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ABSTRACT

This repor t presents the results of research performed to investi-

gate the application of the frequency—division multiple—access (FDMA)

technique for providing a mix of user terminals of differing character-

istics——such as data rates, transmitter powers, and receiver sensitivi-

ties——with simultaneous access capability to a limiting satellite repeater.

A computer program (SYSCON) has been developed to model a PSK/FDI~1A satel-

lite communication system and to optimize its performance in operation

with a mix of user terminals, through selection of power and frequency

plans. This capability is achieved through optimization of a norm de-

fined as the weighted sum of the link error rates and representing the

figure of merit or a measure of the ~‘s communications performance

with respect to both the power and ‘equency of the links. The me thod

of steepest descent is used for determining both power and frequency

plans. It was found that through power and frequency control the limiting

satellite repeater can be operated in the saturation region at substan-

tially higher power levels (l—d B back—off) than is customary in practice .

To obtain the expression for the error rate at the input of the FDT~1A

links, it was necessary to derive general analytic expressions for the

limiter output signal , the intermodulation, and the noise components ,

when n signals are transmitted simultaneously through the satellite re-

peater. The expression for the bit error rate was then derived by

assuming digital quadriphase modulation of the FD~A carriers and taking

into consideration the presence of other FDMA carriers causing adjacent—

channel interference, the intermodulation products generated in the

limiter , and retransmitted satellite repeater noise, as well as receiver

noise.
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A general comparison of the three major multiple—access alternatives-—

FDMA, TDMA, and SSMA-—with respect to selected performance criteria that

are particularly important for the military environment and for operation

with a mix of users indicated that FDMA performs much better than past

analyses had shown. With the same satellite power and RF bandwidth , FDMA

was found to offer nearly as much satellite throughput as TDMA and con-

siderably more than SSMA .
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I INTROD U CTION

This report documents the results of a Study performed to investi-

gate the application of the phase—shirt—keyed frequency-division multip le—

access (PSK/F’DMA ) technique for providing simultaneous satellite mult ip le-

access capability to a mix of user terminals with differing characteris-

tics , such as data rates , transmitter powers , and receiver sensitivities .

The exploration of PSK ’FDMA potentials and capabilities was considered

necessary because it was apparent that past analyses of FDMA had been

overly pessimistic in fegard to its capability as an efficient multiple—

access alternative . The capabilities of this elementary and current-user-

equipment—compatible technique seemed to be far f rom exhausted . It

appeared that , through better understanding of its application w i th a

limiting satellite repeater , its performance could be substantiall y im-

proved , especially in conjunction with di gital transmission techniques .

which are expected to be the preferred mode of communication within the

Defense Communications System (DCS).

A. Computer  Program SYSCON

A computer  program ( SYSCON) has been developed to mode l a PSK FDMA

communicat ion  system and to op t imize  i t s  per formance  in operat ion w i t h  a

mix of user terminals , through selection of power and f requency  p lans .

The satellite transponder is modeled as a frequency—translating and

limiting repeater whose limiting characteristic is described by a sum of

two error functions . This analytic representation provides sufficient

flexibility to describe accurately the measured transfer characteristics

of practical limiters. The transmitters are characterized by their

effective radiated power (ERP), HF frequency, and data rate. Quadriphase

1
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PSK is assuIuecj to be the data modula  t ion fo r  all u ser s . The rI ri - I v t - r s

arc c h a r a c t e r i z e d  by their antenna—gain— t o — e f f e c t  i v e — n o i  s e— t em p e r a t u r e

i.a t io ( G ‘1) . The computer program is wr 1 t ten i n 1-OflTT1AN IV . con turn ing

to  the speci f i c a t i o n s  of iNS!  \ 3. 9 — — 1 9 6 6 .

The capabi  i i  iv to  improve  t’DMA svS (em per tormance is acli jeved t h r o ugh

op t i mi zat  ion oi a norm represent i ng  the fi gure ~ t nec i t or a m e a s u re  01

the  system ’ s c omm u n i c a  t iO nS  p e r f o r man c e . Fii ~. - opt m i  ,.at ion of (he norm is

clone on ci thei’ the fr equ ency  or the power at a time , wh ile keeping t he

other 1 i xcii . and the procedure is then r ep eated on t h e  o thei’. The method

I~ St  elpl _’ St  (I c  scent is  used in determining both frequency and power plans .

At the end of t h e  opt imi za t ion , the  best power and frequency’ ass I gnnien I. S

[or the coincident users  and the cor responding  error  ra t e I or each I DM.-\

channel are prin ted ,

I t  Is be l ie v cd that t h i s  compute r  p rogram w i l l  not only he a valuable

too l i n p r e d i c t i n g  and o p t i m i z i n g  the  perlormance of bo th  e x i s t i ng  and

planned F DMA sys t ems  but  t ha t  i t  can also be used very  c t f c ct  ively to

provide r e a l — t i m e  control  dur ing  ac tua l  sys t em o p e r a t i o n  and for  demand

assi gnment . i.e.. fo r a l l o c a t i o n  of the a v a i l a b l e  c o m mun i c a t i o n s  channels

to the  various classes of users (fixed , mobile , small , or large) ~ ith

differing priorities under dynamic cond i tions (communications demand

cha n g i n g  w i t h  t i m e ) .

From an opera t iona l  s t a n d p o i n t , the c o m b i n a t i o n  of such a c o m p u te r

program with an e f f i c i e n t  s a t e l l i t e  m o n i t o r in g  t e c h n i q u e  \ i l l  add an ulap—

t ive c a p a b i l i t y  to the F DMA system fo r  o p t i m a l l y m a t c h i n g  the ava i lab Ic

s a t e l l i t e  resources ( power and b a n d w i d t h )  to the user demands at a l l  t i m e s .

while ensuring that system performance degrades as l i t t l e  as poss ib le .

rar t icularl y whe n t he a v a i l able resour ces are reduced or degraded by sin-h

oper a t i o n a l  c o n t i n g e n c i e s  as jamming, environmental conditions , ol’ par tial

system f a i l u r e .

2  
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P
Ii . lt epor t Organ i za t ion

The r epo r t con s i s t s  of t h r ee  v o l u m e s . \olum e One p r o v i d e s  a summary

of the  s t ud y w h i c h  i n c l u d e s  a d e s c r i p t i o n  of the ana l y si s a p p r o a c h , docu—

men t a t  ion of the  p e r t i n e n t  equa t i o n s , n u m e r i c a l  r e s u l t s , and c o n c l u s i o n s.

D e t a i l e d  a n a l y s i s  and i n v e s t i g a t i o n  of the  p r o b l e m  areas , as w e l l  as

d e r i v a t i o n s  of a n a ly t i c a l  exp re s s ions, are c o n t a i n e d  in t h e  a p p e n d i c e s

in Volume ~~~~ Three append i ce s  r ep resen t  e s s e n t i a l l y  the r e s u l t s  of

Task I • Task 2 , and Tasks 3 and -1 . Each  appendix  can be read independen t ly .

Thus  i t  i s  no t  e s s e n t i a l  to read A p p e n d i x  A to u n d e r s t a n d  Append ice s  LI and

C. .i l  thoug h t h i s  m i g h t  be helpful . Volume  Three .~rovides a t e c h n i c a l

a s ses smen t  ot  ( l ie  su i  t a b i l i t v  of PSK ‘ F DMA f o r  op. r a t i o n  lvi th a m I X  of

users  and i- nn~ ar e s  i t s  p e r f o r m a n c e  lvi t h i  o t h e r  mul  t i p ] c—access al t e rn a t  i ve s ,

in  p a r t i c u l a r , ~. i t h  (h a t  of  t i m e — d i v i s i o n  m u l t i p l e  access (TDMA ) and

spre ad—spec  (rum m u l  t i p l e  access  (SS~A )

3



I I  CONCLUSIONS

The p r i n c i p a l  conc lus ion  of t h i s  research e f f o r t  is ( h a t  t h e  phase—

s h i f t — k e y ed fr e q u e n c y — d i v i s i o n  m u l t i p l e — a cc e s s  ( PSK I -l ~~L-\ ) t e c h n i q ue  ha s

the p o t e n t i a l  to provide e f f i c i e n t  s a t e l l i t e  m u l t i p l e — a c c e s s  c a p a b i l i t y

to a m i x  of user terminals of differing characteristics and c ap a b i l i t i e s.

The communica t ion  per formance  of an F’DM A system can be improve d substan-

t i a l l y  by p rov id ing  power and f r e q u e n c y  con t ro l  to the t r a n s m i t t i n g

terminals .

The major f ac to r s  a f f e c t i n g  the pe r fo rmance  of an I- DM.-\ sys tem are

the losses resulting from power sharing and limiter suppression and t h e

effects of cross products generated because of the mixing of signals in

the limiter. Generally, poller control of the transmitters will reduce

the power—sharing and suppression losses, while frequency contro l ‘ i l l

reduce the effects of’ the cross prodlucts .

For a g iven  mix  of user te rminals , t he bes t powe r and f r e q u en c y  p l a n

can be determined from SYScON, through optimization of a norm I’cI)l’usent 1Mg

the figure of merit or a measure of the system ’ s communication p er t o r man c e .

The power and frequency plan thus obtained i  op t imizes  the norm for  the

selected ordering of the links iii th ,,, repeater .  Si nce some orderings are

expected to he better than o the r s , i t  is d e s i r a b l e  to se l e c t  a good

order ing,  and to de te rmine  the best power ’fr equency  plan for that part Len—

lar ordering. It has not been possible in this study to deve lop  a the ’o—

r e t i c a l  approach for  s e l e c t i n g  the best orcte i ’ing of the  links in the

repeater for a given mix of user t e r m i n a l s. However,  a subroutine has

been p r o v i d e d  in SYSCON tha t  a l l ows  c o n s i d e r a t i o n  and optimization 0! a l l

possible combinations of the links. Thus i t  is p o s s i b l e  to de t e r m i n e  t i n -

5
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best power and frequency plan for each 0! the poss ib le’  l i n k  conil~i nat  ion s ,

and then to select the best ordering.

A genera l  comparison of the th ree  m a j o r  m u l t i p l e — a c c e s s  a l t e r n a t i v e s,

i. e . , 1- DMA , TIJMA , and SSMA , i n d i c a t e s  that a controlled i- DMA system can

of f e c  very n e a r l y  as much s a t e l l i t e  t h r o u g h p u t  as ‘!‘DMA and con s i d e r a b l y

more than SSMA . Since 1- DMA provides, in addition , simpli city , low cost ,

and compatibility with existing equipment , i t  co~~jd have substantial ad—

vantages over the other tech n iqu es .

