t i m e s  g iven  above and i n  Widrow apply.  

I f ,  however, i n  e i t h e r  of t h e s e  c i r c u i t s  a d e s i r e d  s i g n a l  i s  p resen t  t h a t  

i s  unknown a t  the  receiver ( t h e  u s u a l  case i n  p r a c t i c e ) ,  then t h e  c i r c u i t s  

approach i d e a l  adap t ion  a t  a very  much slower rate. 

e n t e r s  t h e  adap t ive  loop as a n  e r r o r  source w i t h  zero mean, r e q u i r i n g  ve ry  

s t r o n g  smoothing, i .e.,  a long t i m e  cons t an t  t o  reduce i ts  va lue .  I f ,  as 

i t  now seems, t h i s  i s  a fundamental l i m i t a t i o n ,  t hen  f o r  t h e  f a i r l y  f a s t  

adap t ive  t i m e s  t h a t  might be r e q u i r e d  f o r  mobile adap t ive  a r r a y s  o r  f o r  

r a p i d l y  moving i n t e r f e r e n c e  sources ,  coding may be r equ i r ed  on t h e  t r a n s -  

mi t t ed  s i g n a l  t o  a l low f a s t e r  adapt ion.  

The d e s i r e d  s i g n a l  
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There are several potential applications for which adaptive arrays 

appear especially attractive. For microwave relays where fading is the 

limiting factor in system performance, it should be useful to adaptively 
couple two antennas in height diversity so as to null out one multipath 

component and limit the depth of fade, thus improving system performance 
by a corresponding amount. 

For earth terminals requiring links to many different satellites 

simultaneously, an adaptive array with a given total aperture could pro- 

vide n such links with better interference rejection than n conventional 

reflectors, each with the same total aperture. When n exceeds some small 
number, this could probably be achieved at less cost than with n conven- 

tional antennas. 

For small nearly omnidirectional antennas where size or cost limits 

the number of  elements that can be used (e.g., mobile or home receivers), 

and where strong rejection of a small number of interfering signals is 

needed (e.g., reflected multipath component or an independent signal at 

a quite different polarization or direction), adaptive coupling of these 

antennas may prove to be a desirable means of achieving the needed X/C. 
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Appendix B 

EARTH-TO-SATELLITE GEOMETRY FACTORS 

THE EFFECTS OF EARTH- STATION LOCATION 

For any given d i s t r i b u t i o n  o f  synchronous sa te l l i t es ,  t h e  d i f f e r e n c e s  

i n  t h e  r a t i o  of wanted t o  unwanted s i g n a l  C / X  a t  v a r i o u s  e a r t h - s t a t i o n  

l o c a t i o n s  are due p r i m a r i l y  to  t h e  v a r i a t i o n s  i n  the angu la r  s e p a r a t i o n s  

between a d e s i r e d  s a t e l l i t e  and i t s  n e a r e s t  i n t e r f e r i n g  neighbors.  The 

angular  s e p a r a t i o n s  are determined l a r g e l y  by t h e  d i s t a n c e  from t h e  e a r t h  

s t a t i o n  t o  the  d e s i r e d  s a t e l l i t e ,  a d i s t a n c e  f u l l y  p re sc r ibed  by spec i fy -  

i ng  t h e  s a t e l l i t e  e l e v a t i o n  above t h e  ho r i zon .  V a r i a t i o n s  of C / X  are thus  

determined p r i m a r i l y  by apparent  e l e v a t i o n  o f  t h e  sa te l l i t e  above t h e  h o r i -  

zon r e g a r d l e s s  of t he  e a r t h - s t a t i o n  l o c a t i o n .  

The l o c a t i o n  o f  an e q u a t o r i a l  s a t e l l i t e  re la t ive t o  a n  e a r t h  s t a t i o n  

i s  de f ined  by t h e  e a r t h - s t a t i o n  l a t i t u d e  and t h e  s a t e l l i t e  long i tude  rela- 

t i v e  t o  t h e  e a r t h  s t a t i o n .  With these  coord ina te s ,  t h e  s a t e l l i t e  e l e v a t i o n  

above t h e  ho r i zon  can be ob ta ined  from F i g .  B-1 .  The angu la r  s e p a r a t i o n  

f a c t o r  f of F ig .  B-2 relates t h e  observed angular  spacing t o  the  longi-  

t u d i n a l  spacing and i s  p r i n c i p a l l y  dependent on t h e  e l e v a t i o n  ang le .  

i s  on ly  a ve ry  weak dependence upon re la t ive  long i tude  as shown. For an  

antenna w i t h  a power g a i n  p a t t e r n  of c h a r a c t e r i s t i c  n ,  G a u , where 

u = (nD/h s i n  e) and 8 i s  the  ang le  from the a x i s  o f  the main beam, C / X  

w i l l  be n - f  t h a t  ob ta ined  w i t h  a n  antenna a t  t h e  c e n t e r  o f  t h e  e a r t h .  For 

example, from an  e a r t h  s t a t i o n  a t  45 

same meridian,  t h e  e l e v a t i o n  angle  i s  38.2 and f = 0.46. I f  C / X  i s  ex- 

pressed i n  dB, t h e  g e n e r a l  r e l a t i o n s h i p  f o r  C/X,  r e l a t i v e  t o  t h a t  appear- 

i n g  i n  t h e  r e f e r e n c e  geometry ( l a t i t u d e  ~p = 45 , r e l a t i v e  long i tude  L = 0 ) ,  

i s  : 

There 

-n 

0 l a t i t u d e  viewing a satel l i te  on t h e  
0 

0 

The fo rego ing  method of e s t i m a t i n g  t h e  e f f e c t s  o f  v a r i o u s  a l t e r n a t i v e  

geometries upon C/X has  been checked a g a i n s t  more d e t a i l e d  c a l c u l a t i o n s  
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Earth-station latitude 

Azimuth, clockwise from north (deg ) 

Fig .B-1 -Angular altitude and azimuth from observer's 
latitude and relative longitude 
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where a l l  t h e  s a t e l l i t e s  are considered and t h e  d i s t r i b u t i o n  o f  satell i tes 

i s  c u t  o f f  by t h e  horizon.  Three antenna types are considered.  The f i r s t  

two cases are based upon G a u , w i t h  n = 2.5 and 3 r e s p e c t i v e l y .  The 

t h i r d  case i s  termed the  Taylor 40 dB-5 design.  The p a t t e r n  G a u 

corresponds t o  t h e  t h e o r e t i c a l  envelope f o r  a uniformly i l l umina ted  aper- 

t u r e ,  whereas some antennas ( inc lud ing  t h e  CCIR model) are b e t t e r  descr ibed 

w i t h  n = 2.5. I n  t h e  Taylor 40 dB-5 des ign ,  t h e  peaks of t he  f i r s t  f i v e  

s i d e l o b e s  are uniformly down 40 dB from t h e  mainlobe w i t h  t h e  more remote 

s i d e l o b e s  decaying as u . I n  the example t r e a t e d  below, t h e  t r a n s i t i o n  

from t h e  f l a t  r eg ion  t o  t h e  u r eg ion  i s  taken a t  8 = 20 , and it i s  f u r -  

t h e r  assumed t h a t  t he  n e a r e s t  i n t e r f e r i n g  s a t e l l i t e s  appear i n  the  f l a t  

r eg ion ,  never i n  the  mainlobe. 

