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1,U INTRODUCTION AND SUMMARY 

1.1 Overview and Objec t ive  

The o b j e c t i v e  o f  t h i s  Phase I study e f f o r t  i s  t o  develop t h e  

func t i ona l  requi  rements and s p e c i f i c a t i o n s  f o r  an Autonomous In teg ra ted  

Receive System (AIRS) f o r  use as an improvement i n  t h e  cu r ren t  Tracking 

and Data Relay Sate1 1  i t e  System (TDRSS), and as a  rece i v ing  system i n  

t h e  f u t u r e  Tracking and Data A c q u i s i t i o n  System (TDAS) . The AIRS 

provides improved a c q u i s i t i o n ,  t rack ing ,  b i t  e r r o r  r a t e  (BER), RFI 

m i t i g a t i o n  techniques, and data operat ions performance compared t o  t h e  

cu r ren t  TDRSS ground segment rece ive  system. Th is  repo r t  and t h e  

accompanying s p e c i f i c a t i o n  and base l ine  design Vol. IV serve t o  document 

LinCom's e f f o r t  i n  the  AIRS Phase I study. A computer model o f  t h e  A I R S  

as de f ined under t h e  Phase I study i s  dveloped i n  a  Phase I 1  study. It 

i s  used t o  p rov ide  s imu la t ion  r e s u l t s  p r e d i c t i n g  t h e  performance o f  

AIRS.  Th is  e f f o r t  i s  documented i n  Vol.111 o f  t h i s  F i n a l  Report. 

1.1.1 Current  TDRSS Ground Segment Recei ve System 

The cu r ren t  TDRSS ground segment rece ive  system cons i s t s  o f  a  

s t r i n g  o f  subsystems i n  f o u r  separate u n i t s  as shown i n  F igure  1-1. 

Each subsystem i n  t h e  chain serves a  s p e c i f i c  purpose and e s s e n t i a l l y  

func t ions  independently o f  o ther  subsystems. While t h i s  s t r u c t u r e  

enables a  simple p a r t i t i o n i n g  f o r  t h e  implementat ion o f  t h e  subsystems 

as black boxes, t he  end product i s  a  system t h a t  f requen t l y  d e l i v e r s  

suboptimal performance and opera t iona l  inconveniences. 

1.1.2 The A I R S  Concept 

I n  an i n teg ra ted  rece i ve r  concept, t h e  subsystems are designed t o  

f u n c t i o n a l l y  i n t e r f a c e  w i t h  one another. A conceptual approach o f  how 

t h i s  can be accomplished i s  depicted i n  F igure  1-2. The moni tor  and 







c o n t r o l  center  i s  b a s i c a l l y  an i n fo rma t ion  c l e a r i n g  house f o r  t h e  

opera t iona l  s ta tus  o f  each subsystem. It c o l l e c t s  p e r t i n e n t  i n fo rma t ion  

from each subsystem, analyzes t h e  in fo rmat ion ,  and i n s t r u c t s  t h e  

i ndi  v i  dual subsystems t o  se t  t h e i  r modes and parameters accordingly  so 

as t o  achieve des i red  performance. 

Because o f  t h e  increased i n t e r p l a y  between t h e  subsystems, t h e  

t r a d i t i o n a l  b lock ing  o f  d i s t i n c t  i n d i v i d u a l  subsystems such as shown i n  

F igure 1-2 w i l l  become less  apparent. A more na tu ra l  f unc t i ona l  

p a r t i t i o n i n g  o f  t he  A I R S  resembles F igure  1-3. I n  t h i s  model, t h e  

s igna l  processor i s  subdivided i n t o  an analog and a  d i g i t a l  po r t i on .  

The received I F  s igna l  i s  f i r s t  down-converted and (coarse) Doppler 

compensated t o  a  s u i t a b l e  second IF. The bu lk  o f  t h e  s igna l  processing 

i s  performed d i g i t a l  l y - - t h e  main d r i v e r  being the  v e r s a t i  1  i t y  i nhe ren t  

w i t h  d i g i t a l  processing, which prov ides an oppor tun i t y  f o r  implementing 

near ly  optimum a1 g o r i  thms w i t h  i n f i n i t e l y  ad jus tab le  parameters. The 

analog s igna l  processing i s  p r i m a r i l y  used i n  t h e  pre-processing o f  t h e  

I F  s ignal  i n t o  a  form s u i  tab1 e  f o r  anal og-to-di  g i  t a l  conversion. 

Cer ta i  n  processi ng i nvol  v i  ng extremely h igh  speed/wide bandwidth 

operat ions w i l l  have t o  be performed us ing  analog techniques. 

The operat ion o f  t h e  s igna l  processor i s  c o n t r o l l e d  by t h e  

autonomous moni tor  and c o n t r o l  system (AMC) which i s  r e a l l y  t h e  

i n t e l l i g e n c e  center  o f  t h e  AIRS. It receives moni tor  s igna ls  from t h e  

s igna l  processor, processes these s igna ls ,  makes decisions, and 

conf igures the  s igna l  processor f o r  opt imal rece i ve r  performance by 

se l  e c t i  ng the  appropr ia te  modi ng and processor a1 g o r i  thms. Using t h i s  

scheme, the  A I R S  i s  b a s i c a l l y  adapt ive i n  nature. It cont inuously  

perceives the  rece i  ved s igna l  cond i t ions  and ad jus ts  the  s igna l  
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F i g u r e  1 - 3 .  Simp1 i f i e d  F u n c t i o n a l  Model o f  AIRS. 



processing accordingly  i n  a  r e a l  t ime fashion; thereby, i t  i s  more 

t o l e r a n t  t o  system anomaly. The AMC i s  a l so  responsib le f o r  t he  hand 

shaking between t h e  ground segment c o n t r o l  and t h e  rece i ve r  system. It 

accepts user dynamics p r e d i c t i o n s  and designated receive data 

c h a r a c t e r i s t i c s  from t h e  ground c o n t r o l  on one hand and repo r t s  on t h e  

receive system h e a l t h  s ta tus  on the  o ther  hand. 