‘(‘DMA andi F’DMA offer comparable performance for a mix of user 6 ‘F’ s

and d a t a  r a t e s  if the same satellite bandwidth and power are available

for b o t h  t e c h n i q u e s. This  r e s u l t  may appear s u r p r i s i n g  at first , since

TDMA does not encounter the power—sharing and in termodulat ion c-I fed s

t h a t  FDMA does . h owever , the r e s u l t  may be exp l a i n e d  h e u r i s t i c a l ly i n

the f o l l o w i n g  f a s h i o n .

The mix in user G- ’l’’ s causes the  bandwidth L i t i  1 i z a t  1011 of .i

sys tem to be reasonably  low . There fo re , the r e q u i r e d  U F band~c id( li is

s u f f i c i e n t l y  large , and an F’DMA sys t em ~vi th the S tune throughput and band-

w i d t h  can avoid  most  of the cross products by selection o f  t r a n s mi t t e r

frequencies. Thus the 1-DMA system is not seriously degraded by this

effect . In adch i t ion, a TDMA system may he exped’ ted to oncoun t c i ’  Some

d i e g r a d a t i o n  f rom the presence of the local  t i m i n g  s i g n a l s. Thus ‘(‘DMA

has a rough l y  c o m p e n s a t i n g  loss .

The poiier—con trol loss in an I- l)~~\ sys tern mi ght be c’st m a ted  t o  be

a p p r ox im a  tel y 0 .5 to 1.0 cIB . No s i g n if  i ca n t  power—coil trol loss occurs

in most ‘(‘DMA sys t ems . However , in a ‘l Ii\I.-\ s y s t e m  i t  i s  n o t  ~ 0SS ib le  t o

perfectly match burst r a t e s  w i t h  c a p a c i ty  q u o t i e n t s . A reasonable  es t  i —

ma te of t h i s  loss i s  0 .7 dli. Because ( >1 i t s  g r e a te r  t I e x i b il  fl y, an l”l)MA

system can effectivel y avoid this loss. Consequently , with respect to

throughpu t , Fl )~ih\ an(I I - I ) ~~i are r o u g h l y  e q u i v a l e n t  ( to w i t  h i m  a le’ii dec i bel 
s6



By contrast , SSMA is se r ious ly  hampered by its ban dwidth inefficiency.

Large differences in user G’T’ s and data rates force the required Ri-’ band-

widths to be excessive. Consequently, SSMA cannot be given Se r i O u S  con-

sideration as a t echnique for  h i gh da t a  r a t e  t r a n s m i s s i o n  ~. i t h a m i x  of

user types . However , i t  must  be noted t h a t  SSMA , as compared to ‘l’l)MA and

FDMA , has inheren t  AJ c a p a b i l i t y .  Eve n with respect to this important

performance criterion , however , SSTIIA has a significant failing. Without

the use of a complex processing transponder , SSMA is degraded by the power—

sharing effect ~n the satellite transponder. Thus SSMA is not  n e a r l y  as

effective as is theoretically possible. Nevertheless , it m~~y provide the

required order—wire and limi ted communications capabilit y for “last—

ditch ” operation .

With FDMA (and SSMA ) the p r i m a r y  problem is n e t w o r k  power con t ro l .

while with TDMA the significant problem is network timing. The diffi-

culty with TDMA is that the control system is vulnerable to catastrophic’

f a i l ure . However , by ca re fu l  i n i t i a l  system des ign , the occurrence of

this can be made very improbable . By contrast , 1- DMA deg rades g r a ce f u l ly ,

but significan t degradation could occur much sooner with respect to small

errors in network control.

With respect to equipment , simplicity , and flexibility, 1- DMA is

superior to TDMA . Consequently, it appears that the 1- DMA approach , si nc’e’

it yields technical performance comparable to that of ’I’DMA , should be

given serious consideration in military satellite communication .

7 
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III PROBLEMS IN THE APPLICATION OF’ THE FDMA TECHNIQUE WITH A M I X
OF’ USER TERMINALS AND A LIMITING SATELLITE REPEATER

In frequency—division multiple access (i-DMA ), signals from separate

user terminals or links pass simultaneously through [lie satellite re-

peater and share the available repeater output power. Simultaneous occu-

pancy by many signals in a common repeater is achieved by assigning

different frequency bands to the several transmitting stations , so that

they can be demodulated by frequency—selective receivers . Within its

proper band, each multiple—access carrier can he modula ted  w i t h  any d c —

sired message modulation scheme , PSK, FSK , or FM. The major advantage

of the FDMA technique lies in i t s  s i m p l i c i t y ; no ne twork  t i m i n g  (as  in

TDMA) is required , and a channel can be selected by simple tun ing  of’ the

receiver. The technique is f u l l y  compat ib le  w i t h  e x i s t i n g  user equ ipmen t

hardware.

The general system configuration of an FDIIIA communication system is

shown in Figure 1. The system comprises the transmitting and receiving

terminals and the satellite repeater. The simplified version of the

satellite repeater consists of a receiving antenna followed by a high—

gain preamplifier , a limiter , a filter , a TWT amplifier , and , finally,

the transmitting antenna. In practice , the repeater also contains a

frequency translator , which , ideally, has no effect on the system per-

formance . The frequency translator merely shifts the up—link frequencies

of the signals by a spec i f ied  amount  for down- l ink  t r ansmiss ion .

When FDMA is used w i t h  a nonlinear satellite repeater , its performance

degrades because of the nonlinear characteristics of the  l i m i t e r .  The

nonlinearity results in three potential sources of degradation.

9
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A . Power-Sharing Loss

Any non linear repeater , even the idea I autouna t i c — g a l f l — c o f l t  i~ I (\G( )

repeater , experiences a power—sharing les s , ‘ h i , - c t .  i h i t  i s , the r~’p,- .It r

output power is distributed to ea ch aCcess  , I h ) I ) u I \  i n . ,i t .  I I ( I I  ~‘ I l i i i  ii

suppression factor) in proportion to the rati o i t t h i t  oh)— I ink ~~j~~- i  d l

power to the total up—link power. In p r i n c i p l e , i t  i s  h~~~’-I ~~h ’ t o

the up—link powers so that the desired output i~~--’ r i s  ,ii ,u i l i-I ~ i t - , i e t i

access. This case would correspond t o  t l i t ’  . I s & -  i f  ,‘, - “h ~~i’ i ng

loss . In practice , this control e’aiCno t hi,’ ,u ( I  ‘ - h ’ t - - 1 I t I , .uiit l a

power— sharing loss must be included i n  t a 1 i u k  bud - ‘ t t o  l i t  ‘ ‘ t i l l  t i  t - ,
power imbalances ,

B. Suppression Loss

In operation with a mix of users , the nuunh,e’i’ Ii slgui a i s and a - i t ’

power levels may vary constantly at the limiter i n p u t .  h is  > . ~ t i ’  ti n—

balance can cause suppression of weak si gnals by strong ones , oitnng to

limiting in the repeater. A strong signal having power greater than (lie’

sum of the powers of the other signals can capture the limiter, reducing

the power output of the weak signals to anywhere f rom 1 to 6 (lB less than

that on a linear power—sharing basis , depending on the statistical atu pli—

tude distribution of the other signals.’ This undesirable consequence

could be extremely critical for applications involving a mix of users

with large and small transmitting and receiving capabilities .

The suppression of a weak signal is shown in Figure 2 for the case’

where the interference is a combination of a strong CW signal and Gaussian

noise. When the limiter inpu t consists of a large number of si gnals all

*
References are listed at the end of Volume One.
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approximately equal in amplitude except for one weak signal , the weak

signal suppression will be 1 dB , since the amplitude distribution of all

the other signals will approximate Gaussian noise . However , if one of

the signals is very strong, it can suppress the weak signal by a maximum

amount of 6 dB. It must be emphasized that such a large suppression is

possible only if the power in the strong signal is much greater than the

sum of the powers of all the other signals. In  a practical system , this

is usually feasible only when there are v e r y  few signals in the repeater ,

so one strong signal can capture the limi ter. With the increase in the

number of signals , the amplitude distribution at the limiter input would

tend more toward Gaussian , and the suppression of the weak signal would

drop to approximately 1 dB.

Power control of the transmitters will certainly alleviate the problem

of power imbalance at the repeater and will also tend to preclude limiter

capture by strong signals . F’roni the above discussion , it is clear that

the need for power control is occasioned not by the expectation of limiter

capture , if many signals are usually present , but by the sheer power-

sharing problem——exactl y as though the repeater were linear. This makes

the power—control problem substantiall y more tractable , since the need

for precision in power control would be greatly alleviated with the in-

crease in the number of signals in the repeater .

C. Generation of Intermodulation Cross Products

Several signals simultaneously present in the repeater create inter—

modulation cross products. Only a small fraction of the repeater output

power is wasted in these cross products. Hd)wever, if some of the  cross

products fall in the frequency band of a desired signal , they interfere

with the signal and add to the contribution from the up—link retransmitted

satellite noise and down—link receiver noise.

13
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The problems of signal suppression and the generation of cross

prod ucts are , of course, related , since both are dhirect consequences of

limiting in the s a t e l l i t e  repea te r .  ‘I’he combined e f f e c t  of ~ve’ak s ig nal

suppression and the presence of intermodulation componen t s  on the down

link will reduce the effective signal—to—noise ratio (SNhf) at the re-

c e i v i n g  t e r m i n a l . If  the SNR f a l l s  below the t h r e s h o l d  r e q u i r e d  to main-

t a i n  a s p e c i f i e d  error ra te ’ , t h e  c o m m u n i c a t i o n  l i n k  w i l l  lie unusab le.

I t  is we l l  known~ t h a t  when the f r e q u e n c y  assi g n m e n t s  of m u l t i p l e —

access carriers are spaced closely and u n i f o r m l y  across the a v a i l a b l e

repeater  b a n d w i d t h , so t ha t  the ampl i tude  d i s t r i b u t i o n  of the composi te

signal closely approximates Gaussian noise at the r e p e a t e r  i n p u t , the

signal—to—in termodulation—power (S I) ratio in the centra l channel is

approximately 9 d l , while for the cha nn els a t  the ed ge of t he  band i t  is

typically 1 to 2 dB higher. -\ value of’ only 9 dli for S I  is certainly

low for analog modulation , since it is in the vicinity of threshold for

such systems as widcband FM. In  addition , the presence 01’ up—link re-

transmitted noise and down—link receiver noise will lower th e t’fl ect iv t ’

SNR at the receiver even more. The problem is f’urther accentuated by

the fact that in operation w i t h  a m i x  of users , because of lint ter sup-

pression of weak signals , the S/I for a weak signa l could easil y fall

below an acceptable value .