-n  

-3  

- 3  

- 3  0 

t h e  

and 

b l e  

S a t e l l i t e s  are assumed t o  be uniformly d i s t r i b u t e d  i n  long i tude ,  and 

wanted power C r ece ived  from t h e  ith satel l i te  i s  
i 

t h e  i n t e r f e r e n c e  from o t h e r  v i s i b l e  sa te l l i t es  (summing over t h e  v i s i -  

sa te l l i t es )  i s  

where Gi 

when t h e  antenna i s  pointed i n  the d i r e c t i o n  of t h e  ith s a t e l l i t e ,  and d 

i s  t h e  d i s t a n c e  t o  t h e  jth sa te l l i t e .  The r a t i o  Ci/Xi,  c a l c u l a t e d  f o r  a 

p a r t i c u l a r  e a r t h - s t a t i o n  l a t i t u d e ,  sa te l l i t e  re la t ive long i tude ,  and an- 

tenna c h a r a c t e r i s t i c ,  i s  d iv ided  by the  same r a t i o  a t  t h e  s u b s a t e l l i t e  

po in t  on the  e a r t h ' s  s u r f a c e .  This  no rma l i za t ion  d i f f e r s  from t h a t  used 

i n  c o n s t r u c t i n g  Fig.  B-2 bu t  t h e  v a r i a t i o n s  are t h e  r e l e v a n t  information;  

no a b s o l u t e  levels are implied i n  e i t h e r  c o n s t r u c t i o n .  

i s  t h e  antenna power response t o  t h e  jth i n t e r f e r i n g  s a t e l l i t e  J 
j 

The r e s u l t s  f o r  t h e  t h r e e  cases are shown i n  Fig.  3 - 3 .  The z e n i t h  

s i t u a t i o n  provides  t h e  l a r g e s t  angu la r  s e p a r a t i o n  between t h e  d e s i r e d  sat- 

e l l i t e  and t h e  i n t e r f e r i n g  neighbors and t h e  l a r g e s t  va lues  of C/X.  A 

secondary e f f e c t  arises nea r  t h e  horizon where t h e  dominant n e a r e s t  neigh- 

bor i n t e r f e r i n g  sa te l l i t es  may be obscured by t h e  ho r i zon .  The curves of 
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Fig. B-3 were calculated assuming a satellite spacing of 5' and they have 

not been continued into the region where horizon cutoff becomes a dominant 

feature. 

Figures B-1 and B-2 can be used with a power-law antenna character- 

istic to quickly derive C/X variations with earth-station location similar 

to that shown in Fig. B-3. Caution is advocated, however, in applying 

this technique in regions where horizon cutoff may become important. 

ANTEWA ALIGNMENT AND MUTUAL INTERFERENCE BETWEEN TERRESTRIAL STATIONS 
AND SATELLITES 

If synchronous near-equatorial satellites are densely distributed 

in longitude, they will appear to an observer in the northern hemisphere 

to occupy a rainbow-like strip in the southern sky. The width of the 

strip will depend upon the satellite orbital inclination, and if the strip 

is regarded as structureless its appearance will be independent of the ob- 

server's longitude. Figure B-4 illustrates the appearance of a dense 

group of satellites having 5 orbital inclination when viewed from 45 N 
latitude. The horizontal line at H = 0 represents the horizon; the group 

appearance for more northerly observers may be qualitatively approximated 

by shifting the horizon line upward approximately 1 for each incremental 

degree of observer's latitude. 

0 0 

0 

The boundary arcs of Fig. B-4 represent the limits in altitude and azi- 

muth corresponding to the extreme declinations for an orbital inclination 

of 5'; the connecting line segments illustrate the sequence of altitude- 
azimuth coordinates occupied by a satellite in its daily declination cy- 

cle. The spacing between successive segments corresponds to 5 intervals 

in the longitudinal spacing of those satellites used to illustrate the 

declination cycle. 

0 

If the relative alignment of terrestrial microwave relay and satel- 

lite relay antennas is controlled so that either or both do not point at 

the other, the mutual interference potential could be significantly re- 

duced. If the microwave relay sites are chosen so that the axis of none 

of their antennas points within some interference angle (B, in degrees) 

of a potential synchronous orbit location, the interference potential 
could be greatly reduced. If, in addition, the satellite antennas are 
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s u f f i c i e n t l y  d i r e c t i v e  and are pointed so as t o  s i g n i f i c a n t l y  reduce t h e i r  

g a i n  toward t h e  e a r t h ' s  ho r i zon ,  t h e  e f f e c t i v e  i n t e r f e r e n c e  horizon f o r  

the microwave r e l a y s  could be r a i s e d  by M degrees  above the  phys ica l  h o r i -  

zon. Figure B-5 shows a set  of azimuth c i r c l e s  cen te red  on microwave 

r e l a y  s t a t i o n s  a t  va r ious  l a t i t u d e s .  Three types of azimuthal r eg ions  

appear:  (a)  an  unshaded r e g i o n  f r e e  of mutual i n t e r f e r e n c e ,  (b) a s t i p -  

pled r eg ion  of mutual i n t e r f e r e n c e ,  and (c) a s t r i p e d  r eg ion  which i s  

f r e e  from i n t e r f e r e n c e  because sa te l l i t es  are beyond t h e  e f f e c t i v e  h o r i -  

zon. Figures  B-6 through B-9 d e f i n e  boundary l i n e s  between such r e g i o n s ,  

which are i d e n t i f i e d  (a), ( b ) ,  and ( c )  f o r  convenience. The computations 

assume t h a t  t h e  microwave r e l a y  antennas are pointed perpendicular  t o  the  

v e r t i c a l ,  and the  n a t u r e  o f  the system r e q u i r e s  mi r ro r  symmetry about 

both the  north-south and east-west  axes .  Examination of t h e  f i g u r e s  i n -  

d i c a t e s  t h a t  t h e  techniques f o r  c o n t r o l l i n g  the  antenna alignments may 

be u s e f u l  f o r  low- to -mid - l a t i t udes  where r e l a t i v e l y  s m a l l  bands of east- 

west microwave r e l a y  azimuths need t o  be excluded. However, above l a t i -  

t u d e s  of about 60 t h e s e  techniques may r e q u i r e  such l a r g e  no r th - sou th  

azimuth exc lus ion  t h a t  sha r ing  the same f r equenc ie s  between microwave re- 

l a y s  and s a t e l l i t e  r e l a y s  a t  t hese  l a t i t u d e s  may not  be f e a s i b l e .  