1.2 Key AIRS Features 

The AIRS i s  designed t o  p rov ide  system peformance and data 

operat ions improvement over t he  cu r ren t  TDRSS c a p a b i l i t y .  Performance 

improvement can be categor ized as (a) re1 i e f  from cu r ren t  TDRSS system 

waivers, (b )  r e l a x a t i o n  o f  some S-805 c o n s t r a i n t s  and ( c )  add i t i ona l  

c a p a b i l i t i e s  no t  c a l l e d  f o r  by S-805. Data operat ions improvement i s  

achieved by the  bu i  1  t - i n  i n t e l l  i gence and f l e x i  b i  1  i t y  associated w i t h  a  

digital/CPU-based design. I n  t h i s  study, we concentrate on t h e  AIRS 

concept as app l ied  t o  the  SSA l i n k .  

1.2.1 Performance Improvements 

1.2.1.1 Re1 i e f  From Current System Waivers and Exceptions 

Waivers 

Two cu r ren t  waivers can be e l im ina ted  by t h e  AIRS design. They are  

addressed i n  Table 1.1 and are made poss ib le  by the  coupled b i t  sync and 

c a r r i e r  recovery implementation. 

PN Code Acqu is i t i on  Time 

5-805 s p e c i f i e d  PN code t ime-to-acqui re t o  be the  mean t ime  t o  

search t h e  e n t i  r e  PN code uncer ta in ty .  However, t h e  TDRSS Users' Guide 

(STDN No.101.2) uses the  fo l l ow ing  i n t e r p r e t a t i o n :  "Time-to-acqui r e  PN 

code assumes a  Gaussian d i s t r i b u t i o n  o f  t he  p red i c ted  r e t u r n  l i n k  PN 

code epoch w i t h  the  f3o po in ts  d e f i n i n g  t h e  maximum PN search window 



Tab1 e  1.1 . C u r r e n t  System Waivers  Re1 i e v e d  b y  A I R S .  



corresponding t o  t h e  use r ' s  maximum o r b i t a l  unce r ta in t y  (+9 sec). Time- 

to -acqu i re  performance f o r  PN a c q u i s i t i o n  means n/2 o f  n  a c q u i s i t i o n  

attempts r e s u l t  i n  declared a c q u i s i t i o n  a t  t h e  minimum a c q u i s i t i o n  EIRP 

w i t h i n  the  t ime a l l oca ted  f o r  PN a c q u i s i t i o n  o f  t h e  t o t a l  a c q u i s i t i o n  

t ime. The p r o b a b i l i t y  o f  c o r r e c t  a c q u i s i t i o n  f o r  each o f  these n/2 

declared a c q u i s i t i o n s  i s  0.9," With t h e  AIRS approach o f  p a r a l l e l  

search, which provides a  f a c t o r  o f  4-6 speed improvement, t h e  o r i g i n a l  

S-805 d e f i n i t i o n  can be s a t i s f i e d .  

1.2.1.2 Relaxat ion o f  S-805 Const ra in ts  

1.2.1.2.1 DG-2 Unbalanced QPSK Data Rate Const ra in ts  

The S-805 (Table 9-2) DG-2 data r a t e  requirement s p e c i f i e s  t h a t  t h e  

h igher  power channel must be accompanied by h igher  data rate.  Th is  

c o n s t r a i n t  r e s u l t s  from t h e  f a c t  t h a t  t h e  c a r r i e r  demodul a t o r  opera t ing  

independently o f  the  data demodulator, must, on i t s  own, d i f f e r e n t i a t e  

between t h e  I and Q channel by always t r a c k i n g  t h e  s t rong channel. The 

data r a t e  s p e c i f i c a t i o n  then simp1 i f i e s  the  opera t ing  procedure and t h e  

demodulator implementation. I n  t he  AIRS scheme, t h e  c a r r i e r  loop i s  

data-a i  ded. Therefore, t h e  demodulator can recognize t h e  channels by 

t h e i r  data ra tes  as w e l l  as by t h e i r  s i gna l  s t rengths.  By t h e  same 

token, t he  A I R S  design e l im ina tes  the  b i t  r a t e  r e s t r i c t i o n  t h a t  n e i t h e r  

t h e  I nor Q channel r a t e  be w i t h i n  25% o f  being an exact i n t e g e r  

m u l t i p l e  o f  t he  other .  I n  t he  proposed spec, t h e  data ra tes  need on ly  

be 5% apart.  

1.2.1.2.2 A c q u i s i t i o n  w i t h  Data Modulat ion 

The cu r ren t  S-805 c o n s t r a i n t  requ i  res c a r r i  e r -on ly  t ransmiss ion f o r  

DG-2 fo r  a c q u i s i t i o n  a t  data ra tes  l e s s  than o r  equal t o  20 Ksps. Since 

A I R S  employs an improved FLL implementat ion which e l im ina tes  de tec to r  



thresh01 d, t h i s  r e s t r i c t i o n  can be removed. 

1.2.1.2.3 Wide Dynamics Opera t ion  

AIRS i s  t o  employ a  t h i r d - o r d e r  l oop  f o r  c a r r i e r  t r a c k i n g .  Th i s  

enabl es i t t o  t r a c k  th rough a  t y p i c a l  user  o r b i t  manuever. The dynamics 

t o  be t o l e r a t e d  can be re l axed  t o  equal o r  b e t t e r  t h e  Wide Dynamics 

Demodulator (WDD) s p e c i f i c a t i o n .  

1.2.1.2.4 Maximum Data Rate 

Wi th  a  s imple adap t i ve  3-tapped de lay  l i n e  equa l i ze r ,  t h e  maximum 

da ta  r a t e  f o r  SSA can be doubled f o r  AIRS. 