A 9—dil S I , however , can be q u i t e  accep tab le  f o r  d i g i t a l  transmis-

sion , since it is sufficient to achieve an error rate’ of approximately

10 “ with a binary phase—shift—keye d (BPSK) modulation scheme . ‘t h e  ~‘ I

for all the other channels will be greater than 9 dli, wh ich will yield !

5error r a te s  sma l l e r  t h a n  10 . ‘t he S I can be improved! t h r o u gh use of

n o n u n i f o r m  f r equency  p l ans , so t h a t  a larger I r a c t i o n  of’ t h e  intermo (hula—

t ion products halls on unoccupied channels. For example . by us ing  o n ly

5() pe rcen t  0! avail able bandwidth , wh ich is equivalent to reduc i ui g the

11 
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number of commun ica t i on  channe l s  by two , it would be possible to achieve

an improvement in S I of at least 3 dIB . The loss i n  the number  of chan-

nels could be made up by e m p l o y i n g  a more e f f i c i e n t  n i o c hu l a t i o n  scheme ,

such as QPSK (quadr ip hase ) r a t h e r  than BPSK. ‘t hus , i~, i t h  a QPSh ~~ I”DMA

system , i t  woul ci be possible to o b t a i n  the same number  of c h a n n e l s  iii

the av a i l a b l e  repeater  b a n d w i d t h , bu t  wi  th an S I of 12 (lB r a t h e r  t h a n

the 9 (lB t h a t  would be obtained!  w i t h  a BPSK - ’!”DIdA sy s t em.  Th is  increase

in S I can be used as a d d i t i o n a l  marg in for  combat ~ ing r et r ansni i  t ted up—

1 ink  as well  as clown—li u k  noise and o ther  i n t e r f e r e n c e. Tb is mar g i i i  coo 1( 1

be f u r t h e r  increased by p r o v i d i n g  power cont ro l .

1), Summary

P o w e r — s h a r i n g ,  suppress ion , and in t e run ochula  t i on  croSs pro dluc ts I) i’e—

sent d i f f i c u l t i e s  for  F’DMA ope ra t ion  w i t h  a no n l i n e a r  s a t e l l i t e  r e p e a t e r .

However , these impairments are by no means cliarac Icr i st i c of l”DMA a lone .

In f a c t , any m u l t i p l e — a c c e s s  t e c h n i q u e  t h a t  involves s imul t aneous presence

of user si gnals in a l i m i t i n g  repeater  w i l l  s u f f e r  from these d r a w b a c k s ;

t h i s  is true for  bo th  i- DMA and SSMA . Ne twork power con t ro l  can  si gn i f i -

can t ly  reduce the magn i tude  of the  f i r s t  t ~do cli.’ grada t ions • ‘t i le I,’ I’ h e - c t

of cross products  can be reduced by f r e q u e n cy  c o n tr o l . No m i n a l l y ,  t h e

a n t i c i p a t e d  i n t e r m o d u l a t i o n  cross—pro ( luc t P0WC~i’ l e v e l s  lor  d i g i t a l  m o c i u l a —

t ion  systems are tolerable .

15 
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IV THEORETICAL INVESTIGATION OF’ A PSK~ F’DMA SYSTEM
W ITH A MI X OF USER TERIiII NALS

From the discussion in Section III , it is evi dent that an investi ga-

tion of the problems involved in the application of FDMA ~‘,ith a limiting

satellite repeater would be of considerable practical interest and in-

portance in the design and operation of the communication system . I t i s

reasonable to expect that , for any given mix of user terminals , there

exists an optimum power and frequency plan that would provide the best

utilization of the satellite resources ccnsistent with obtaining the best

system performance . While this concept is widely acknowledged , it has

not been possible in the past to find such a power and frequency plan .

This section is intended to summarize the approach and results of

our investi gation of the effects of limiting in the satellite repeater

on the performance of a QPSK-.’FDMA system in operation with a mix of ter-

minals , and to describe our approach for selecting frequency and power

assignments for the transmitting terminals , so as to achieve the best

utilization of the FDMA system capabilities . The investigation was con-

fined to analysis of the problems resulting from the nonlinear character—
*

istic of the limiter only. Other sources of s y s t e m  d e g r a d a t i o n , such as

intersymbol interference caused by filtering and AM—to—PM conversion in-

troduced by the TVi’T amplifier , were not considered.

We begin with a description of the model of the satellite repeater.

*
Detailed analysis and derivation of equations are c o n t a i n e d  in the
appendices in Volume Two.
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A . Mode l of the S a t e l l i t e  R e p e a t e r

A ban dpass  l i m i t e r  ( see F ig u r e  3) 15 ge ne r a l l y u sed! i n  theore t i e a l

i n v e s t i g a t i o n s  to model a limiting satellite repeater. ‘!‘hc lim iting can

be either hard or soft. The bandpass filter preceding the  lim iter is

wid e enough to pass the signals w i th neg ligible distortion ; it l i m i t s

the repeater input noise to a b a n d i w i d i t h  t h a t  is s m a l l  compare(t  to the

center frequency of the filter. ‘I’he band pass filter following the limiter

H BANDPASS L LIMITER 1 rB~~~~
SS H

TA 81 0583 1 84

FIGURE 3 SATELLITE REPEATER MODEL FOR INVESTIGATION
OF IDEAL SYMMETRIC LIMITING

c o n f i n e s  the o u t p u t  spec t rum to e s s e n t i a l l y  onl y the f u n dl a m e n t a l  ban d ( I I

the si gna l s . The f i l t e r  p r eced ing  the l i m i t e r  has  the  same b a n d w i d t h  as

the hi gh—gain preamplifier in F’igure 1. Thus the  SNR a t  the  l i m i t e r  in-

put in Figures 1 and 3 w i l l  be the  same. The gain of the limiter in

Figure 3 is identical to that of the combination of the limi ter and T’IVT

in F’igure 1. It is assumed that both the preamplifier and the TWT ampli-

fier in Figure 1 are linear , so all the nonlinearity existing in  th e

satellite repeater can be a t t r i b u t e d  to the  presence of the  h u h  ter a l o n e .

The model of Fi gure 3 require s an ‘ ideal ” zonal  f i l t e r  at  the h ij u i t c i ’

ou tpu t , to pass the fund a m e n t a l  band of s i g n a l s  u n a t t e n u a t e d  but  to com-

p l e t e l y  suppress the hi gher h a r m o n i c s  of the signal f r e q u e n c i e s. R e a l

filters can only approximate this desired behavior .

18
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B. Limiter Characteristics

To anal yze the problem of t r a n s m i t t i n g  a number of constant—envelope ,

p h a s e — m o d u l a t e d  s i n u s o i d a l  c a r r i e r s  th rough  the  bandpass  l i m i t e r  shown i n

Figure 3, a m a t h e m a t i c a l  r e p r e s e n t a t i o n  is  needed f o r  the  n o n l i n e a r

cha r a c t e r i s t i c s  of the l i m i t e r .

In practice , a limiter is generally characterized by its power

transfer characteristic. Figure 4 shows the measured power input output

transfer characteristics of a tunne l diode limi ter.~ Both the i n p u t  and

the o u t p u t  power levels  are n o r m a l i z e d  to a m a x i m u m  l i m i t e r  power o u t p u t

equal  to 0 dBW . The dashed l i ne  in Fi gure -l shows the  n o r m a l i z e d  power

t r a nL~fe r  c h a r a c t e r i s t ic  of a l i n e a r  amp l i f i e r  of u n i ty  g a i n . At  low

R OUT — dB
‘10 ,

/

‘ - 8  I
/

- ‘ 6 /
I

- -4 ,
/

‘ ‘2
-~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~ 
dB

/

I

~~~~~~~ S A -1975 - 30

FIGURE 4 MEASURED POWE R TRANSFER CHARACTER-
ISTIC OF A TUNNEL-DIODE LIMITER
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I n p u t  P Ohit ’ l ’  U - u t - i s , t h e  l i m i t e r ’  o u t p u t i i t ,
~~~ i’ letel i nc r ea s e s  l i n & - a i ’ l y

Ul l i i v  s lope ’ ) W i  i l l  t h e  i n p u t . \~~ t ha’ I i l p u t  I) 0\¼ L’i’ i t t e  I iS i l l c i ’ c a s e c t

t i t e ’  ou t  pu_ u t  t l epa r  t 5 h i’ouii t i l l . ’  1 i ile’ a I’ c h ar ’ ~i l e t ’  I St i C’ and i’i- aclies sat n r a  t i Oil

a t  1 , t u ’  ~.‘i-
- I i lP i l  t pot~ ’i’ lev els .

‘to i’e’pl’( ’s e’Il t t ile I r a i l s  I t  - i’ e l i , i  u ’~i~ L e t ’  I st  i u s  oh I~ 
r ae 1 i c a l Ii unit e u - s

Such aS sil ow l i  ill  i ). ‘ut’C’ -l  , t i i c  a n a l v  1 i ca l .  l ’c ’pr t ’n-e ’i i  t a t  ion  naus 1 prov i h e

u _ m i  t y  slope at t o\i S i  gnal h olde r’ l e v e l s . iv i  th an acic hi tional p ar a t ic- te l’

a v a i l  able’ t o  c ha i ’ a u  te ’ r i ze- t h e  so t  I n e s s  it i t i l  i th  i ch t h e  l i m i t  cr  i t  -ache ’ s

s a t u r a t i o n . t i l t s  t l e -x j b ili t v can be ae ’ hi e v e d  by le ’ sc -t’ i i ) i u h g  t i l e ’  I i i i i i t e l ’

t o !  t a ~~~- , ch a r i u c t d ’ r i s t i c -  by a sum of t i t O  e r r or ’  l u n c ’t  i on s ( 5 t- ~~’ ~\ p p e ’l ld iX  .\

Se’c’ I ion 2—hi)

~y — {esi. f (_
—_

) 
e r l ( _ ~~_ _)  ‘ 

( I )

i there  x a nt i  v a re  1 iiu i tc ’i’ i opu t and o u t p u t  volt a~.’e-s , i’espe’c t i i - e l y ;  - is

the  1 imi til l , level; an d l  c-ri ( ) (lend) Ic’ S I he ci’ l’ i t i  m a e’ t i Oil . ‘t il e i) al’afliC ’ I ci’s

‘
~‘ and ‘v’ ,, can  be chosen appropriately. so t h a t  the ’  poider t r a u l s  It-c eit ai’a ’—

t o r i  s t  ic as de t erm i nec! t ron Ed 1 . ( 1) c lose’  lv  appl ’oxjniat CS I tie nie’asui ’etl

pot te r  I ransie’r charac I u r i s  t i c  of pI ’ac’ i i  c a l  1 m i  I Cl’S ( such as in  I- i gore ’ - I )

lie coIls ide’r n e x t  the transmission at ci a u t g l e— m o c i u  l a  t e d  h - h ) M \ c a r i ’  ic - I ’ s

t h r oug h a b an d pas s  I i  i i  i t  ci’ ( i i  ~u i ’e ’ :; ) ~ h se Ii iii i t  i i i  c ’h a rae’ ( c i ’  i s  tic i s