0 

The comparison o f  cases which d i f f e r  on ly  i n  o r b i t a l  i n c l i n a t i o n  

shows t h a t  a r educ t ion  i n  usab le  azimuths a t t e n d s  an  i n c r e a s e  i n  o r b i t a l  

i n c l i n a t i o n .  
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Effective Effective Effective 
horizon, M = 0" horizon, M = 5" horizon , M 10" 
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Fig. 6-5-Azimuthal domains of interference at  microwave relay stations 
(Inclination = 0", B = 1 5 O )  
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Appendix C 

PROPAGATION FACTORS AND PRECIPITATION SCATTER INTERFERENCE 

PROPAGATION FACTORS 

Both earth-based microwave radio-relay systems and satellite commu- 

nication systems have been assigned common frequencies in the lower end 

of the centimeter region of the spectrum because of a common need for 

wide bands suitable for line-of-sight propagation. While it would be 

desirable to use higher microwave and millimeter frequencies to avoid 

interference from overcrowding of the frequency spectrum and to obtain 

larger bandwidths, this has so far been avoided because of degraded prop- 

agation from atmospheric effects that increase rapidly with frequency. 

In a clear atmosphere, the atmospheric propagation l o s s  and noise 
are relatively small for frequencies less than about 10 GHz, but increase 

rapidly for higher frequencies, primarily due to water vapor and oxygen. 

Although these effects are significant, the attenuation through a typical 
atmosphere, as illustrated in Fig. C-1, (1y2) does not rule out the use 

of the spectrum above 10 GHz for either terrestrial radio-relay or satel- 

lite communications. 

Rather, it is attenuation by precipitation, primarily rain, that has 

restricted the use of these higher frequencies in the atmosphere. The 

attenuation to be expected from clouds is simply proportional to their 

liquid water content in the frequency range of interest. This attenua- 

tion, as computed by Ryde and Ryde, (3-5) is shown in Fig. 6-2 for temper- 
atures of 0' and 20' C. 

water density and thickness of the cloud, both of which may vary widely. 

Use of these curves requires knowledge of the 

Attenuation by rain, on the other hand, is a complex process involving 

both absorption and scattering. Nevertheless, this attenuation can be cal- 

culated for a specified density and size distributi~n'~-~) of drops, as 

shown in Fig. C-3. 

The principal practical problem is t o  determine the expected spatial 
distribution of rain and its statistics for any locality in order to plan 
diversity that will give the desired system performance. The drop size 
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distribution of Laws and Parsons") is generally accepted as a reasonable 

basis for the prediction of rain attenuation. 

Experience with rain at low altitudes, where rain gauges on the ground 

can be used to determine rain rates, has demonstrated that very high 

rain intensities (e.g., > 100 mm/hr) usually occur in cells of a few km 
characteristic horizontal dimensions. If similar spatial distributions of 

intensities and characteristic dimensions exist for high-altitude storms, 

there is promise that systems exploiting space diversity could greatly 

alleviate problems of attenuation at the higher frequencies. 

However, the great demand for spectrum occasioned by the rapid pro- 

liferation of radiating systems will probably lead to intense frequency 

sharing by microwave relays, communication satellites, and other systems. 
In this environment, and particularly at the higher frequencies above 10 

GHz, precipitation scatter interference may become an important compati- 

bility consideration, and it is important to know how it may constrain 

system design parameters. 

PRECIPITATION SCATTER INTERFERENCE 

Interference from precipitation scatter may become important in two 

principal modes when microwave relays and communication satellites share 

common frequencies: 
o Interference scattered from terrestrial microwave relays to 

o Interference scattered from earth stations to microwave 

satellite earth-station receivers. 

relay receivers. 

At present, both the 4- and 6-GHz bands are used for.terrestria1 microwave 
relays and for satellite communications, and the first mode can occur in 
the 4-GHz band (satellite down link) and the second in the 6-GHz band (sat- 

ellite up link). A s  other bands are shared by these services in the future, 

both modes may arise, depending on which frequencies are used for the sat- 

ellite up and down links. 

The computations described here provide rough estimates of the radiated 

powers and the constraints on other parameters which will permit compatible 

frequency sharing between microwave relays and communication satellites with 

respect to precipitation scatter interference. 
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P r e c i p i t a t i o n  S c a t t e r  Model 

Since it has  been shown t h a t  n o n i n t e r s e c t i n g  beams are no t  l i k e l y  t o  

produce harmful i n t e r f e r e n c e  from p r e c i p i t a t i o n  s c a t t e r ,  t he  on ly  

i n t e r f e r e n c e  t o  be considered i s  t h a t  between t h e  i n t e r s e c t i n g  main beams 

of an  e a r t h - s t a t i o n  antenna of a synchronous s a t e l l i t e  communication 

system and a t e r r e s t r i a l  microwave r e l a y  antenna. The geometry of t h e  

s c a t t e r i n g  problem i s  shown i n  F ig .  C - 4 .  

An e a r t h - s t a t i o n  antenna w i t h  diameter D i s  pointed a t  a f i x e d  a z i -  e 
muth w i t h  e l e v a t i o n  ang le  E . A t e r r e s t r i a l  s t a t i o n  w i t h  antenna diameter 

Dt  and e l e v a t i o n  ang le  E from the  e a r t h  

s t a t i o n  wi th  an  azimuth such t h a t  i t s  beam a x i s  intersects t h e  e a r t h -  

s t a t i o n  beam a x i s .  

r e f r a c t i o n  e f f e c t s ,  t h e  l eng ths  of t h e  propagat ion pa ths  from t h e  e a r t h  

s t a t i o n  t o  t h e  beam i n t e r s e c t i o n ,  d and from t h e  t e r r e s t r i a l  s t a t i o n  

t o  t h e  i n t e r s e c t i o n ,  

e 
i s  l o c a t e d  a t  a d i s t a n c e  d t e t  

Using the  4 / 3  e a r t h  r a d i u s  approximation t o  a l low f o r  

xe ’ 
can be computed. d x t  , 

These pa th  l eng ths  a r e  combined w i t h  two d i f f e r e n t  p r e c i p i t a t i o n  

models i n  o r d e r  t o  c a l c u l a t e  t h e  extremes of c a r r i e r - t o - i n t e r f e r e n c e  r a -  

t i o s  r e s u l t i n g  from p r e c i p i t a t i o n  s c a t t e r  i n t e r f e r e n c e .  