1.2.1.3 A d d i t i o n a l  Performance Improvements 

The AIRS des ign a1 so p rov ides  a d d i t i o n a l  performance capabi 1  i t i e s  

i n  areas n o t  s p e l l e d  ou t  e x p l i c i t y  i n  S-805, 

1.2.1.3.1 Reacqu i s i t i on  

S ince  t h e  r e c e i v e r  has a1 ready been t r a c k i n g  t h e  incoming s i g n a l  

be fo re  a  l o s s  o f  l o c k  happens, i t  has a  more accura te  es t imate  a f  t h e  

s i g n a l  c h a r a c t e r i s t i c s  (e.g. f requency and PN code phase) than  i t does 

d u r i n g  t h e  i n i t i a l  a c q u i s i t i o n .  I f  t h e  r e c e i v e r  can make use o f  t h i s  

i n f o rma t i on ,  t h e  average r e a c q u i s i t i o n  t i m e  can be g r e a t l y  improved. 

The AIRS des ign takes advantage o f  t h i s  i n f o r m a t i o n  by i n t r o d u c i n g  a  

w a i t  s t a t e  f o l l o w e d  by a  min isearch  be fo re  r e v e r t i n g  t o  a  f u l l  i n i t i a l  

a c q u i s i t i o n .  

1.2.1.3.2 RFI M i t i g a t i o n  

Because o f  t h e  f l e x i b i l i t y  o f  i t s  d i g i t a l  implementat ion, t h e  AIRS 

can i n c o r p o r a t e  var ious  RFI mi t i  g a t i o n  schemes w i t h  negl  i g i  b l e  impact on 

t h e  r e c e i v e r  hardware. Th i s  t y p i c a l l y  i n v o l v e s  reprogramming a  Read 

Only Memory (ROM). Th is  f l e x i b i l i t y  makes AIRS an e x c e l l e n t  

exper imenta l  r e c e i v e r  f o r  e v a l u a t i n g  d i f f e r e n t  RFI m i t i g a t i o n  schemes. 



1.2.1.3.3 D i g i t a l  Implementation 

The selected d i g i t a l  approach can be s imulated i n  a  computer. 

Typ i ca l l y ,  very l i t t l e  a d d i t i o n a l  hardware degradat ions w i l l  be 

encountered once t h e  design has been v e r i f i e d  w i t h  s imulat ion.  I n  

add i t ion ,  un i  t - t o - u n i t  performance v a r i a t i o n s  can be v i r t u a l l y  

e l  i m i  nated. 

1.2.1.3.4 Frequency Stabi  1  i t y  

A l l  frequency sources are  phase locked t o  t h e  s t a t i o n  standard. 

This d e l i v e r s  t h e  u l t i m a t e  Doppler and ranging performance t h a t  i s  

p r a c t i c a l  l y  achievable. 

1.2.1.3.5 General Improvements 

The A I R S  desi gn c l o s e l y  resembles an optimum rece i ve r  f o r  t h e  SSA 

s ignals.  I n  add i t ion ,  t h e  AIRS sof tware can automat ica l l y  match t h e  

rece iver  parameters t o  the  r e a l  t ime s igna l  c h a r a c t e r i s t i c s  (e,g. s i gna l  

s t rength)  by mon i to r ing  the  1  i n k  cond i t ions .  It the re fo re  a t t a i n s  t h e  

best p r a c t i c a l  l y  achievable rece i  ver  performance i n  terms o f  s l i p  rates,  

th resho ld  and fad ing  margin. I n  a d d i t i o n  AIRS incorpora tes  the  a b i l i t y  

t o  est imate and c o r r e c t  f o r  t h e  delay i n  t h e  o r b i t  t r a j e c t o r y  data. 

This  narrows the  s p e c i f i e d  frequency unce r ta in t y  du r ing  a  s tab le  o r b i t .  

1.2.2 Operat ional Improvements 

Since A I R S  i s  a  software-based d i g i t a l  rece iver ,  i t  can prov ide  

many opera t iona l  conveniences made poss ib le  by i t s  b u i l t - i n  

i n t e l l i g e n c e .  Th i s  c a p a b i l i t y  i s  r e f l e c t e d  i n  i t s  multimode operat ion,  

s e l f  t e s t  c a p a b i l i t y ,  and s i m p l i f i e d  ADPE i n t e r f a c e  requirements. I n  

add i t ion ,  since AIRS performs both t h e  c a r r i e r  and data demodulation 

func t ions ,  c e r t a i n  cu r ren t  dernod/bit sync i n t e r f a c e  swi tch ing  through 

t h e  ADPE can be e l iminated.  



1.2.2.1 Multimode Operat ion 

1.2.2.1.1 Autonomous Mode 

I n  t h i s  mode t h e  rece i ve r  conf igures  i t s e l f  au tomat ica l l y  and 

se lec ts  t h e  rece i  ver parameters t o  achieve optimum performance based on 

pre-selected user  data c h a r a c t e r i s t i c s .  

1.2.2.1.2 F l e x i b l e  Data Format Mode 

I n  t h i s  mode the  rece iver  conf igures  i t s e l f  au tomat ica l l y  and 

se lec ts  t h e  rece iver  parameters t h a t  a l l ow  f l e x i b l e  user data 

c h a r a c t e r i s t i c s  such as rea l  t ime data  r a t e  swi tch ing.  

1.2.2.1.3 Test Mode 

I n  t h i s  mode the  rece i ve r  c o n f i g u r a t i o n  and i t s  parameters are 

selected v i a  an ex te rna l  rea l  t ime s e r i a l  data i n t e r f a c e  (e.g. GPIB). 

I n  t he  t e s t  mode, t he  AIRS i s  then a  general-purpose, dual-channel 

spread-spectrum BPSKIQPSK rece iver .  

1.2.2.2 S e l f  Test C a p a b i l i t y  

Through i t s  sof tware based i n t e l l i g e n c e ,  t h e  AIRS can prov ide  an 

i n d i c a t i o n  o f  opera t iona l  readiness, warn o f  degraded performance and 

f a c i  l i t a t e  maintenance act ions.  