(iCscI ’ ii )C ’( I  t t v  th ie sum ol t \ ~~) e r ro r  t u n e  I t o llS I i - q  . ( 1)  I

C . t)c t e r m i n a t ion  u! t h e  I~i uii i t er  O u t p u t  iv i th ii Sigma is aul ci No i sc

St a n i o r c l  i~~- se-a t ’c’il I n s t  i t  U te r e c e n t l y  de’ve l ope d a t in c— d a na  i l l  n e t  i lO( i

o h  ama l~ ’s i s I h a t  di I ic- i’s m a r k e d  lv iron the older mathemati ca l tec’hn i que ’~

t h ,  t b a it be-en wi (ii.’ lv used i n  t i l e  aiialys is  0 h 1 i iii i t tars ,‘‘ Tit e m a i n

t & ’ ; l t l I u ’ & ’  o f this anal ytical approach is that i t  pen t t s  h i t ’  l i u n i h o - u ’  o c u l p i r t — —

C o n s i s t  i u i g  o l  s i g n a l s . in t e r u i i o d u l a t  ion p r o d u _ u c t  5 , a nd  no i s e — — t o  hi’ exp u - o ss& o l

2tb  
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c o m p l e t e l y  in the t ime  domain .  R e p r e s e n t a t i o n  in  t h e  t in e  d o m a i n  per-

mits retention of the phase of the  FOMA s i g n a l s  and! i n t e rm o d u l a t i o n

products at the limiter output . This  i s  no t  pos s ib l e , in  genera l , w i t h

frequency—domain techniques arid , in particular , with the autocorrelation

method , which is usually employed in limiter studies . The tiuiie—clomain

technique also permits evaluation of the distribution 01 the interfering

signals (cross products and noise) at the limiter output , which is not

possible itith the autocorrelation function approach.

1. Amplitudes of the Output Signal and In t e r m o d ul a t i o n  P r odu c t s

Appe ndix A (Section 3) shows t h a t , i f  the  l i m i t e r  c h a r a c t e r i s t i c

is represented by Eq. (1) and if its inpu t consists of n s inuso ida l

carriers of arbitrary amplitudle and phase modulation ,

s ( t )  a
j 

cos~ .L~~t - ~ ( t ) 1  . (2 )

plus a na r row band of s t a t i o n a r y  Gaussian noise , tile lim iter’ output in

F’i gure 3 prior to bandpass filtering can be expressed as

z(t) = ‘
~~ ... ii sin{~~~ P [J2 t I- ~~(t) ~

- . ( 3 )

p
1=—

.c n i=l

where

“ ‘) 2

~~~~ 
~ 

= 

~~ i= l  

J~ (va i) {CX P[_ 

2~~~~2 

2
1)] 

~ civ
-I- e’xp — 

2 
“

~~~ ( - I )
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re’prcsents the  amp l i tu _ i de  c o e f f i c i e n t  ol the ou t p u t  si gna l  and i n t e r m o d u —

la t ion component Is . ‘t ile s ig n i f i c a n c e  of the p aramete rs  in Eq. ( -1 )  i s  as

f o l l ow s :

• n is  t i le ’  total number  of signals (links).

‘t ile i’aluc’ ~ f is thc’ harmonic of the 
t h  

s igira l

appearing in t h e cross proc tu c t u_ littl e-i’ C ons  i (I C- i’a t 1 (111 .

- tilThus , p .  = 0 i n d i c a t e s  t h a t  the  i s i g n a l  d o t - s  no t
1

c o n t r i bu te  to t h i s  cross produc t , n h i l c ’  p 1 i l l d i —

ca tes th in  t the f u n d a m e n t a l  appears , and so l o t ’ t h .

The compos 1 t i on  of the cross pro diuc t  i s  i ad i c a t eo l  by

the subscr ip t  p p . . . p . A subscr ip t  100 . . .0 i rid iea te ’s1 2  n
t h a t  t h e  o u t p u t  t e r m  UrIdier  c o n s ic ier a  t io n is Si gnal 1 .

1 subsci ’i p t  2100 , , . 0 1 nd I c a  tcs t h a  I t h e  second hi a r nn i ou i  ii-

o f  Si gn a l  1 is -mixed w ith tile l undamen t a l  01 Si  goa l  2 .

and So f o r t h ,

• a is the  a mp l i t u d e  (v o l t a g e ) 0) 1 t h e  i i i l p U t  Si gna l .

• - — 
i s  the  noise  power at the i npcu t to tile 1 imi tei’,

“° 2 lb
‘t h u s , a ’- 2 - i s  the SNR of the  i 1 m Ild at t I l e ’  i I lpu t

1

to thic’ limiter.

t II
• i~ is t he’ r a d i a n  I requency of the 1 sigma 1

• J (va - ) is the !k’ssel f u nc t i o n .p i ~
• ~ is the  1 m i t  i ng  l eve l  in saturation .

• y
1,

, y
, 

are the- parameters in o — q .  ( 1) .

2 . I r’equen( I C  S 0 ) 1  1 i t t -  I u i t  e rmodula  t ion Prod u _ u c  Is

E qua  1 ion (3) sitoit s that the l i m i t er ’  o u t p u t ( ‘0 ) 1) t a i n s  Comp on en t S

whose f r e q uen c y is  gi cc- n by :
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I p
1

f 1 
p

2
f 2 ... - p 1  , (~~~)

where

p
l ’ P 2 ’ . . .,  

~ n = (0 , .‘1, 2 , . . .) .

SI t a f t ~ h a s  shown tha t the  dominant cross p r o ( lu c t S  are those’ lot ’

which 
~p - 

is small (-2), This approximation c uusideraLfy simplifies1 max
the determination of’ the frequencies , s ince , i nst e a~ of c o n s i de r i n g  a l l

the p from — -~~ to ‘e’ , it is necessary to cons ider  t h e m  only in the  i’au~ .’o
1

from —2 to 2 .

We are ir.terested here o n l y  in the detei’minat ion of the’ cross

products that tall in the pass band of tIie jilter foli~.”,’ ~ng the lim i ter ,

i .e, , those falling in the first zone ,

p ~~p ‘ .,. t p  ~o 1  , ( u ; )
1 2 n

All the othe r cross products nih be hiltered out by t he bandpa ss  1 h h t e ’ i ’ .

S ince the  l i m i t e r  has an odld l— order  t r a n s f e r  c h a r a c t e r  i s t  i e ,

genera l ly on ly  the t h i r d — o r d e r  i n ter m odu l a t  j olt  conlpon.. ’l lt s are the  most

significan t contributors to the output distortion , i-or , ba- third—order

in terriodulat ion produc t s , the  sum of the  nlagni tudos oh the ’ p o a. - I 1 c ic-i n Is

is th ree ,

i = 3 , ( 7 )
1 2 a

W i t h  the a id  of Eqs . ( 6 )  and ( 7 )  -c ’ e au i  iC t c I ’ n : l t ci  , l h  I h u t - t h i r d—

order cross prociuc ts t h a t  iv i l l  pU SS t h r o u g h  t h e ’  ou t  p u b  bo , ( i l o i i l a  SS 1 1 [t o-u -

i- i gu re  3) . Not a t h a t  there  are t w o  type ’ s of lb  i i’ l — a i ’ l o - t ’  c l’ o 0 5 5  p r  - l a o  I s .

These are generated a t  frequencies
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— f . = 1
21 , I P 1~ = 2 , ~~~~ = 1
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- 1 — 1 = 1  ,i 1 k 111 i .1 k

‘flue cross prod uct at t u e frequency 2f — I . is produced by the m i x i n g  0!

two i gnals  ~ t f r e q u e n c i e s  f and I~~, respect ivel y. On the other h a n d ,

the  cross p r o d u c t  a t  the  frequency f~ — 

k 
is genera I c -c l  by the’ m i x i n g

ni  th ree  si g n a l s  at  f r e q u e n c i e s  
~~~ 

~~~~, and

3. L i m i t e r  O u t p u t  No i se  Components

In  1”DMA , the t o t a l  power in a l l  the  s i g n a l s  is much l a r g e r  t h a n

the power in the thermal noise  at  the l i m i t e r  i n p u t . A p p e n d i x  .\ (Section

3) shows t h a t  the c t i s t r i b u t i on  of the noise  at t h e  1 m l  Ic-i ’ o u t p u t  the’n

tend s to a Gaussian d istribution:

2 2— a 2 a
p ( n )  = 

~~~~~~~

____

~~ 

, ( 8 )

whose v a r i a n c e  is g i v e n  by :
9

2 2

2 

~~~~~~~ I v  ~~~~~~~~~~~~~~~~~~ 

2 
‘

2 

( 9 )

there ’ is t h e  t o t a l  noise power a t  t h e  1 im i ter’ input , and ‘

~~~ 
represen t s

th e’ total power of all the  i n p u t  si gna ls , i .e . ,

ii
2 2

a a 2
2 1

i= l

2-i

‘ - -  -_ -- -‘5 ~~~~~~~~~~~~~ - - - - - ‘5 ‘-.5--- —‘5--— —‘5 - .  ‘ -  — 5- - -5 ‘.5—



~~~~~~~~~~~~~ —-5—~~~~~~~ -— ’ -- — -—- -—~~~~~ - -5-- 5 --  .5— -

We have thus obtained all the analytic expressions that are

needed to determine the limiter—output-si gnal , cross-produc t , and noise

components when a sum of n s i gna l s  is transmitted simultaneously through

the repeater. Nex t, we consider the problem of demodulation of the F’DNI\

signals at the receivers after transmission and amp lification through the

satellite repeater. -

D. Error Rate at the Output of an FDMA Channel

It is assumed that all the transmitters in the system use quadri—

phase modulation of the F’DMA carriers and t h a t  the s ignals  at  the  re —

ce ivers are detected by a co r r e l a t i o n  o p e r a t i o n  w i t h  a synchron i zed!

reference.