Analysis  

The a n a l y s i s  f i r s t  cons ide r s  t h e  mode invo lv ing  e a r t h - s t a t i o n  s c a t t e r  

i n t e r f e r e n c e  a t  t h e  t e r r e s t r i a l - s t a t i o n  receiver. For the  l a r g e  pa rabo l i c  

d i s h  antennas p r e s e n t l y  used f o r  e a r t h  s t a t i o n s ,  t h e  F r e s n e l  r eg ion  extends 

s e v e r a l  k i lome te r s  a long  t h e  a x i s  from the  antenna.  For example, f o r  a n  

8 5 - f t  p a r a b o l i c  d i s h  (25.9 m) o p e r a t i n g  a t  4 GHz (wavelength X = 7.5 c m ) ,  

the F r e s n e l  r eg ion  extends a d i s t a n c e  of 2 D /A = 17.9 km. 

storms, i nc lud ing  thunderstorms, seldom reach a h e i g h t  of 20 km, it i s  a s -  

sumed f o r  t h e  purpose of  t h i s  a n a l y s i s  t h a t  a l l  of t h e  power t r ansmi t t ed  by 

the  e a r t h  s t a t i o n  passes  through t h e  r a i n  cloud i n  a co l l ima ted  beam w i t h  

diameter D . I f  t h e  r a i n  cloud e n c l o s e s  t h e  e n t i r e  volume o f  i n t e r s e c t i o n  

2 
e Since most r a i n -  

* 
e 

* 
Although t h i s  assumption g r e a t l y  s i m p l i f i e s  t h e  a n a l y s i s ,  it does no t  

restrict t h e  a p p l i c a b i l i t y  o f  t h e  r e s u l t s  s i n c e  t h e  c a r r i e r - t o - i n t e r f e r e n c e  
r a t i o  a t  t h e  terrestrial  s t a t i o n  can be shown t o  be r e l a t i v e l y  independent 
of t h e  e a r t h - s t a t i o n  antenna g a i n  f o r  g a i n s  g r e a t e r  t han  - 20 dB. 
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To sate!!ike 

Fig. C-4 - Geometry of scattering problem 
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of the two antenna beams, as shown in Fig. C-4, then the region which con- 
tributes to precipitation scatter can be considered as limited to this 

common volume. 

Furthermore, since the terrestrial-station antenna beamwidth is usu- 

ally much wider than that of the earth station at the intersection and 

since the earth-station antenna elevation E 
Et, this common volume can be approximated 

and length R = etdx,, where 8 

station antenna. 

is usually much greater than 
*e 
by a cylinder of diameter D e 

= h/Dt is the beamwidth of the terrestrial- t 

In this case, the flux density illuminating the common volume is, to 

a good approximation , 

p = -  'e e -'exL1 

0 Ae 

and the amount of this flux which is scattered from an element of unit 

cross section and length dx at depth x in the common volume is 

-'exx 
p e  0 'scdX 

Ae In these expressions, p 

is the effective aperture of the earth-station antenna, L1 is the length 
of precipitation the beam passes through before reaching the common volume, 

and f3 

Ref. 7. Although the present analysis assumes isotropic scattering, 

is the power transmitted by the earth station, e 

and B are the extinction and scattering coefficients defined in ex sc 
JM. 

* 
See footnote on previous page. 

JM. 
In polydispersed rain, the values of the extinction and absorption 

and 8 'ex ab ' are determined by an integral cross sections peE unit volume, 
of the form 

and the scattering coefficient BSc is given by their difference. Here r 
is the geometrical radius of a raindrop, n(r) is the raindrop size distri- 
bution function, m is the complex index of refraction of the rain, and 
K(m,r) is a measure of the efficiency of a drop in extinction. Series 
expansions for K and Kab may be found in Refs. 7 and 12. sc 
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t h e  an i so t ropy  of t he  s c a t t e r i n g  can be accounted f o r  by inc luding  t h e  

proper d i r e c t i o n a l  f a c t o r  i n  t h e  previous express ion  a s  d iscussed  i n  Refs. 

7 and 11. This refinement was not f e l t  t o  be j u s t i f i e d  i n  t h e  approximate 

t rea tment  given he re .  

The t o t a l  power s c a t t e r e d  from t h e  common volume i s  

R -Pex” 
p sc  = s, Poe PscAedX 

Due t o  t h e  assumed i s o t r o p y  of  s c a t t e r i n g ,  t he  power per u n i t  s o l i d  angle  

s c a t t e r e d  toward t h e  t e r r e s t r i a l  s t a t i o n  i s  P /4n. 

t u r e  of the  t e r r e s t r i a l - s t a t i o n  antenna i s  A i t  subtends a s o l i d  angle  

A /d2 t x t ’  
tenna i s  

I f  t h e  e f f e c t i v e  aper-  sc 

t’ 
and so t h e  s c a t t e r e d  power rece ived  by t h e  t e r r e s t r i a l - s t a t i o n  an- 

,-I 

-’exL”) t G hL 

2 2  
16n dxt 

Xxt  = (Psce 

where L2 i s  the  l eng th  of p r e c i p i t a t i o n  along t h e  beam a x i s  between the  

common volume and t h e  t e r r e s t r i a l  s t a t i o n ,  and G = 4nAt/A2 i s  t h e  ga in  of 

t h e  t e r r e s t r i a l - s t a t i o n  antenna.  
t 

The d e s i r e d  c a r r i e r  s i g n a l  received a t  a terrestrial s t a t i o n  from 

a neighboring t e r r e s t r i a l  s t a t i o n  i s  given as 

2 
- - Pt ‘tG 

Ctt 16n2dft  

2 -BexL4 
A e  

where pt i s  the  t e r r e s t r i a l -  s t a t i o n  power, d t t  i s  the  l i n e - o f - s i g h t  path 

between the  two t e r r e s t r i a l  s t a t i o n s ,  and L4 i s  t h e  p o r t i o n  of d 

wi th  the  r a i n ,  so t h a t  e 

wanted s i g n a l .  Both t e r r e s t r i a l  s t a t i o n s  a r e  assumed t o  use i d e n t i c a l  

antennas.  

f i l l e d  t t  -B L ex 
accounts  f o r  t he  r a i n  a t t e n u a t i o n  of t h e  
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Combining t h e  previous expres s ions ,  t he  c a r r i e r - t o - i n t e r f e r e n c e  r a t i o  

a t  the t e r r e s t r i a l  s t a t i o n  can be expressed as  

On the  b a s i s  of r e c i p r o c i t y ,  it can be shown t h a t  t h e  i n t e r f e r e n c e  i n  t h e  

mode of a t e r r e s t r i a l  microwave r e l a y  i n t e r f e r i n g  w i t h  a s a t e l l i t e  e a r t h  

s t a t i o n  i s  given by an equa t ion  of t he  same form a s  Eq. (C-3). I f  t h e  
2 a p e r t u r e  Ae and t h e  g a i n  

then t h e  d e s i r e d  c a r r i e r  s i g n a l  r ece ived  a t  t h e  e a r t h  s t a t i o n  from a syn- 

chronous s a t e l l i t e  i s  given a s  

G of t h e  e a r t h  s t a t i o n  are  r e l a t e d  by eG = 4nAe/h , e 

’s’sG eG 2 -PexL3 

16n dse 
h e  - - 

2 2  ‘se 

where PsasG is  t h e  equ iva len t  i s o t r o p i c a l l y  r a d i a t e d  power of t h e  s a t e l l i t e ;  