1.2.2.3 ADPE I n t e r f a c e  S i m p l i f i c a t i o n s  

The A I R S  prov ides i t s  own est imates on t h e  received s igna l  Doppler 

a f t e r  i n i t i a l  acqu is i t i on .  Since t h e  A I R S  i s  a l so  capable o f  autonomous 

opera t ion  a f t e r  an i n i t i a l  se t  up coininand procedure, i t can be detached 

from the  ADPE f o r  normal operat ions. 

1.2.2.4 

Since both the  c a r r i e r  and data demodulation are  performed by t h e  

AIRS,  t h e  I/Q channel ambiguity a r i s i n g  from c e r t a i n  data r a t e  and power 

combinations can be resolved w i t h i n  AIRS ( r a t h e r  than v i a  ADPE). The 



AIRS resolves t h e  ambiguity e i t h e r  by t h e  presence o f  PN spreading 

(DG-1), data r a t e  d i f fe rence,  o r  power s p l i t .  I n  conjunct ion w i t h  t h e  

decoder, t he  A I R S  can a1 so resolve channel ambiguity by t h e  presence o f  

coding. 

1.3 Organizat ion o f  t h e  Report 

This repor t  i s  d i v ided  i n t o  f o u r  sect ions and 4 appendices. 

Sect ion 2 provides a c lose r  examination o f  t he  requirements o f  AIRS i n  

terms o f  ra t i ona le ,  approach and implementation. These requirements 

form a bas is  f o r  t h e  func t i ona l  s p e c i f i c a t i o n  and d r i v e  the  basel ine 

desi gn. 

Sect ion 3 examines the  t e s t i n g  requirements i n  terms o f  t h e  

anci 11 ary hardware and func t i ona l  t e s t s  requ i red  t o  demonstrate t h e  AIRS 

performance. 

Sect ion 4 describes a de ta i  1 ed p re l im ina ry  hardware func t i ona l  

design f o r  t he  AIRS basel ine. Current s ta te-o f - the-ar t  d t g i t a l  and 

s igna l  processing technologies are assessed i n  terms o f  t h e  AIRS 

requi  rements. 

F i n a l l y ,  Sect ion 5 gives a cost  est imate o f  (a)  t he  design, 

development and product ion o f  t h e  protype AIRS (b) the  a c q u i s i t i o n  o f  

t h e  anci 11 ary  demonstration hardware and (c )  t h e  t e s t  program necessary 

t o  demonstrate t h e  AIRS. 



2.0 AIRS REQUIREMENTS 

I n  t h i s  sect ion, AIRS requirements implementation techniques are 

examined i n  d e t a i l .  These requirements form a  bas is  f o r  t h e  AIRS 

func t i ona l  speci f i c a t i  on and t h e  accompanyi ng base1 i ne rece iver  

s t r u c t u r e  [I]. The areas considered are: 

0 A c q u i s i t i o n  

0 Reacqui s i  t i  on 

e Recei ver con f igu ra t i on  

e F l e x i b l e  Data Mode 

e Third-order  loop f o r  c a r r i e r  t r a c k i n g  

e RFI m i t i g a t i o n  

e Adapti ve equa l i za t i on  

O r b i t  delay es t imat ion  

The study o f  adaptive equa l i za t i on  and RFI m i t i g a t i o n  are r a t h e r  

lengthy. They are summarized here i n  t h i s  sec t ion  and t h e  techn ica l  

d e t a i l s  are deferred t o  Appendices A  through C. 

2.1 A I R S  Acqu is i t i on  Sequence 

Depending on t h e  data group and mode, t h e  AIRS a c q u i s i t i o n  process 

cons is ts  of acqu i r ing  o f  t h e  PN code, c a r r i e r  and b i t  sync loops, and 

t h e  d e i n t e r l e a v e r j V i t e r b i  decoder. Since t h e  I and Q data channels can 

have d i f f e r e n t  formats i n  general, t h e  a c q u i s i t i o n  behavior o f  t h e  

quadrature channels are d i f f e r e n t .  F igures 2.1-1 t o  2.1-3 show t y p i c a l  

a c q u i s i t i o n  sequences f o r  DG1-1 and 2, DG1-3 and DG2 s ignals.  

2.1.1 Coordinated PN Acqu is i t i on  and Tracking 

The AIRS employs a  coordiated PN acqusiton and t r a c k i n g  technique 

t o  opt imize performance and hardware u t i l i z a t i o n .  Four p a r a l l e l  I F  

despreadlenvelope detec t  paths (one o f  which i s  shown i n  Figure 2.1-4) 
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are shared f o r  PN a c q u i s i t i o n  and t r a c k i n g  puroses. A f l ow  c h a r t  f o r  

t he  PN a c q u i s i t i o n  and t r a c k i n g  procedure and t h e  a l l o c a t i o n  o f  t h e  f o u r  

I F  paths i s  shown i n  F igure  2.1-5. I n  t h i s  f i g u r e ,  t he  number i n  t h e  

parentheses i s  t he  number o f  I F  paths requ i red  t o  achieve the  opera t ion  

i nd i ca ted  i n  t h e  box. As an example, a  t y p i c a l  a c q u i s i t i o n / t r a c k i n g  

sequence f o r  a  DG1-1  s igna l  based on t h e  f l owchar t  i s  shown i n  F igure  

2.1-6. The use o f  charge-coupled device (CCD) speeds up considerably 

the  a c q u i s i t i o n  a t  low s igna l  l e v e l s  and i s  considered i n  d e t a i l  i n  Vol. 

111. 

2.1.2 Frequency Lock Loop 

The AIRS acquires i t s  frequency t o  w i t h i n  f25 Hz by means o f  a  

frequency lock  loop whose e r r o r  feedback s igna l  i s  generated from a  

weighted sum o f  t h e  I and Q channels as soon as unspread s igna ls  a re  

present a t  i t s  input .  

2.1.3 C a r r i e r  and B i t  Sync Loop 

The c a r r i e r  and b i t  sync loop s h a l l  normal ly  be coupled.* C a r r i e r  

recovery i s  achieved by a  data-a i  ded 1  oop (DAL) . This i s  coup1 ed w i t h  

t h e  b i t  sync which i s  a  data t r a n s i t i o n  t r a c k i n g  loop (DTTL). The 

feedback e r r o r  s igna l  o f  t he  DAL i s  generated from a  weighted sum o f  t h e  

I and Q channels. Both the  DAL and t h e  DTTL acqu i re  simultaneously. 