At the rece iver , the desired signal is detected in the presence of

(1)  o ther FDMA signals causing adjacent channel interference , (2) cross

products generated as a result of the mixing of the signals in the

limiting repeater , and (3) retransmitted up—link (satellite—repeater)

as well as down—link (receiver front—end) noise . Appendix B shows t h a t
th

‘ the error rate at the outpu t of the i channel is given by:

~ei 
= ‘

~~ ~l - erf(r . /
~~] , (10)

where erf( ) is the error function , and

2

2 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

n m (11)

I 
~~~ ~ik 

S
ik 

+ :~: ~~~~~~ ~~~~~~

- 
t h

represents the equivalent SNR or 2E a at the  outpu t d) I  t h e  1 channe ’ l ,

and where
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P

a = number of limiter input signals (links)

a = number of cross products falling in the repeater bandwidth

2 th
= SNR of the desired Signal a t  the i r ece ive r

2 iii th
C i k = SNR of the  k s i g n a l  at  the i receiver

2 thu
= intermodulation—to—noise ratio of the  j cross product

3 th -at the i receiver.

The parameters Sik and S. ,  represent the effect of integrate and clump

- - th ‘
~ th 

- - - - - th
filter ing in the i receiver on the k interfering link and on the , j

cross product , respect ively.

2 2 2
The SNRs ~~~~ 