d i s  t h e  d i s t a n c e  from t h e  satel l i te  t o  t h e  e a r t h  s t a t i o n ;  L i s  the  

l e n g t h  along t h e  p a t h  dse f i l l e d  w i t h  r a i n ;  and e 

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

se -B  L 3 ex accounts f o r  t h e  

I n  t h i s  case t h e  c a r r i e r - t o - i n t e r f e r e n c e  r a t i o  a t  the e a r t h  s t a t i o n  

i s  

Computations and Resu l t s  

The e x t i n c t i o n  c o e f f i c i e n t  BeX, t h e  abso rp t ion  c o e f f i c i e n t  p and ab’ 
t h e  albedo A = ($ ) have been computed by Deirmendjian(7) u s i n g  t h e  M i e  

t heo ry  (I3) o f  s i n g l e  s c a t t e r i n g ,  f o r  polydispersed r a i n  i r r a d i a t e d  by micro- 

waves of v a r i o u s  f r equenc ie s .  The r e s u l t s  o f  t h e s e  computations, which 

/B  sc ex 
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correspond t o  a moderate r a i n  r a t e  of 7.7 mm/hr, a r e  presented i n  F ig .  C-5. 

Using l i n e a r  e x t r a p o l a t i o n  t o  o b t a i n  the  e x t i n c t i o n  c o e f f i c i e n t s  f o r  r a i n  

r a t e s  above 7.7 mm/hr and assuming t h e  albedo t o  remain approximately con- 

s t a n t  w i th  inc reas ing  r a i n  r a t e ,  Eqs. (C-5) and (C-7) were used t o  compute 

the  va lues  of s a t e l l i t e  EIRP  and e a r t h - s t a t i o n  EIRP requi red  t o  p e r m i t  

ope ra t ion  i n  the  presence of p r e c i p i t a t i o n  s c a t t e r  i n t e r f e r e n c e .  

For the  case  of a t e r r e s t r i a l  r a d i o  r e l a y  i n t e r f e r i n g  wi th  an e a r t h  

s t a t i o n  r ece iv ing  from a synchronous s a t e l l i t e ,  Eq. (C-7)  has been eva l -  

uated a t  4 GHz wi th  Dt = 2 . 3 4  m, De = 25.9 m, and a t  11 GHz wi th  D 

De = 9 . 1 4  m, and the  r e s u l t s  a r e  shown i n  F igs .  C-6 and C-7 i n  t he  form of 

s a t e l l i t e  EIRP requi red  t o  provide a given (C/X)e f o r  a given r a i n  r a t e ,  

f o r  s e v e r a l  va lues  of  s epa ra t ion  d 

the  r e c e i v e r .  For both f requencies  t h e  t e r r e s t r i a l  s t a t i o n  i s  assumed t o  

have a 1 - W  t r a n s m i t t e r ,  which r e s u l t s  i n  t h e  va lues  of (EIRP), shown 

= 1 . 5 3  m, t 

between t h e  i n t e r f e r i n g  source and e t  

on the  f i g u r e s ,  and i n  both cases  it i s  assumed t h a t  E = 30°, Et = 2 O ,  e 
d = 35,800 km, and L4’= (4 + L1) .  se 

The s o l i d  curves of F igs .  C-6 and 6-7  correspond t o  the  case  where 

on ly  the  common volume of t h e  antenna beams i s  f i l l e d  wi th  r a i n ,  and t h e  

dashed curves correspond t o  the  case where t h e  e n t i r e  volume conta in ing  

t h e  beams i s  f i l l e d  w i t h  r a i n .  Although t h e  s o l i d  curves  r ep resen t  an  

extremely u n l i k e l y  phys ica l  s i t u a t i o n ,  t hey  g ive  the  upper bound on t h e  

s a t e l l i t e  EIRP requi red  when t h i s  s c a t t e r  i n t e r f e r e n c e  dominates t h e  un- 

wanted s i g n a l s .  The s o l i d  and dashed curves toge the r  can be used t o  

e v a l u a t e  t h e  r equ i r ed  s a t e l l i t e  EIRP i n  t h e  more r e a l i s t i c  case  where i t  

may be r a i n i n g  very hard i n  t h e  common volume of t h e  antenna beams and 

a t  a l e s s e r  rate over  t h e  rest of t h e  volume con ta in ing  the  beams by 

simply s u b t r a c t i n g  t h e  d i f f e r e n c e  between the  s o l i d  and dashed curves a t  

t h e  lower r a i n  rate from the  va lue  of the  s o l i d  curve a t  t h e  h ighe r  r a i n  

rate. 

30 dB and a s e p a r a t i o n  det of 100 km. I f  t h e r e  i s  a cont inuous r a i n  r a t e  

of 15 d h r  everywhere except  f o r  a h ighe r  r a t e  i n  t h e  common volume, t he  

scatter i n t e r f e r e n c e  e f f e c t s  can be es t imated  a s  fol lows:  The d i f f e r e n c e  

between t h e  s o l i d  and dashed curves a t  15 mm/hr i s  - 6 . 5  dB, so a t  100 

mm/hr i n  the  common vslume t h e  satel l i te  EIRP requi red  is  37 dBw (43.5 - 
6 . 5  dBw). 

For example, cons ider  t h e  case a t  4 GHz of  a requi red  (C/X), o f  
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Fig .C-5- Microwave extinction coefficients and albedo for polydisperse precipitation 
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For the  case  of t r a n s m i t t i n g  e a r t h  s t a t i o n  i n t e r f e r i n g  wi th  a ter- 

r e s t r i a l  r a d i o - r e l a y  r e c e i v e r ,  Eq. (C-5)  has been eva lua ted  a t  6 GHz with  

= 25.9 m and a t  11 GHz w i t h  Dt = 1.53  my De = 9 .14  m y  and 
Dt e 
the  r e s u l t s  a r e  shown i n  F igs .  C-8 2nd 6-9  i n  t h e  form of l i m i t a t i o n s  on 

ea r th -  s t a t i o n  EIRP f o r  s e v e r a l  va lues  of s e p a r a t i o n  d between t h e  

e a r t h  s t a t i o n  and t h e  t e r r e s t r i a l  s t a t i o n .  For both f r equenc ie s  t h e  

t e r r e s t r i a l  s t a t i o n s  a r e  assumed t o  have 1-W t r a n s m i t t e r s ,  t o  be spaced 

(d t t )  40 km a p a r t ,  and t o  have E = 30°, and E = 2O. 