A f t e r  t he  DAL acquires the  loop frequency est imate i s  used t o  a i d  t h e  PN 

loop t rack ing .  The c a r r i e r  loop acqui res as a  second-order loop and 

t racks  as a  t h i  rd-order  loop. 

2.2 Reacqu is i t ion  

The r e a c q u i s i t i o n  procedure f o r  t he  A I R S  i s  shown i n  F igure 2.2-1 

*See Sect ion 2.4 f o r  f l e x i b l e  data r a t e  mode operat ion. 
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i n  t he  event a  l o s s  o f  l ock  (PN, AGC, c a r r i e r ,  o r  b i t  sync) occurs, The 

rece iver  t r i e s  f i r s t  t o  p u l l  i n  the  s igna l  w i t h  t h e  cu r ren t  loop 

c o n f i g u r a t i o n  ( w a i t  s ta te ) .  A f t e r  t h e  attempt f a i l s ,  t h e  rece i ve r  

enters a  minisearch mode which i s  an a c q u i s i t i o n  mode w i t h  reduced code 

and frequency uncer ta in ty .  I f  i t f a i l s  again, t h e  AIRS reve r t s  t o  a  

co ld  s t a r t .  The ground segment c o n t r o l  s h a l l  be able t o  i n t e r r u p t  t h i s  

normal a c q u i s i t i o n  procedure and go d i r e c t l y  t o  c o l d  s t a r t .  

I f  t h e  decoder loses node sync, i t reacquires w i thout  f o r c i n g  t h e  

rece i ve r  i n t o  a  c o l d  s t a r t  mode i f  t h e  rece i ve r  i s  s t i l l  i n  lock.  Th is  

i s  shown i n  F igure  2.2-2. 

2.2.1 Reacqu is i t ion  Strategy 

I n  t h e  cu r ren t  rece i ve r  implementation, t he  f u l l  a c q u i s i t i o n  

procedure i s  a c t i v a t e d  whenever the  rece i ve r  drops lock. Since the  

rece i ve r  has a l ready been t r a c k i n g  t h e  incoming s igna l  before t h i s  can 

happen i t  has a  more accurate est imate of t he  s igna l  c h a r a c t e r i s t i c s  

(e.g. frequency and PN code phase) than du r ing  t h e  i n i t i a l  

a c q u i s i t i o n .  I f  the  rece iver  can make use o f  t h i s  in format ion,  t h e  

average r e a c q u i s i t i o n  t ime can be g r e a t l y  improved. 

A conceptual approach o f  a  r e a c q u i s i t i o n  scheme t a k i n g  advantage o f  

t h i s  "pre-dropped-lock" i n fo rma t ion  i s  shown i n  F igure  2.2-3. A t  t h e  

onset o f  t he  l oss  o f  lock,  t h e  unce r ta in t y  i s  zero. As t ime progresses 

and i f  t h e  rece i ve r  s t i  11 has not  acqui red lock ,  t h e  unce r ta in t y  grows 

u n t i l  i t  reaches the  boundary de f ined by t h e  i n i t i a l  " c o l d - s t a r t "  

a c q u i s i t i o n  boundary. For a  small uncer ta in ty ,  t h e  t r a c k i  ng-mode 

c o n f i g u r a t i o n  i s  capable o f  se l  f -acqui s i  t i o n  and t h e  rece i ve r  should 

there fore  wa i t  to seconds i n  i t s  c u r r e n t  mode o f  operat ion. However 

a f t e r  to seconds the  rece iver  i s  no longer capable o f  se l f  a c q u i s i t i o n  
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F igu re  2.2-2. Decoder Reacqu i s i t i on .  
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Figure 2.2-3. Conceptual Reacquisition Strategy.  
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i n  the  t r a c k i n g  mode and must acqui re i n  t h e  "search" mode (e.g. by 

stepping the  PN ch ip  p o s i t i o n ) .  However, u n t i l  tl i s  reached t h e  

unce r ta in t y  reg ion  i s  no t  as h igh  as t h e  one def ined by t h e  i n i t i a l  

" c o l d - s t a r t "  operat ion. Therefore, a  min isearch over a  reduced 

unce r ta in t y  reg ion  i s  c a l l e d  f o r .  A f t e r  tl seconds, t h e  unce r ta in t y  

reg ion  has reached i t s  maximum value and a  c o l d - s t a r t  search w i  71 have 

t o  be performed. 

I n  o rder  t o  q u a n t i f y  t h i s  s t ra tegy ,  we have t o  determine t h e  un- 

c e r t a i n t y  p r o f i l e ,  t he  minisearch region, and t h e  parameters to and tl. 

2.2.2 Dynamics P r o f i l e  

The dynamics p r o f i l e  de f ines  t h e  temporal d i f f u s i o n  o f  t h e  

uncerai n t y  region. We consider  two scenar i  0s. The f i r s t  one assumes 

t h a t  a  l o s s  o f  l ock  i s  caused by a  user  spacecraf t  manuever and t h e  

model used by the  Wide Dynamics Demod (WDD) study [2] i s  employed. The 

user s a t e l l i t e  dynamics p r o f i l e  u t i l i z e d  i s  shown i n  F igure  2.2-4. The 

second scenar io i s  based on t h e  A I R S  s p e c i f i e d  worst case acce le ra t i on  

value of 50 m/s2. (Note t h a t  1 m/s=l.Ol x  lo-' chip/s=7.67 Hz) 

2.2.3 Tracking Mode P u l l  - i n  Range 

Both the  PN t r a c k i n g  loop and t h e  c a r r i e r  t r a c k i n g  loop have 

1  i m i  t ed  p u l l  - i n  capabi 1  i t y .  During i n i t i  a1 a c q u i s i t i o n  w i t h  worst case 

unce r ta in t i es ,  these loops must be a ided by o the r  means. Hence, t h e  

a c q u i s i t i o n  mode opera t ion  i s  u s u a l l y  d i f f e r e n t  from t h a t  o f  t h e  

t r a c k i n g  mode operat ion. However f o r  reacqu is i t i on ,  t he  u n c e r t a i n l y  

region i s  i n i t i a l l y  small and the loops are capable o f  reacqu i r i ng  i n  

t he  t r a c k i n g  mode. The a c q u i s i t i o n  range o f  t h e  b i t  synchronizer i s  

very l a r g e  r e l a t i v e  t o  the  unce r ta in t y  reg ion  and thus can acqui re 

w i thout  ex terna l  a i  d i  ng . 