~~~k ’ 
and 

~~~~~
. can be expressed in terms of satellite

and receiver  parame ters as (Ap p en d i x  C , Sec t ion  5) :

2P . 115 ‘1’
2 r I n  r u  2

p = A (12)
i K . R , i

1

2P . 1 15  ‘1
2 r o ri ru 2

- = A ( 13)
ik K . R . k

1 
-

2P . (~ ~
t,

r I ri ru 2
a = A , (1-1 )
ii K . R • m , n ,p

where

= s a t e l l i t e  ERP referenced to the ground t c rm i n al

= fi gure of merit of the ~
th 

receiver

K = J3oltzman ’ s constant

R - = b i t  r a t e  of the  1 l i n k

A ~/-1 
‘ h

PIP2 ‘ ‘~~~ ~ 1P 2~~ P
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The A parameters are identical with the h parameters of’ Eq. (-1) , except

for the factor ii~ 4. In Eqs . (12) through (14) the indices I , k, a, Ii ,

and p indicate the links involved , while ,j is an index on the intermodu—

lation products . Thus , A and A denote the amplitudes of the signals
i k -

for the ~
th 

and k
t
~ links , respectively, to-bile A represents the

m , Ii , p
amplitude of the third—order cross product generated by the mixing of

the signals on links a, n , and p.

The parameters S and S. - may be determined from the following
ik 13

expressions:

=0

S = f l H ~( f ) I 2 
G (f) cif ( 15)

1 2
S. - = I jH (f)I G ,(f) df , (16)

13 J 1

where

H (f) = transfer function of the 1
th 

integrate and clump f i l t e r .

15 ( f )  = power s p e c t r a l  d e n s i t y  of the  k
th  

s i g n a l  ( n o r m a l i z e d

by the power of the k
th 

s i g n a l ) .

~ (f) = power spectral density of the 1
th 

cross prod uct (nor—
th

malized by the power of the j cross product).

Alternatively, by using Parseval’s theorem , toe c a n  d e t e r m i n e  S , and S 
-

in terms of autocorrelation functions as

=0

s = I R (“- ) H ( -t- ) t l r  (17)
ik I h

J 
- 

i k

• = f R
b

(s) 11 (r) ii , ( 18)
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where the au tocorrel at ion lu n c  ii oils are’ d e f i n e d  as

H ( -~~) Four  icr t r a n s f o r m  of Ii 
- 
(1) 

—

1

H (-r ) Fourier translorrur of 1 5 (1 )
k

H ( T )  Four ie r  t r a n s f o r m  of ~ ( f ) ,

The e v a l u a t i o n  of S , and ~ is d i scussed in Ap p e n d i x  B .
ik

Since by Eq. (10) the probability of error is a monotonic function

of the  SNII , any  improvement i n the  rece iver  o u t p u t  SNII w i l l  a l so  improve

t he channe l  error  r a t e . ‘file dependence of t h e  proh )abi  i i  ty  of error on

the frequency plan is disp layed in the two i n t e g r a l s  i n v o l v ed  in the d c —

t e rm i n a t i o n  of S i k  and 
~ 

- , while the depend ence oct the power p l a n  is

2 2disp layed in the SNRs, ç - , a , an d a . - ,  s ince  these are f u n c t i o n s  of
1 ik  L j

the A pa ramete r s , wh i c h , in t u r n , are d e t e r m i n e d  by the  EIIPs of the

t r a n sm i  t ters .

N e x t , we consider an approach fo r  a s s i g n i n g  powers and f r e q u e n c i e s

to the t r ansmi t ters f o r  i m p r o v i n g  the p e r f o r m a n c e  of the i’DIL-I sy s t e u n .

E . Approach  fo r  Se lec t ion  ol Power and F r e q u en c y  P l a n s

When several l”DItIA l i n k s  are s imu l  t a neo u s l y  active . tble y titus t sha re

the  1 m i  ted resources of the sate’ 11 i te . These i’e sources  are do- Sd ’ I’ ih ed i i )

t e rms  of the s a t e l l i t e  e f f e c t i v e  rad i a t ed  power (E R P )  and the repea t o - i ’

HF’ b a n dw i d t h .  I t  is  desirable th a t t h e  a v a i l a b l e  s a t e l l i t e  power ’ an d

bandw id th he shared o p t i m a l ly among the  c o i n c i d e n t  use rs  and that ll ~ -

communication efficiency of the F’DMA system be nlaximized .

As meat  i one d iii S e c t  I on’ 111 , tuhen se’vera 1 11 aks oc ’( ’upv t h e  u i  - p e a  t o

siniu l taneously , the limit jug in the repeater illtrd )duces c-ross pr oolol e I ~

which may interfere with the recept ion of the si gnals. Th~ utu h l a t t  lot iii

In te rmoch u h a t Ion product  depends upo n i t s f req ueflcv I oc’a i I on a ad it s

28
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a m p l i t u d e  r e l a t iv e  to the des i red  s i g n a l s. The e f f e c t  of the cross

products can be varied by controlling the frequency and power of the

• transmi t ted signals . Decreasing power causes the limiter to saturate

less and thus  reduces the amplitude of the cross products relative to

the signal power; however, it also reduces the absolute power in the

s i g n a l s  and hence reduces the SNR. ‘h ’hus the s e l e c t i o n  of si gnal  power

is d e t e r m i n e d  by the  t r a d e o f f  between the e f f e c t s  of noise  and the effects

of cross products .

Chang ing  the  s i gna l  f r e q u e n c i e s  changes  the f r e q u e n c i e s  of t h e  c ross

p roduc t s . Thus , i t  is possible  to choose c a r r i e r  f r e q u e n c i e s  t h a t  red uce

the et’i’cct of intermodulation products on a particular signal by in—

creasing the distance (in frequency) of the cross products from the sig—

nal  carr ier .  However , because of the l i m i t e d  repea te r  b a n d w i d t h  and th ie

fact that many signals are present, any change in frequency may h e l p  one

signal at the expense of another.

• The problem , therefore , is to develop an approach for selecting

f r equency  and power p lans  that will provide , for a given mix of user’

population , the best u t i l i z a t i o n  of the FDMA s y s t e m  c a p a b i l i t y .  ‘l’he

search I or good power and frequency p lans  should also cons ide r  t ile COfl-

straints imposed by the characteristics of the  r epea te r  andi t he  t e r m i n a l s ,

These may be specified in terms of:

• Limiter characteristic

• Satellite repeater bandwidth

• Satellite noise temperature

• Satellite ERP

• Data  r a t e s  between p a i r  of ground t e r m i n a l s

• • Number of links

29



• Receiver figure of merit (15 ‘1’)

• ERP of the  ground terminals .

Mathematically, the prob lem lor  d l e t er u n i n in g  power andi f r e q u e n c y

p lans  can be f o r m a l l y  St ate’cI as fd u l lott s : G i  ~‘en the s a t e l l i t e  and ter-

m i n a l  characteristics , I m d  a power and f r e q u e n c y  p lan  such t h a t  a

selected norm t h a t  represen ts  the  f i g u r e  of m e r i t  or p e rf o r m a n c e  of the

FDMA sy s t e m  is o p t i m i z e d.

1, D e f i n i t i o n  of Norms

To t a l k  q u a n t i t a t i v e l y  about o p t i m i z a t i o n, i t  is e s s e n t i a l  to

d e f i n e  a measure of sys tem p e r f o r m a n c e  or norm f o r  the s y s t e m , l ’h ri ’ce

norms sugges t  themse lves ;  each is c o n s is t e n t  w i t h  a d i f f e r e n t  s y s t e m

philosophy :

• A s imp le norm can be defined as the sum of t h e  link

error probabilities:

n

N = ‘S ’~ - . (19)
a ~~~~j  ci

i=l

This  norm would  t r e a t  a l l  s i g n a l s  e q u a l ly and would !

not account  f o r  the f a c t  t h a t  some d - a r r ’ ~’ in f o r m a t ion

a t  a h i g h e r  r a t e  t h a n  o t h e r s .

a ‘to account for the f a c t  t h a t  some s i g n a l s  ca r ry  uttore

information t h a n  o thers  • a norm t a n  be d e f i n e d  as the

sum of the error p r o h ab  i i i  t i e s  we i glu t t o i  by t ire cia! a

r a t e s :

30
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P ~~R

N = 
1 ~ 

n (20)

Minimization of this norm would minimize the average

error ra te and m a x i m i z e  the  i n f o r m a t i o n  t r a n s f e r  i ’a te .

F i n a l ly ,  one can take the m i n i m a x  approach to ensure

t h a t  the poorest  channel  has  as good pe r fo rmance  as

possible . This lead s to the norm :

N =0 P - . (21)
c el max

M i n i m i z i n g  t h i s  norm w i l l  m i n i m i z e  the m a x i m u m  e r ror

probability and ensure t h a t  every o ther  channel  meets

or exceeds this performance .

2. Description of the Selected Approach

The approach taken for determining the best pow-er and ! r equ e n c y

p lans , for  a g iven  m i x  of user t e r m i n a l s, is  to o p t i m iz e  a se lec ted  norm

first with respect to either the’ frequency or the po’der , htolding one of

them f i x e d , and then  to repea t  the’ procedure on the  p a r a m e t e r  t h a t  was

held f i x e d .  The reason [or d o i n g  t h i s  is  t h a t  f r e q u e n c y  and power  are’

easily separable in the expression of the error rate in Eq. (8). ‘Fite

dependence of’ the probability of error on t h e  frequency pla nt is d i s p l a y e d

in the two integrals involved in the determination of the 1)araine’U’rS

and S ,, while the dependence on the power plan is displayed in t h e  S Ni t s .
2 ‘~i~ 2

a , ~- , and ~ , since these are fu n c t i o n s  oil t h e  t r a n s m i t t e r  I- RPs .
i i k i j

The problem of m i n i m i z i n g  the norm w i t h  respect to  potrel’ I ll’

f r equency  is e q u i v a l e n t  to f i n d i n g  the m i n i m u m  oi l  a j u n c t i o n  ol  n

:11

-i

-

~
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variables . A to e 11—proven t e ’chn i que l ou’ l i  nd lu g  t h e  local in i n i n n u n n l s  of a

mul tidimensional surlac’e- is  the  rite thod of steepest c l e sceu lt , I t c o n s i s t s

ol p i c k i n g  a p d ) i n t t , c a l c u l a t i n g  t h e  p a r t i a l  der ’ iva  t i ve s  tn t till s point

and pr’oce’c’ding ill t h e  cl i  r’ec t ion 0)1 tiie’ steepest slope by a spec i h t e d

amount . ‘of tt’i’ tile Step has  he - c - n t aken , t h e  1 u n c t i o n  i s  eva l ua  ted to  se-c’

whu e tlier it is less t h an  its p r e v i o u s  v a l u e , I h i t  is less , t it e  procedure-

is c o n t i n ue d ;  if n o t ,  tt s m a l l e r  s t ep  is t a k e n . A l oca l  m i n i m u m  w i l l

e v e n t u a l ly  be found if  i t  e x i s t s .

I t  should  be n it en t ioned  t h a t , when  a s t a r t i n g  p o i n t  has  been

selec ted , t h i s  approach m e r e l y  ensures convergence to  the  m i n i m u m  c l o s e s t

to the  s t a r t i n g  p o i n t . I f  the  s u r f a c e  c o n t a i n s  many  m i n i m u m s , the  selec—

t ion  of the  i n i t i a l  s t a r t i n g  p o i n t  is ve ry  important , because t h i s  de-

t e r m i n e s  wh e t h e r  we converge to a loca l  m i n i m u m  or the g lobal  m i n i m u m

the m i n i m u m  of a l l  the  m i n i m u m s) .

The approach used in  bo th  power and f r e q u e n c y  search i s  an in n —

proved! version of the method  of s t e e p e s t  descen t  descr ibed  in  t h e  fo l -

l o w i n g .  More d e t a i l ed  d e s c r i p t i o n  is provided in Appen dix C . Se-ct i on 6 .

In the following d i s c u s s i o n, N ( T )  is designated as tile’ objec-

t ive function correspond ing to the nornt to he optim ized , and ~ is c i  t h e r

the  power  or t h e  f r e q u e n c y  of the i n p u t  si gnals. ‘oil In itial t a  line - of ( h i t ’

selected norm is calculated at  the s t a r t  of t h e  o p t i m i z a t i o n  p rocedu re

by s p e c i f y i n g  t h e  powers and the  f r e q u e n c i e s  of t h e  t r o t n s m  i t  t er s . \c- x I .

the partial derivatives oil t h e  norm ‘~N ( ~~) 
- 

ai’e c a l c u l a t e d  a t  t hese
1

values of . ‘the c a l c u l a t  ion of the o l e i ’ i v a t  i ye’s of tile norm with respect

to the s i gna l  amp l i tuck’s and frequenic ic’s is ac c o m p l i s h e d  by ins  I r ig th e

analytic expressions for the partial derivatives .

‘the new ta ! ucs oi l  to re  then )  ole t e r m i u l e d  i n  ton  i (e r a  I ion j  as

- 

= ~~~ 7~ . ‘j = 0. 1 ,2 ,:t ,..,, non , (22)
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where ?I~~ 
is the step size , and S3 is the vec tor  r e p r e s e n t i n g  the direc-

t i o n  for  the ~
th 

iteration and is given by ~Appendix C, Eq. (c— :17)j:

.5 - j  .5 J-.1
- 

TN 7N