= 1.83  m y  D 

e t  

e t 
Again the  s o l i d  curves  of F igs .  C-8 and C-9 correspond t o  t h e  case  

where only  t h e  common volume of t h e  antenna beams is f i l l e d  wi th  r a i n ,  

and the  dashed curves correspond t o  the  case  where the  e n t i r e  volume con- 

t a i n i n g  the  beams i s  f i l l e d  wi th  r a i n .  For a s e p a r a t i o n  d of 40 km, t h e  

s o l i d  and dashed curves co inc ide  s i n c e  the  wanted and unwanted s i g n a l s  a r e  

a t t enua ted  equa l ly .  These curves can be used t o  eva lua te  the  permit ted 

e a r t h - s t a t i o n  EIRP i n  the  more r e a l i s t i c  s i t u a t i o n  where i t  may be r a i n i n g  

harder  i n  the  common volume of the  antenna beams than everywhere e l s e  by 

simply adding t h e  d i f f e r e n c e  between t h e  dashed and s o l i d  curves  a t  t he  

lower r a i n  r a t e  t o  t h e  va lue  of t h e  s o l i d  curve a t  the higher  r a i n  r a t e .  

e t  

Discuss i o n  

F igures  C-6 through C-9 show t h a t  p r e c i p i t a t i o n  scatter i n t e r f e r e n c e  

can be  d e l e t e r i o u s  even f o r  l a r g e  sepa ra t ions  d between t h e  i n t e r f e r -  

ing  source and the  r e c e i v e r .  The r e s u l t s  a r e  presented f o r  va r ious  values  

of det w i th  t h e  assumption t h a t  t h e  common volume i s  on-path between the  

two s t a t i o n s .  The r e s u l t s  f o r  o t h e r  geometries can be determined a s  

needed. 

e t  

Also,  t h e  c a l c u l a t i o n s  presented here  a r e  a l l  based on a model of  

cont inuous r a i n .  Although continuous r a i n  does i n  f a c t  f a l l  over  l a r g e  

a r e a s  and may be considered an extreme r e p r e s e n t a t i v e  of r a i n  type,  t he  

o t h e r  extreme i s  convect ive r a i n ,  which i s  t y p i c a l l y  represented  by thun- 

dershowers during t h e  summer months. I n  a convect ive ra ins torm,  t h e r e  

a r e  heavy small-area concen t r a t ions  of  r a i n  (cells) which s h i f t  around 

w i t h i n  a wide-area storm. The w r v e s  of F igs .  C-6 t o  C - 9  a r e  e s p e c i a l l y  
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u s e f u l  i n  t h a t  they may not  on ly  be used t o  eva lua te  the  bounds on 

s a t e l l i t e  and e a r t h - s t a t i o n  EIRP f o r  continuous r a i n ,  bu t  may a l s o  be 

used f o r  t h e  case  of convect ive r a i n  w i t h  a h i g h - i n t e n s i t y  ce l l  i n  the  

common volume. 

While the  t h e o r e t i c a l  r e s u l t s  presented here  show the  r e l a t i o n s  

between t h e  p e r t i n e n t  parameters involved i n  p r e c i p i t a t i o n  s c a t t e r  

i n t e r f e r e n c e ,  t h e i r  use r e q u i r e s  a knowledge of the  t i m e  and s p a t i a l  

d i s t r i b u t i o n s  of  p r e c i p i t a t i o n  f o r  t he  loca t ions  involved. 
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Appendix D 

FREQUENCY DEPENDENCE OF LOW-NOISE AND OUTPUT DEVICES 

MICROWAVE RECEIVER SENSITIVITY AND COST* 

Based on published r e sea rch  on microwave low-noise devices  and man- 

u f a c t u r e r s '  d a t a  on c u r r e n t l y  a v a i l a b l e  models, Fig. D - 1  compares t h e i r  

bounds i n  t h e  noise-figure-frequency domain. The f i g u r e  inc ludes  only 

the  more common low-noise dev ices .  Thus r e s i s t i v e  diode mixers and 

traveling-wave masers are included , bu t  parametric frequency conve r t e r s  

and c a v i t y  masers are excluded. A s  an example of t h e  s i g n i f i c a n c e  of 

t h e  l i m i t s  o r  bounds of Fig.  D-1,  cons ide r  t h e  tunnel  diode a m p l i f i e r .  

Few tunne l  diode a m p l i f i e r s  would l i e  o u t s i d e  t h e  upper bound i n d i c a t e d  

except ,  perhaps,  f o r  e a r l y  experimental  designs i n  which n o i s e - f i g u r e  

performance w a s  t r aded  f o r  some o t h e r  parameter such as power o u t p u t ,  

bandwidth, o r  lower c o s t  (as i n  hybrid i n t e g r a t e d  c i r c u i t s ) .  The lower 

bound l ies  below c u r r e n t l y  achievable  performance even i n  t h e  labora-  

t o r y ,  and thus  r e p r e s e n t s  performance which may be achieved by s e l e c t e d  

devices  under optimum cond i t ions  over t h e  next  few y e a r s ,  

Two of t h e  low-noise devices  which could have widespread u t i l i z a -  

t i o n  over  t h e  nex t  decade are the  tunne l  diode a m p l i f i e r  and the uncooled 

pa rame t r i c  a m p l i f i e r .  L imi t a t ions  i n  t h e  performance of t r a n s i s t o r s  

around 10 G H z  and above, ev iden t  i n  Fig. D-1, w i l l  probably l ead  t o  t h e  

u t i l i z a t i o n  of the tunne l  diode a t  h i g h e r  f r equenc ie s .  The crossover  

between t h e  two has  been s t e a d i l y  moving upwards from around 100 MHz a 

decade ago t o  about 6000 MHz today. Where t h e  c o n t r i b u t i o n s  t o  system 

n o i s e  f i g u r e  o t h e r  than from t h e  r e c e i v e r  i t s e l f  are s u f f i c i e n t l y  low, 

the  u s e  of an uncooled pa rame t r i c  a m p l i f i e r  may be worth t h e  inc reased  

cos t  and complexity. Below 10 G H z ,  wider use of t h e  parametr ic  ampl i -  

f i e r  would d i s p l a c e  t h e  t r a n s i s t o r  a m p l i f i e r ;  a t  h i g h e r  f r equenc ie s ,  

mixers and low-noise traveling-wave tubes  may tend t o  be d i sp laced  i n  

some a p p l i c a t i o n s  by t h e  parametric a m p l i f i e r .  

* 
This  material i s  l a r g e l y  a b s t r a c t e d  from a survey of low-noise 

device technology by N. Feldman which w a s  made du r ing  t h e  p a s t  yea r .  
It covered manufacturers '  d a t a  s h e e t s ,  approximately one hundred ar t i -  
cles i n  t h e  letters i n  t h e  Proc. IEEE,  IEEE t r a n s a c t i o n s ,  t h e  microwave 
j o u r n a l ,  Microwaves, and records of va r ious  symposia. 
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Cooled receivers, such as t h e  cooled parametric a m p l i f i e r  and t h e  

traveling-wave maser, are l i k e l y  t o  remain r e l a t i v e l y  expensive f o r  

some t i m e  t o  come. The number of a p p l i c a t i o n s  which can b e n e f i t  from 

t h e i r  u se  is  r e s t r i c t e d ;  i . e . ,  t h e  improvement i n  system n o i s e  f i g u r e  

over a good uncooled pa rame t r i c  a m p l i f i e r  may n o t  b e  s i g n i f i c a n t  i n  

many cases. I n  some commerical and m i l i t a r y  a i r b o r n e  communication and 

i n  t a c t i c a l  m i l i t a r y  communication equipment a t  microwave f r equenc ie s ,  

cooled receiver devices  may become important.  For a p p l i c a t i o n s  i n  t h e  

10 t o  100 GHz r eg ion ,  where much new system development i s  l i k e l y  t o  

occur i n  t h e  nex t  decade, t h e  tunne l  diode a m p l i f i e r  and t h e  uncooled 

parametric a m p l i f i e r  w i l l  be p a r t i c u l a r l y  important .  