A PN loop t r a c k i n g  range i s  on t h e  order  of k0.5 chips. A c a r r i e r  

t rack ing  loop has a t y p i c a l  p u l l - i n  range p ropor t i ona l  t o  the one-sided 

loop noise bandwidth BL. For t h e  purpose o f  determining t h e  p u l l - i n  

range we use the  medium r a t e  demodulator (MRD) bandwidth (BL=500Hz). 

The t ime t o  reach t h e  p u l l - i n  boundary can be computed based on t h e  

dynamics and i s  summarized as fo l lows:  

TIME TO REACHING TRACKING BOUNDARY, SEC 

(BOUNDARY) DYNAMICS PROFILE WORST CASE ACCELERATION 

PN LOOP (49.5m) 2.45 1.41 

CARRIER LOOP (65.21111s) 2.96 1.30 

2.2.4 M i  n i  -Search Boundary 

I n  t h e  proposed AIRS implementation, c a r r i e r  a c q u i s i t i o n  i s  

performed by a frequency locked loop. I t s  mechanization i s  no t  

s e n s i t i v e  t o  t h e  expected range o f  frequency uncer ta in ty .  Therefore, 

t he  min i  search op t ion  app l ies  only t o  PN reacqui s i t i o n .  

For a basel ine minisearch technique, we consider t h e  ST1 s t ra tegy  

[2] o f  sweeping over a window o f  600 chips (k 300 ch ips)  f o r  t h e  WDD 

dynamic p r o f i l e .  This scheme i s  p red ic ted  by ST1 t o  acquire w i t h i n  6 

sec w i t h  a 90% p r o b a b i l i t y .  Note t h a t  t he  i n i t i a l  a c q u i s i t i o n  procedure 

requ i res  the  rece iver  t o  sweep over approximately 3800 chips (k  1900 

chips).  For t h e  worst case acce lera t ion  o f  50m/s2, the  uncer ta in ty  

range reaches t h e  600 chips window i n  34.5 seconds. 

Since the  i n i t i a l  a c q u i s i t i o n  t ime  i s  on the  order o f  20 seconds, a 

sweep over a window o f  600 chips f o r  10 seconds f o r  minisearch i s  

recommended. 



2.2.5 Reacqu is i t ion  St ra tegy  Summary 

The r e a c q u i s i t i o n  procedure a f f e c t s  main ly  PN and c a r r i e r  

reacqu is i  t i o n .  

2.2.5.1 PN Reacqu is i t ion  

Upon loss  o f  PN lock :  

1. The PN loop remains i n  t h e  t r a c k i n g  mode f o r  2s. 

2. I f  t h e  loop i s  s t i l l  unlock a f t e r  2s, i t switches t o  the  min isearch 

mode f o r  10s. The minisearch mode i s  de f ined by a  un i fo rm search 

over a  600 c h i p  window (2 300 chips) .  

3 .  The PN loop goes t o  " co ld  s t a r t "  i n i t i a l  a c q u i s i t i o n  i f  i t d i d  n o t  

acqui r e  a f t e r  10s o f  mi n i  search. 

2.2.5.2 C a r r i e r  Reacqu is i t ion  

We d i s t i n g u i s h  between spread and unspread s igna ls .  I f  t h e  s igna l  

i s  unspread, upon l oss  o f  lock :  

1. The c a r r i e r  loop remains i n  t h e  t r a c k i n g  mode f o r  2s. 

2. I f  t h e  c a r r i e r  loop cannot reacqu i re  i n  2  secs, the  frequency l o c k  

1  oop conf i g u r a t i  on takes over. 

I f  t h e  s igna l  i s  spread and t h e  rece i ve r  on ly  loses c a r r i e r  lock ,  

proceed t o  reacquired as above. I f  t h e  s igna l  i s  spread and t h e  

rece iver  a l so  loses PN lock,  deac t iva tes  t h e  c a r r i e r  loop u n t i l  t h e  PN 

1  oop reacqui res . 
2.3 Receiver Conf igurat ion f o r  Various Modes 

The AIRS i s  designed t o  operate i n  t h r e e  d i s t i n c t  modes--the normal 

mode, t h e  f l e x i b l e  data format mode (FDM) and t h e  t e s t  mode. I n  t h e  

normal mode (NM), t he  rece i ve r  conf igures i t s e l f  and se lec ts  t h e  

rece i ve r  parameters t o  achieve optimum performance based on prese le ted  

user data c h a r a c t e r i s t i c s .  I n  t he  FDM, t h e  rece i ve r  conf igures i t s e l f  



and se lec ts  the  rece i ve r  parameters t o  accomodate maximum f l e x i  b i  1  i t y  i n  

t he  user data c h a r a c t e r i s t i c s .  I n  t h e  t e s t  mode (TM), t he  rece i ve r  

c o n f i g u r a t i o n  and i t s  parameters are se lec ted  v i a  ex terna l  r e a l  t ime  

s e r i a l  data i n t e r f a c e  (e.g. GPIB), I n  t h e  t e s t  mode, t he  AIRS i s  then a  

general purpose dual channel spread spectrum BPSKIQPSK rece iver .  