S = (1 — 

~~) - ~
- , (23)

w i t h  -~ = 0.35. Here 7 r e p r e s e n t s  the grad ien t  v e c t o r .  The s t e p  s ize

is set equal to

= K’~~~~~ , j ~ 0 , (24 )

where K is a p a r a m e t e r  t h a t  is ad ,just ed d u r i n g  any  i t  o i ’ o t ion to  a r r i v e -

at an optimal step size ,

‘l’he approach fo r  d e t e r m i n i n g  the pow-er or t re-d~u c ’n l cy  p l a n s  is

best  described with the help of the simplified conceptual flow- c h ar t

d i a g r a m  of the p rogram STEEP shown in F i g u r e  5 , ‘I’he p r o g r a m  w i l l  s top

if  any onme of the following three criteria is satisfied:

( 1)  The number of i t e r a t i o n s  equa l s  ( in ) , the maximum

number of a l l owab le  i t e r a t i o n s.

(2) ~N
1 1 

— N~ ~

1 j 9 1 2
(3)  [ Z ( ~~, — ) 1 1  ~- €

j I  1 2

The values for and ‘
~2 

are specified.

The p rogram is s t a r ted b y s p e c i f y i n g  an i n i t i a l  s t t t i ’t in g  v t i l iue

for  and s e t t i n g  K = 1. D u r i n g  the  ~th 
i t e r a t i o n,  t h e  ntew va lue -  a !

is d e t e r m i n e d  f rom Eq.  ( 2 2 ) , an d a check i s  mad e -  to  se-v to he - t he ’u ’ \ t 1

If the condition is satisfied but the stopping eritet ’cout is n o t  n o t ,  the

value  of K is m u l t i p l i e d  by t w o  iii Loop 1 t o  i n c r e a s e  the’  s t o p  s t y . -  h o o F

the next i terat ion , I f  t he  condl i t ioii  N 1 N
t 

is n ot  sat i s !  m c d , t i l e

step size- in the previous iteration w a s  too loi n -g e . lit (hO is cooso- , t i l t ’

:t 3
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t o) M MAXIMUM NUMBER OF ALLOWABLE ITERATIONS
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FIGURE 5 SIMPLIFIED FLOW C H A R T  OF THE OPTIMIZATION PROGRAM STEEP
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value of K is halved in Loop 2 to reduce the s t e p  s i z e . ‘i b i s  p rocedure

is repeated u n t i l  N~ 
~ 

~ N ’ is s a t i s f i e d. ‘l ime v a l u e  of K is t h u s  ad—

,juste ci  c o n t i n u a l ly in the two loops u n t i l  any one of the  c r i t e r i a  lo r

s t o p p i n g  the  program is met .

I t should be mentioned ! that this approach [or d~’ t e rrol in i ng po ‘ -- el ’

and f r e q uen c y  p lans  provides  t ile best plan for any selected ordering of

the links in the repeater. Since some initial orderings of the links

are expected to be better than others , it woul~i he desirable to start

w i t h  a good o rde r ing  b e f o r e  e x e r c i s i n g  the program STEEP for selecting

power levels and frequencies . So far i t  has n o t  been p o s s i b l e  to  oi e ’ v e-l ’p

general  ru les  based on sound t e c hn i c a l  c o n s i d e r a t i o n s  f o r  s e l e c t i ng  t i le

initial ordering of the l i n k s  in the  r epea te r  when the l-I )~o1A o p e r a t i o n

i n v o l v e s  a m i x  of users  w i t h  d i f f e r i n g  c ha r a c t e r i s t i c s.

3. D e s c r i p t i o n  of SYS~ ON

A computer  p rog ram (SY SCON) has  been developed to  model a PSK ’

F’DIoIA c o m m u n i c a t i o n  s y s t e m  and to o p t i m i z e  i t s  p e r f o r m a n c e  when o p e r a t i n g

w i t h  a mix  of euser t e r m i n a l s  t h r o u gh se l ec t  ion of power and f r e q u e n c y

p l a n s . The s a t e l l i t e  t ransponder  is modeled as a f r e q u e nu -v  t r o m n s l a t  n n t ~

anci l i m i t i n g  r epea te r  ( I ” i gure 1) , tohose l i m i t i n g  c h a r a c t e rm s t i c  is

descr ibed by a sum of two e r ro r  f u n c t i o n s  Eq .  ( l f l .  ‘h he- t r a n sm i t t e r s

arc characterized by their ef!ective radiated powers ( E R P s ) .  111’ l i’i~- —

quencies , and! d a t a  r a t e s . Q u a d r i phase  PSK is t ossum e( i  to  be t i m e  d a t a

m o du l a t i o n  fo r  a l l  the  mi sers . The r e c e i v e r ’ s  t i r e -  c h a r a c t e r i z e d  by t ile -jr

r a t i o  of a n t e n n a  ga in  to  e f f e c t i v e  no i se  tenopei’atui’e ( G h )  . b l o t -  c om p u n l e r

p rogram is de s c r i b e d  in  de t a i l  f r i  ,- \ppe ni d i  .x 0 ,

,-\ t the s t a r t  of ti me p rog ram i t  is e-ssen o t i , o l t o  prot ’  i d e -  I In-

m i  t i a l  ordering of the 1 I n k s  m t  the Sti t ci l i f e  10 - pe t ,  t e l ’ , tI S tte’l 1 i s  I he

se l ec t  ion of t h e  norm (N oi’ N ) arId t i le  m d  id - t i t t Ol l  whe t i l e - i ’  ‘op t u b  i / o o t  ion
a It 

-~~~~ —
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o f  the’ norm is ole-si t e d . Al so fne- -e’SStnZ ’V is the i ni oz’rtoa tiofl ti ho the’j’ other

p055 ible combinations of t o e -  I i  n i k s  t i l e ’  t o  be’ conts idcred . I f  Lii is is d c —

sired , the  p r o g r a m  i s  se t  up to c-ur i s  ide’i’ au t u e poss i tile ’ l in k  coninbina—

ions -and to  cie ’ te’ rnt , i  lie t hoe’ be St potoei’ and f requency p1 aru f o r  each

ordleri rig. For a g ive- nt t tun iob e  r of links , i t  i s t he re  tor e  ji oss i hie’ t o  oh—

ta in the  power amid f reque ncy p1 arms 10) 1’ t i l l  p o s s i b l e  comb i l la  t ions . ‘I’ii i s

~t 1 low s  s e l ec t  ion of the’ ot ’cic- n’ jug i n  tine- m ’epe-tm ter  I h a  t provides t lie m imu imum

value of the norm.

~\ I t he  c-rid ! of e- ac - ho  op t  i mii i za I i on ( pot’ e’r 01’ f l ’equel ld’V ) , t i l e

pi’obabi i i  l v  of error fo r  eachl  c i u a r m n e - l , t i le ’  1)0 - s t  t I’ttflSlil i t t t - r F~1tP - I reque’ncy

ass ignnn eru t s , and the  v a l u e  o h  tile- n i o r n i  are p r i n t e d ,

- I . i - i l icr j ug  (‘ o i t s i ch e r a  t i ons

Tile e 11cc t S oil RF 1 i t t  c- n ’  t r i g m m  t lue -~i’c,u lo t  I c-i’m i l l  a is  tire’ not

cons iciered in SYS~ON . ‘Fl oe’ Rh banudpas s h i 1 te ’ I’ ill  tile- Fe - CC 1 v e t ’  c-a se- s I tIe -

proble-Ilt of mii i 1 Li I s \ n t e - h , i ’ o r u  i za L i on 1)~ l’eriiOV i n ~g o u t — o h  — h a n d  si goals anudi

intarmodul atioru p r -- d o nct s . When the  r e c e i v em ’  has  been s y n c h r o n i z e d , t 1 u ~’

RF f i l t e r  m a y  not  be c’i ’it m c a  I , s ince  t h e  s u p p r e s s i o n  of t h e  ou t  — o f — h a n d

si  g nt t l s  and in tei’modula t t o r i  p r o d u c t s  is  the-n ac -cont op i  i she’d by (hue low—pass

or the  in tc ’gra I e - — o m n d — d u m p  b i l L e t ’  lo l l  u-to i n i~ the  pro ( iunc ’  t de-rtoodul a toy  • b i t .  -

cons idera t ior t  o i l  i l l - f 11 tel’ inlg a t t ime transit , f i l e t ’  is muc-I t rt ior ’e’ c r i m e  i . i  1

however , })cct,use- i t  conf lile S tile il l ’ spec t i ’um of t h e  t r an sm  1 m I t - i  S i  :01 , ,

to a f i n i  te b a n d w i d t h .  S ince t h i s  iS blot corisi~iei’eiI in S\S (ON , ( i i - lO t

hanc iwic i  th of the  s i gna ls  is much w i  cler • 1 c-ad I rig oi Ia l’ge’ ad .j tu e- l i  I — c  h a r m  too l

i n t o -  r l e ’r en ce-  be f_ w e - e n  t h e  I inks . i- ut ’ I hex’ninore- , i l’e - q u n e n m d - v  opt i iii zom I i on

p r i m a r i l y  red uces the- c - f  I c-ct s of  cl’o o-° S proc u r e I s  t i i ~cl h as c~r i1  v I t I I  li-

e ! f ec  t aga i r i s  t ad ,j ace-nt chanrle I t i l l .  - I’ h - i’cniec • (on Se- qi n e- i tt I v ,  t ine ’  1101l1( ‘ i n  —

ca l  r e s u l t s  ( S e c t  ion V )  o h t a t t i e ’ d h )~ o - x o - i ’ - i s i n u g  ~ \ S(’~~N do i t d ) ( u b n ’ s i g —

n it i c , , t t t i m p r o v e m e n t  I rum l t ’ . - q o i t - i i c \ -  opt  j n t , j i a t  i on , i n - c a m s . -  t il e - r e - d o l e - I  j u n o

--



in the effects of cross products is masked by the large adjacent—channe l

interference effects resulting from ignoring RF filtering in thue tx’ans—

• mitt ers . It is recommended that this be corusiderecl in future effort s in

order to determine th  improvement in F’DMA performance from frequency

optim ization.
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V NUMERICAL RESULTS

The numerical results described in this section were generate-c ! w ith

the values of the satellite parameters listed in Table 1 . The value s at

and ‘y
2 

in Eq. (1) were determined (Appendix C, Section 3) by specifying

that the limiter output power increases linearl y with its input at low

input power levels and has a prescribed power back—off a t  O—dB n o r m a l i z ed
*

input uower level ,

Table 1

PARAMETER VALUES USED IN NUMERICAL COMPUTATION

Description P a r a m e t e r  V a l u e  ] Un i t

Satellite receiving antenna gain G
sr 

16.8 thU

Satellite transmitting antenna gain G
~~ 

17.0 dB

Satellite ERP P 13.0 IBW
ml ax

Gain of the preamplifier 0 69.0 cIB
a

Gain of the TWT amp lifier 0 27.0 d13
tw I

Satellite noise temperature T 1690 ~K

Down—link miclband frequency f’ 
- 

7 .275 ( , ih ,
mi di

Frequency otfse t for (town—link transmission \f 0 .725 0Hz

In the tables in thi s section , V 10 and refer to the correspond i ul g

values of afl(i V’.. respecti-~ci y, with respect t o  a m a x i n t , u m  l i m i t e - r ’

• oittput power of 0 dBW .
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We’ i o ns  icier’ect I iI ’ 5 I t he  e a s e  invo lo- i tug four links with two di! I c-i ’. -nit

data rate’s. ,-\l 1 r’ece’ivers were’ assumed to iuave� the same- figure of tue - r i I

(0 ‘1’), e’qual to -1- 1 .5 dB-’ K .  The’ p rog ram was  started by ttss igning m i  I m l

powe r and f r e q u e n c y  to the imm d i o’idual links propoi’t ion a i  to  t i u e i  i’ d a t a

ra t e s . (Tb i s  i s  a c h i e v e d a u t om a t i c a l l y by eze ’r c i  s i n g  the -  m l  t i al  i za t ion

plan describect m u  Appen dix C, S e c t  ion - 1 . )  ‘l’he l i n k s  c a r ry i n g  the  lower

d a t a  r a t e  were  ass ignedi 7 - l — d I t W  EI (P , wh ile’ the i~ i g h e r — d a  t a — r a  Ic- i i  nks  tee-re

g iven  80— dBW l’30P. ‘l ’huese v a lu e s  were-  ole t e rn,ine d  suciu  t h a t  t iue  t o t a l  power’

of a l l  l i n k s  ot t  the 1 jmite’r input w o u l d  he 8-1 dJ3W. This value corr’e’—

sponds to a n ormal ized v a l u e  of 0 cIB f o r  t lue  power  of an e q u i v a l e n t  s i n e l —

so i d a  1 S i gm a  I a t  f_ l ie l i m i t e r  i n p u t . ‘l’he I i  n it i ter  p a r tmnom e -  t o - n ’s V
1 

and

were c i e t e rmiu -me d  so t h u - a t  the o u t p u t power b a c k — o t  I e q u a l s  2.2 olD a t  0— ciB

normalize d input power ic-ye 1. ‘1 1w total r e p e a t e r  handw i (it it to a s assumc ’d

to be 30 MHz , which provides a relatively hi gh (81—pc-re- c-nut) bar’o iwidt il

utilization for F’DMA operation .

The bit—error rate P - t om ’ each chanute ’  1 be t  ore a u u y  op t  in  iit tt i onu is
ci

shown in Table 2 unde r the tue-ad i tig I li i t i iii p lan . -\ iso g ive- r i  i s  t in

error rate ( P’
~
’ 

- 
) t h a t  w o u l d  tic’ obt a i ne-ci it oru l v the- con In’ u rn f _ i onu s of the

ci
rc t r a n s n n n i  t ted up— i ilk tinn i down— link r Io iso- toe n’., to  he eons ide’ re- t i  a t  flue-

outpu t of each l ink . P’k ~s g t C l b l  bt’
c i

‘~~ [~ — c-rt (~~
/ ‘~

j
~J . (,‘S)

2 t h i
w h e r e  -~ is t h e  d e s i r e-c l  SNIO I n c  tile’ i chanuie l . St I t co- -~ - is a fun n e l moth

I i

oil -‘i i-q. (12)1 , n I t ak es  i n t o  a c c o u n t  the ~n u w u - r — s l l a r i r i g  l o s s  arid s n k nlt. l

suppress  ion in  the-  I m i  teo ’ . Equa I ion ( 25) re-prese nt Is limo- . -  m’ r ’ o n’ p r o  h a l o  i Ii Iv

o h  an t - ’ ’a  sy s t e m  o p e r a t i n g  w i t h  a l i m i t i r t g  ~ at t 1 l it e ’  r e - p t - t i l t - n - ;  i i  ( ‘ i i—

.s ioI.- r s the ci le t -  t s oh ho Lb  up— i i n k  and , i o t o u t —  l i n k  n u b  se hin t it eg h ee l s ( h u e ’

(‘I t ( (’ ts c i t  n o i j a - e n u t — c h a n r i e l  i m l t e r i e r t ’n c ’ - 0111(1 the cr’oss p r o i du e  Is mie-iit ’i’out (’d