One of t h e  most important  parameters i n  t h e  p r i c e  of t h e s e  devices  

is t h e  cumulative q u a n t i t y  produced. Figure D-2 i l l u s t r a t e s  p r i c e  pro- 

j e c t i o n s  v e r s u s  q u a n t i t y  produced; i . e . ,  i t  is  a curve which r e f l e c t s  

both l e a r n i n g  and economies of scale f o r  v a r i o u s  c a t e g o r i e s  of t u n n e l  

diode a m p l i f i e r  and uncooled parametric a m p l i f i e r .  

The extreme p r i c e s  on each i t e m  roughly i n d i c a t e  t h e  c o s t s  of d i f -  

f e r ences  i n  performance. The s l o p e  of t h e  curves is 80 pe rcen t ,  where 

s l o p e  is  de f ined  as t h e  r a t i o  of p r i c e s  f o r  a f a c t o r  of two i n c r e a s e  

i n  t h e  cumulative q u a n t i t y  produced. E l e c t r o n i c  equipment c o s t  does 

not  o f t e n  d e c l i n e  as f a r  as t h e o r e t i c a l l y  i n d i c a t e d  i n  Fig. D-2 because 

of l i m i t e d  product ion due t o  r a p i d  changes i n  t h e  s ta te  of t h e  a r t ,  f r e -  

quent des ign  changes, t h e  l a r g e  numbers of v a r i a n t s  of a given des ign ,  

etc.  

The frequency dependence of t h e  c o s t  of microwave devices  i s  d i f f i -  

c u l t  t o  e s t a b l i s h  due t o  t h e  l a r g e  number of v a r i a b l e s  involved. Exam- 

i n a t i o n  of a v a r i e t y  of microwave dev ice  p r i c e  d a t a  sugges t s  t h a t  when 

q u a n t i t y  e f f e c t s  are e l imina ted ,  p r i c e  varies slowly wi th  frequency. 

An exponent of roughly 0.3, i. e., (frequency)” 

va r ious  s u b j e c t i v e  methods. On t h i s  b a s i s ,  p r i c e  doubles f o r  each de- 

cade i n c r e a s e  i n  frequency. 

performance, e .g . ,  t o  a cons t an t  n o i s e  f i g u r e ,  b u t  r a t h e r  t o  t y p i c a l  

performance a t  each frequency. I n  t h e  case of t unne l  diode a m p l i f i e r  

n o i s e  f i g u r e ,  f o r  example, t h e  p r i c e s  correspond t o  va lues  roughly mid- 

way between t h e  upper and lower bounds of t unne l  diode a m p l i f i e r  n o i s e  

f i g u r e  shown i n  Fig. D-1. 

could be obtained by 

These p r i c e s  do n o t  correspond t o  t h e  same 
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The obvious conclusion to  be drawn from Fig. D-1 is t h a t  noise- 

f i g u r e  performance degrades only g radua l ly  over t h e  1 t o  100 GHz re- 

gion. Figure D-2 i n d i c a t e s  t h a t  some low-noise devices  c l a s s i f i e d  to-  

day as s o p h i s t i c a t e d  and c o s t l y  may become commonplace and inexpensive.  

I f  t he  ( f r e q ~ e n c y ) ” ~  dependence of p r i c e  proves t o  be approximately 

c o r r e c t ,  then f a c t o r s  o t h e r  than a v a i l a b i l i t y ,  performance, o r  c o s t  

w i l l  determine the  choice of frequency f o r  advanced communication sys- 

t e m s  i n  t h e  1 t o  100 GHz range. 

* 
TRCWSMITTER POWER OUTPUT AND EFFICIENCY 

Power ou tpu t  and e f f i c i e n c y  f o r  cw Gunn, IMPATT (impact avalanche 

t r a n s i t  time) and LSA ( l i m i t e d  space-charge accumulation) devices  are 

shown i n  Fig.  D-3. The s o l i d  l i n e s  are smoothed envelopes enc los ing  

as upper bounds t h e  publ ished d a t a  through J u l y  1968. L e f t  s k i r t s  pass  

through two d a t a  p o i n t s ,  t h e  f l a t  t ops  p a s s  through t h e  h i g h e s t  pub- 

l i s h e d  power l e v e l ,  and t h e  r i g h t  s k i r t s  a l l  have 1 / f 2  s l o p e s  drawn 

through t h e  p o i n t  of maximum Pf product (where P i s  t h e  power ou tpu t  

and f t h e  frequency) .  Power thus has been generated over t h e  e n t i r e  

frequency range covered by t h e s e  s o l i d  curves.  Readily a v a i l a b l e  de- 

vices and dev ices  designed f o r  wide tun ing  range o r  low n o i s e  level 

have power o u t p u t s  10 t o  20 dB below t h e s e  va lues .  The dashed l i n e s  

r e p r e s e n t  s i m i l a r  envelopes enc los ing  t h e  most o p t i m i s t i c  publ ished 

estimates of t h e  p a s t  two y e a r s  w i th  t h e  estimates a r b i t r a r i l y  extended 

down t o  1 GHz and up t o  1000 GHz. The l e f t  h a l f  of t h e  LSA curve has  

f r equen t ly  appeared i n  t h e  l i t e r a t u r e ;  i t  i s  based on a t h e o r e t i c a l l y  

c a l c u l a t e d  l i m i t  f o r  copper h e a t  s i n k s  on oppos i t e  f a c e s .  

2 

R&D on v a r i o u s  ways t o  modify t h e  s t r u c t u r e  of t h e s e  t h r e e  devices  

and t o  c o o l  them makes t h e s e  estimates s u b j e c t  t o  d r a s t i c  r e v i s i o n .  It 

a l s o  i s  ques t ionab le  whether a c ros sove r  i n  Gunn and LSA performance 

w i l l  ever e x i s t  i n  e i t h e r  t h e  power o r  e f f i c i e n c y  domain as shown i n  

Fig. D-3, s i n c e  i t  now appears t h a t  t h e  much more r e c e n t  LSA devices  

w i l l  b e  s u p e r i o r  i n  performance. 