2.3.1 Recei ver Funct ional  Blocks 

F igure  2.3-1 shows a  s i m p l i f i e d  AIRS f u n c t i o n a l  diagram. The 

incoming I F  s igna l  a t  370 MHz i s  f i r s t  down-converted and Doppler 

compensated t o  35 MHz. This  s igna l  i s  then noncoherent ly AGC 

c o n t r o l  1  ed. The s i  gnal i s  sp l  i t i n t o  two (hardware-wi se) i d e n t i c a l  

channels ( I  and Q). 

2.3.1.1 PN Despreader 

I n  t h e  channel (e.g. I shown i n  t h e  f i g u r e ) ,  t h e  s igna l  i s  despread 

by a  l o c a l  r e p l i c a  o f  t h e  PN code. I f  t h e  s igna l  i s  o r i g i n a l l y  

unspread, t h i s  stage i s  bypassed. 

2.3.1.2 I F  Processor 

The despread s igna l  then passes through a  se lec tab le  BPF f i l t e r  

bank. The BPF bandwidth i s  chosen based on the  data ra te .  It i s  t o  be 

wide enough t o  pass t h e  data modulat ion u n d i s t o r t e d  y e t  narrow enough t o  

l i m i t  t h e  thermal noise passed along t o  subsequent stages o f  t h e  

rece iver .  For some user  data c h a r a c t e r i s t i c s ,  t h e  I and Q channels 

conta in  t h e  same s igna l  and a  coherent combiner i s  a v a i l a b l e  t o  combine 

t h e  two I F  s ignals.  

A l ong  loop implementat ion f o r  c a r r i e r  recovery i s  used. The 

second LO a t  10 MHz i s  generated by a  syn thes izer  which serves t o  c lose  

the  c a r r i e r  loops (PLL and FLL). The second LO output  a t  25 MHz can be 

m u l t i p l i e d  by 2  o r  4 t o  wipe o f f  data. The m u l t i p l i c a t i o n  f a c t o r  





se lec ted  depends on t h e  type o f  modulat ion (BPSK o r  QPSK) and power 

sp l  it. The m u l t i p l  i c a t i o n  i s  on ly  used du r ing  frequency a c q u i s i t i o n  

(FLL mode). The s igna l  i s  no t  m u l t i p l i e d  du r ing  t r a c k i n g  (PLL mode). 

The output  o f  t he  m u l t i p l i e r  i s  I-Q demodulated by a correspondingly  

mu1 ti p l  i ed 25 MHz reference. 

2.3.1.3 Baseband Processing 

The quadrature baseband s igna ls  ( I I  and I Q )  then  pass through LPF 

banks before  they are A I D  converted. The LPF bandwidth i s  se lec ted  

based on the  data r a t e  on t h a t  channel and t h e  sampling r a t e  o f  t h e  AID 

conver ter .  The gai n -cont ro l  l e d  amp1 i f i e r  (GCA) i n  f r o n t  o f  t h e  A/D 

conver ter  (ADC) matches t h e  baseband s igna l  s t reng th  w i t h  the  ADC 

dynamic range and i s  c o n t r o l l e d  by t h e  f i n e  AGC. The f i n e  AGC operates 

coherent ly  when t h e  rece i ve r  i s  i n  c a r r i e r  lock.  The sampled data  are  

then processed by the  d i g i t a l  processor whose outputs i nc lude  t h e  

received symbols, AGC e r r o r ,  b i t  sync e r r o r ,  PLL e r r o r ,  and FLL e r ro r .  

The loop e r r o r s  a re  then f i l t e r e d  by var ious computer (numer ica l )  

a lgor i thms and t h e  f i l t e r e d  outputs a re  used t o  c o n t r o l  and c lose  t h e  

var ious loops. For example, t he  b i t  sync f i l t e r  output  c o n t r o l s  t he  b i t  

sync synthesizer  which generates t h e  ADC sampling c lock.  Since t h e  

f i l t e r i n g  i s  performed i n  software, an almost i n f i n i t e  s e l e c t i o n  of loop 

bandwidths are avai 1  able. The d i  g i  t a l  processor a1 so generates var ious  

l ock  i n d i c a t o r s  and l i n k  performance i nd i ca to rs .  

2.3.1.4 PN A c q u i s i t i o n  and Tracking 

The PN a c q u i s i t i o n  and t r a c k i n g  b lock shown i n  F igure  2.3-1 i s  

expanded i n  F igures 2.3-2 and 2.3-3. During acqu is i t i on ,  4 channels a re  

shown t o  search i n  para1 l e l  . ( 2  a d d i t i o n a l  channels from t h e  despread 

c i r c u i t  may a lso  be used.) Note t h a t  t he  BPF bank i s  se lectable.  The 
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mixer, bandpass f i l t e r  and envelope de tec to r  a re  common f o r  both 

a c q u i s i t i o n  and t rack ing .  Therefore they are t o  be shared. The PN 

t r a c k i n g  c i  r c u i t  i s  a  mod i f ied  2  channel d i t h e r e d  e a r l y l l a t e  gated loop. 

2.3.2 Conf igura t ion  Based on Data C h a r a c t e r i s t i c s  

I n  t h e  autonomous mode, t h e  rece i ve r  c o n f i g u r a t i o n  i s  based on t h e  

selected user data c h a r a c t e r i s t i c s .  The d i f f e r e n t  con f i gu ra t i ons  a re  

shown i n  F igure 2.3-4. A  t o t a l  o f  9 d i f f e r e n t  con f i gu ra t i ons  are 

i den t i  f i ed. These con f i gu ra t i ons  are  summarized i n  a  c o n f i g u r a t i o n  

ma t r i x  i n  Table 2.3. Note t h a t  f o r  con f i gu ra t i ons  where both t h e  I 

and Q channels are used, t he  loop e r r o r s  are weighted sums o f  bo th  

channels based on t h e  I:Q power s p l i t .  

For t h e  f l e x i b l e  data mode, t he  rece ive  con f i gu ra t i ons  w i l l  be a 

subset o f  Table 2.3, The p a r t i c u l a r  c o n f i g u r a t i o n  depends on t h e  

p o s i t i o n  o f  data c h a r a c t e r i s t i c s  t o  be desi gnated f l e x i b l e .  