in the I m m  t l u i g  r e-pc-ti t o - I’ . S pi’ou ct heal 1- h)35 sys tent to n 1 1 o t p p t ’ o i u n o ’h  tb i s

- I l l
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l i m i t a t  Large  n-c-pea f_ er  b anc lw id ths  ( low banc lwi c l  f_ h U t  i 1 i za t iotu) , be ’caunse-

t h e n  i t  sh ould be poss ib le  to p lace  the signals at frequencies such t h a t

the cross p r o d u c t s  do no t  f a l l  on the’  c h a nnu e l s , auu ei a l so  t i le-re  should  be

no adj acen t— channu e i in  ten-fe  renuce . I n n  t h i s  case the  error r a t e -  wi 11 be

determine-ti solely by the nuoise presen t in the syste’mit. Equation (25)

serves as a c o n v e n i e n t  and m c a n u i n g f u l  r e f e r e n c e  p o i n t  to  compare the ’ per-

formance oi’ a practical ban d—limite d i”DMA system .

*
The f i n a l  power and f requency p lans , as tve l l  as t i l e -  c - r i ot ’  n -a te ’ s ob-

t a ined  by e x e r c i s i n g  the o p t i m i z a t i o n  procedure’  i n  SYSCON , are s luown  in

‘l’otble 2 unu der F i n a l  P l a n .  i t  is  app-are -nit t lua  t the  innpn ’oveni te n i t in  e r ro r

ra te  resu l t s  p r i m a r i l y  f r o m  the o p t i m i z a t i o n  ot t  power  a n d  t o  a much lessen’

degree from o p t i m i z a t i o r u  on freqnmency. The reason for this——as pointed

out at the end of the previous sectionu——is that frequency op t  i r n i z a t i o n t

greatly re(iUCes the e - l f c - c t s  of cross prod ucts but only slig h tly re(luc’es

ad j a c e n t — c h a n n el i n t e r f e r e n c e. i t  was d e t e r miru e c l  t h u a t  t h e  el  l c ct  of

ad j a c e n t — c h a n n e l  i n t e r f e r e n c e  on error  r a t e  is , in genu er t t l , m un ch  l a m - get’

than  the e f f e c t  f rom the cross  p r o d u c t s . Thins , t he  r e d u c t i o n  in  t i l e

e f f e c t  of cross pl ’odlucts ach ieved  by f r e q u e n c y  o p t i m i z a t i o n  is  ni -a sked t o y

large a d j a c e n t — c h a n n e l  i n t e r f e r e- l i c e. I I  RI” i i  1 t er i n l g  t o r  t he’ i n d t v  i c i u a l

l i n k s  ha d been cons ide-r e -u , f_ lie adl ,j a cen ut— c i i an r i e - l  i n t e rf e r e n c e-  w ou l d i  luave ’

tie-en sma l l e r , and i t  would  the -ru  hotve  beeru pos s ib l e  to se- c- a mon-c s i g n u i l i —

can t e f f e c t of I r equ e -n ucy  o p t i m i z a t i on .

A S me-n t iomu ed e a r l  icr , t he’ p rogram was i Iii I i  ate-cl  by aSsct m i n ig t h e -  sum

of the -  ERPs of a l l  the  fou r  l i n k s  to be e -qua l  to 84 dUb ’ . A r t  e q c n i v t o l e ’ m u t

sinusoid of t h i s  ERP t v i l l  y i e l d  0—dB no rn it a l i z e c i  power a t  ( h u e -  l iium i I -n ’ i n p u t .

*
In  Table  2 tuncl in  a l l  tb  t a b l e- s  t o l l o w i n i g  I t , ‘\ [  n’epi’ese-muis tb~ I m e’ —
quency difference between t h e  f i n a l  and m m  Ii al ire-queue mc’ s of’ the t im

link . The final frequency is obtained by add bu rg 
~ 

i~ to l i r e -  n n i l  I i  o i l
frequency.

-12
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I:

The power b a c k — o f f  at th i s  o p e r a t i n g  p o i n t  equals  2 .2 dl) . Suntn iing the

total power of the four links in the final plan yields an equivalent pow-er

of 90.8 dBW for the equivalen t sinusoid. This provides an increase of’

6.8 dB in the normalized pow-er level al the limiter input . 1-or the

assumed limiter characteristic , a 6.8—dB inpu t pow-er corresponds to an

outpu t power back—off of 0.4 dB. In Table 2 and the subsequent tables ,

both initial and final power back—offs are given .

N ex t , we considered the per formance  of a l l  the o ther  d i f f e r e n t  com-

b i n a t i o n s  of these fou r  l i nks. Tables  3, 4, and 5 show the  r e s u l t s.

A gain, it is evident that the effect of power o p t i m i z a t i o n  is inmu c ’h more

si g n i f i c a n t  than t h a t  of f requency o p t i m i z a t i o n . F rom the f o u r  poss ib le

combinations , the bes t performance is achieved with the two h i g her d a t a —

ra te  l inks  in the middle  and the smaller  d a t a — r a t e  l i nks  on each s ide .

The next best combination is the two smaller data—rate links in the middle

and the tw-o larger  d a t a — r a t e  l i n k s  on the s ide . ‘rime c o m b i n a t i o r u  w i t h

pairs of higher and lower d a t a — r a t e  l i n k s  r anks  t h i r d.  In t e r s p a c in u g

hi gher and lower d a t a — r a t e  l inks  g ives the wors t  pe r fo rmance -  of a l l  tile

four possible combinations.

Table 6 shows r e s u l t s  fo r  the case i n v o l v i n g  f o u r  l i n k s  w i Ut m ite- sannme’

two da ta  r a t e s  and i n i t i a l  f r equency  a s s i g n m e n t s  as in  ‘l’able 2, but toe ’

purposely assi gned h igher  ERP to the lower data—r otte links anuci smaller

ERP to the h i g h e r  d a t a — r a t e  l i n k s . We f i n d  that initially tile’ error t’ t o t t -

of the lower data—rate links is nearly perfect , while that of lt i giuer d a t o t —

r a t e  l i n k s  is e x t r e m e l y  poor. A f t e r  o p t i m iz a t i o nu , to e o b t a i n  good er ro r

rates for all four channels . As expected , the ERP of tile’ lowe-n’ data—r ate-

l i n k s  must  be reduced , w h i l e  t h a t  of the hl i gher d a t a — n’ ot t e  1 inks intust bc

increased , to obtain the  be-s t  sys t em c ’r r o r — r a m e  p e r f o r m a n ce . N o t e -  t i l o t I

the f i n a l  power and f r equency  p l a n s  ott-c’ r eve r se d  ( by ii PP trig t he’ o~pt ct m u m

end for  end ) c o m p a re d  to the -  e a s e -  show- n in ‘l abie 2.

-13
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.5 ”

‘i’ab les  7 to 9 show tht ,’ results for t h e  case i n v o l v i n g  s i x  i i  i iks

a i th th ree  d i f f e r e n t  d a t a  r a t e s  and r e c e i v e r  f igu r e s  of m e r i t ,  The

m i  t i a l  power ar,cI Ir e q u e n c y  order  jog \~015 d et c ’r mi n ec l  f rom the m i  tlOIl iza—

t ion p 1 an , ‘l’he i i  rit i t€’i’ charac ten St  IC showii II) Ii  gore -i aaS ust’d for  ti lls

example . The i n i t i a l  power p l a n  corresponds  to a -1— d i t  b a c k — o i l .  ‘I’able  7

shows the  r e s u l t s  ot optimization with a x-ep eatc’ r b a n d w i d t h  of -10 MHz ,

corresponding to a bandwid th  u t i l i z a t i on  o 66 percent . Tables 8 a nd 9

g ive the d i f f e rence in the  system p e r f o r m a n ce  when t h e  b a n d w i d t h  is i n —

ci-eased to 80 ~1I1z and 160 MHz , cor responding  to r e d u c t i o n s  in b a n d w i dt h

u t i l i z a t i o n  of 33 percen t  a n d 16 .5 percent . It  is interesting to compai-c

the  ~vc- l- u~ c error rate of the band— limited 1-DMA system with that 01 an

“ ideal ” t-D~1,-\ system in the three tables . I t is c l ea r ly evident that, as

the r epea te r  b a n d w i d t h  is increased, t h e  per formance  of a p r a c t i c , tl  1’D~tL-\

system rap idly approaches that of an ideal s y s t e m , as e x p e c t e d. l3ecause

of increased available b a n d w i d t h , it is now possible to select frequency

assignments so that the e ffects of cross products and ad ,t acc’n I c h a n n e l

interference are greatly reduced .

Table 10 shows the r e s u l t s  of a s i x — s i g n a l  case , fo r  w h i c h  the

in i t i a l  c o n d i t i o n s  ~‘,cre the same as the case cons ide red  in  ‘I’able  7; bu t

for  o p t i m i z a t i o n  the norm ~ was used i n s t ead  of N . N o r m  N cons ider s1) a 1)
the sum of the error probabilities acighted by their d a t a  r a te s . Since

the two center channels carry higher d a t a  I - a t e s , t h e y  acre acighted mor e

hea v i l y  than the other channels .  (‘ompar i son  of t he f ina l  p l a n s  in  l ai) les

7 and 10 shows t h a t , because of t h i s  a e i g h t i n ~~, the ( i ’ F ( I i ’  1’)lt(s of the

two center channels have improved at t h e  expense of the  o t h e r  chaniie1o~,

-11 so, the average (arithmetic- mean) error rot ti of t hi- SY S t i-I ll  1~ois degraded .

The frequency plan , however, has remained u n c h a n g e d .
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Fin a l l y ,  we considered a case i z iv o1 v in ~ a III LX ol tell usej’ terminal s

with differing up—link ERPs, data rates , and 1-ecciviug capabilities .

The results with initial and final power and frequency plans a f t e r  opti-

mization are shown in ‘l’able 11 .
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~ This report presents the results of research performed to investi gate the
application of the frequency-division multiple-access (FDMA) technique for providi0ig
a mix of user terminais of differing characteristi0’s--such as data rates , transmitter
powers , and receiver 4--~aisitivities——with simultaneuus access capability to a limiting
satellite repeater. -~ computer program (SYSCON) has been developed to model a
PSK/FDMA satellite c~’ o-unication system and to opti : : I izc Its perforlnance in operation
with a mix of User t~~:’0.lin’)ls, through selection of power and frequency plans. This
capability is achiu’,’- through optimization of a norm defined as the weighted sum of
the link error rJLtr; -~ ~,,:-1 representing the  figure u t :  ::ber it or a iO . loa0 ’u r t f  of the ~vstet -

, 
,- .

communications perlot’: .1 ,,ce with respect to both the power and the f requency of the
links.—’-~The method of ztcopest descent is used for determining both power and ti’ ( o ( J ( I ” t o ~~
plans- ‘ It was found tha t through power and frequency contro l the limiting sa te ll it o ’
repeater can be operated in the saturation region at substantially higher power levu’lo-i
(l—dfl back—off) than ‘l ;  c u - ;t o m a r y  in practice.

To obtain the expression for the error rate a t the input of the FDMA links , it

was necessary to deri’.’e general analytic expru’~ siooos [or the liioi t er output ~i gna1 ,
the- intermodulation , ou0 -d the noise components , wh elO n s i g n a l s  ai’e transmitted
simultaneously through the satellite repeater. ~~The expression for the bit error r a t e
was then derived by t.;~’ i, :~o i n g d i git a l  quadr ipha s~\~tnctul at ion of the 1”tI ~,~,-\ car r ier i~ and
tak ing  in to  c on s i de r it  iofl t h e  presence of o t h e r  I”I~~iA cat -r i e r s  caus ing  ad j a c e n t— c h an n e l
interference , the int ’ riC-odulatioa products gcno ’rat I in I hc, I i o i t c r , and r c t t ’ :o n s r i i t t - - I
“jl teI Lith~ rt2tlea ter  noi o’ ,~. a~ welt as rec~~iver 0O.0)~~~S ’  -
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13. Abstract (Concluded) -
~~

A genera l comparison of the three major multiple -access alternatives- -
FI~~A, TDMA, and SSMA-—w ith respect to selected performance criteria that I
are part icularly import ant for the military env i ronment and for operation
with a mix of users indicated that FDMA performs much be t ter than past
analyses had shown. With the same satellite power and RF bandwidth , 1DM-A

H was found to offer nearly as much satellite throughput as TDMA and con-
\siderably more than SSMA .

The report consists of three volumes . Volume One provides a summary 
- ,

of the study which includes a description of the analysis approach , docu-.- 
-

inenta tion of the pertinent equations , numerical results , and conc lusions.
Detailed analysis and inves tigation of the problem areas, as well as -

derivations of anal ytical expressions , are con tained in the appendices in
Volume Two. Volume Three provides a technical assessment of the suitability - -

of PSK/FDMA for operation with a mix of users and compares its performance -

with other multiple—access alternatives , in particular , with that of
time—d ivision multip le access (TD~TA) and spread -spectrum multiple access
(SSMA) . 
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