* 
This material is based on a r e c e n t  survey by N. Feldman of over 

150 j o u r n a l  art icles and ove r  50 advert isements  and manufacturers‘ d a t a  
shee t s .  
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The power output  and e f f i c i e n c y  of  t r a n s i s t o r s  and v a r a c t o r  mult i -  

The dashed va rac to r -mul t ip l i e r  curve w a s  p l i e r s  are shown i n  Fig.  D-4. 
s p e c i f i c a l l y  generated f o r  t h i s  r e p o r t  by c a l c u l a t i o n s  us ing  t h e  b e s t  

performance d a t a  f o r  t r a n s i s t o r  c o l l e c t o r  e f f i c i e n c y  and s t a g e  ga in  and 

f o r  v a r a c t o r  doubler  conversion e f f i c i e n c y  and i n t e r s t a g e  coupl ing.  

though v a r a c t o r  m u l t i p l i e r s  could achieve  high e f f i c i e n c i e s  i n  narrow 

bandwidth c i r c u i t s  with s e l e c t e d  devices  as i n d i c a t e d  by t h e  p ro jec t ed  

curve,  t h e  c o s t  i s  too  h igh  f o r  most a p p l i c a t i o n s .  

A l -  

T r a n s i s t o r  a m p l i f i e r s  below 10 GHz may achieve  e f f i c i e n c i e s  roughly 

comparable t o  those  p ro jec t ed  f o r  t he  v a r a c t o r  m u l t i p l i e r s  w i t h i n  t h e  

next  few years .  Above roughly 10 GHz, LSA and IMPATT devices  w i l l  both 

o f f e r  b e t t e r  power output  and e f f i c i e n c y  than the  va rac to r -mul t ip l i e r  

chains .  Thus above 10 GHz, the  v a r a c t o r  m u l t i p l i e r  may be l i m i t e d  t o  

s p e c i a l  a p p l i c a t i o n s ,  e .g . ,  those  r e q u i r i n g  excep t iona l ly  low n o i s e  

l e v e l s .  

Despi te  t h e  c u r r e n t l y  low cw power output  of 0 .1  t o  10 W f o r  IMPATT, 

Gunn, and LSA devices  around 10 GHz, they a l r eady  cha l lenge  va rac to r -  

m u l t i p l i e r  cha ins  and have e c l i p s e d  t h e  tunne l  diode o s c i l l a t o r .  The 

tunnel  diode a m p l i f i e r  is roughly 10 dB lower i n  s a t u r a t e d  power output  

than t h e  o s c i l l a t o r  vers ion .  

t he  I-dB ga in  compression po in t  i s  -10 t o  -25 dBm f o r  t y p i c a l  ampli- 

f i e r s  from 0 .3  t o  35 GHz; t h e  corresponding s a t u r a t e d  power output  

varies from +5 t o  -15 dBm. Pump power ranges from 500 t o  10 mW. The 

paramet r ic  a m p l i f i e r  i s  thus  an i n e f f i c i e n t ,  low-power output  a m p l i f i e r ,  

a l b e i t  a h igh ly  e f f e c t i v e  low-noise one. The paramet r ic  frequency con- 

verter has  a power output  c a p a b i l i t y  comparable t o  the v a r a c t o r  mul t i -  

p l i e r  and a pump-to-output s i g n a l  conversion l o s s  as low as 2 t o  3 dB. 

It is thus l i k e l y  t o  have f a i r l y  widespread use ,  as i t s  e f f i c i e n c y  

would b e  2 t o  3 dB below t h a t  of t h e  s o l i d - s t a t e  source  supply ing  the 

pump power. 

The paramet r ic  a m p l i f i e r  ou tput  power a t  

The LSA amplifying mode cannot ex is t  under s t a b l e  cond i t ions ;  thus  

IMPATT and Gunn an LSA device  can amplify only w i t h  i n j e c t i o n  locking.  

devices  can ope ra t e  e i t h e r  as i n j e c t i o n  locked a m p l i f i e r s  o r  as s t a b l e  

l inear r e f l e c t i o n  a m p l i f i e r s .  Gunn a m p l i f i e r s  are l i k e l y  t o  b e  u t i l i z e d  

p r imar i ly  i n  t h e  i n j e c t i o n  locked mode f o r  most a p p l i c a t i o n s  t o  maximize 
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power ou tpu t  and e f f i c i e n c y .  This  may no t  be t h e  case  f o r  IMPATT am- 

p l i f i e r s .  The s t a b l e  IMPATT a m p l i f i e r  conf igu ra t ion  i s  somewhat less 

e f f i c i e n t  b u t  has a much broader  bandwidth than t h e  i n j e c t i o n  locked 

o s c i l l a t o r  ve r s ion .  I n j e c t i o n  locking provides  ga ins  of 5 t o  30 dB 

as t h e  lock ing  range o r  frequency o f f s e t  dec reases  from 100 t o  5 MHz. 

Recently,  promising techniques have been developed f o r  a r r a y i n g  

devices  on a t r a n s v e r s e  electromagnet ic  f i e l d  t r ansmiss ion  l i n e ,  f o r  

p a r a l l e l i n g  dev ices  with high i s o l a t i o n  and low combining l o s s ,  f o r  

producing series s t a c k s ,  and f o r  producing s e r i e s - p a r a l l e l  a r r a y s  on 

a s i n g l e  chip.  

of a s i n g l e  device wi th  l i t t l e  l o s s  i n  e f f i c i e n c y .  Thus s o l i d - s t a t e  

devices  may d i s p l a c e  some traveling-wave tubes (TWTs) w i t h i n  a few 

years  e 

Hybrid combining can provide 2 t o  64 t i m e s  t h e  ou tpu t  

The b e s t  long-lived a m p l i f i e r  f o r  c u r r e n t  space use  where ou tpu t  

power level  o r  bandwidth requirements preclude t h e  use  of s o l i d - s t a t e  

devices  i s  t h e  TWT. Tubes of t h i s  type i n  t h e  range of 2 t o  8 GHz and 

1 t o  35 W output  are a v a i l a b l e ,  and t h e  development of s i m i l a r  tubes  

a t  power l e v e l s  i n  t h e  same range f o r  f r equenc ie s  up through 100 GHz 

should be s t r a i g h t f o r w a r d .  For e x i s t i n g  high-power o r  high-frequency 

tubes,  end of l i f e  (wearout) is roughly a f a c t o r  of 10 worse than  f o r  

the t y p i c a l  10-W S-band space TWT, and r e l i a b i l i t y  i s  worse by f a c t o r s  

of 20 t o  50. 

By hybrid o r  space combining, low-power space TWTs could make 

a v a i l a b l e  k i l o w a t t s  of microwave power f o r  r e l i a b l e  space use.  Overa l l  

TWT a m p l i f i e r  e f f i c i e n c i e s ,  i nc lud ing  t h e  power supply,  f a l l  from a 

t y p i c a l  va lue  of about 25 t o  35 pe rcen t  a t  2 GHz t o  about one-half t h a t  

o r  1 2  t o  1 7  pe rcen t  a t  100 GHz. 