For t he  t e s t  mode, t he  rece i ve r  can be conf igured i n  any des i rab le  

manner. 

2.3.3 In te r faces  

The i n t e r f a c e  requirements f o r  s e t t i n g  up t h e  AIRS are d i f f e r e n t  

f o r  the  t h r e e  rece iver  modes. 

2.3.3.1 Data Charac te r i s t i cs  D e f i n i t i o n  

The data c h a r a c t e r i s t i c s  d e f i n i t i o n  i s  requ i red  f o r  t h e  autonomous 

mode and t h e  t e s t  mode. This  p o r t i o n  o f  i n t e r f a c e  commands inc lude:  

(a )  Data Mode Select  

e Data Group ( 1  o r  2) 

e Mode (1, 2  o r  3)  

8 I:Q Power Ra t io  

e Baseband Waveform (NRZ o r  Manchester) 



Fi.gure 2.3 -4 .  Receiver Configuration Based on User Data Characteristics 

e COORDINATED PN ACQ 

r 2 CHANNEL PN TRACK I 
e 2 CHANNEL BPSK CARRIER ACQ/TRACK I 
0 BIT SYNCS DECOUPLED 

r CONFIGURATION 2: 

e COORDINATED PN ACQ . 
e I CHANNEL PN TRACK 

e 2 CHANNEL BPSK CARRIER ACQ/TRACK 

a BIT SYNCS DECOUPLED 

r CONFIGURATION 3: 

e QPSK CARRIER ACQ/TRACK (I+Q) 

0 BIT SYNCS DECOUPLED . 

DG1 MODE 1 AND 2 
(NORMAL CONFIGURATION) 

DG1 MODE 3 

DG 2 QPSK 
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F i g u r e  2.3-4. (cont inued) 

a BPSK CARRIER ACQ/TRACK (I o r  Q)  

CONFIGURATION 5: (SPECIAL CONFIGURATION) A,B 

a COORDINATED PN ACQ 

e 2 CHANNEL PN TRACK 

e COHERENTLY COMBINED BPSK CARRIER ACQ/TRACK 

a CONFIGURATION 6: 

a COORDINATED PN ACQ 

e 1 CHANNEL PN TRACK 

@ BPSK CARRIER ACQ/TRACK (I OR Q) 

CONFIGURATION 7: 

a QPSK CARRIER ACQ/TRACK ( I+Q)  

a B I T  SYNC COUPLED 

a COHERENTLY COMBINED SYMBOL OUTPUT 



Figure 2.3-4. (continued) 

6 COORDINATED PN ACQ 

9 1 CHANNEL PN TRACK (EXCEPT MODE 3)  

9 BPSK/CW CARRIER ACQ/TRACK ( I + Q )  

8 CONFIGURATION 9: 
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T a b l e  2.3.. Summary Configurat ion Platrix. 

*CW CONFIGURATION 
"*EXCEPT DG1-3 



e Speci a1 Conf i gurat  i ons (A-G) 

(b)  PN Kernel Se lec t  

o I Channel 

e Q Channel 

( c )  Convolut ional  Encodi ng Se lec t  

o Rate 

(d)  Data Rate Select  

For t h e  f l e x i b l e  data mode, t h e  da ta  r a t e  s e l e c t  must be s e t  t o  t h e  

h ighest  a1 lowable value. 

2.3.3.2 Receiver Parameters D e f i n i t i o n  

The rece i ve r  parameters d e f i n i t i o n  i s  requ i red  f o r  t h e  t e s t  mode. 

For the AM and FDM, they w i l l  be determined i n t e r n a l l y  by A I R S  based on 

the  des i red  c h a r a c t e r i s t i c s  ( i  .e, o p t i m a l i t y  o r  f l e x i b i l i t y ) .  The 

parameters commands i n c l  ude: . . 

(a )  Hardware Parameters Select  

t~ BPF BW ( A c q u i s i t i o n  and Tracking)  

0 LPF BW ( A c q u i s i t i o n  and Tracking)  

0 Channel Combi na t  i ons 

e Coherent Combiner 

e I-Q Channels (PN, IF,  Baseband) 

(b)  PN A c q u i s i t i o n  and Tracking Se lec t  

e Search Boundary 

e Search Rate 

0 A c q u i s i t i o n  Threshold 

e PN Channels f o r  Tracking (1 o r  2) 

e PN Loop Bandwidth 

( c )  Baseband D i g i t a l  Processor Se lec t  



e Sampling (Rate, Coherent o r  Noncoherent) 

e Matched F i l t e r  (NRZ o r  Manchester) 

@ RFI M i t i g a t i o n  Options 

e Adaptive Equal i zer 

(d) Numerical A1 g o r i  thms Select  

a FLL BW 

e PLL (BW and Loop-Order) 

@ B i t  Sync BW 

e Fine AGC BW 

2.3.4 I n t e l l i g e n c e  

For t he  autonomous and f l e x i b l e  data mode o f  operat ion, t h e  

rece i ve r  parameters are se t  au tomat i ca l l y  . The s e l e c t i o n  o f  parametr ic  

va1 ues depends i n i  t i  a1 1y on t h e  se lec ted  user c h a r a c t e r i s t i c s .  From 

these c h a r a c t e r i s t i c s  t h e  minimum C/NO w i l l  be establ ished.  The loop 

bandwidths are then se t  t o  p rov ide  opt imized* a c q u i s i t i o n  and t r a c k i n g  

performance. As the  rece iver  ob ta ins  a b e t t e r  est imate o f  t he  received 

C/NO through t h e  f i n e  AGC estimate, t h e  loop bandwidths w i l l  be adjusted 

accordi ngly.  

2.4 F l e x i b l e  Data Mode 

For low EIRP users, t h e  AIRS i s  designed t o  p rov ide  improved 

th resho ld  performance by coup l ing  t h e  c a r r i e r  recovery and the  b i t  sync 

1 oops. However, f o r  users capable o f  p rov i  d i  ng s u f f i c i e n t l y  h i  gh EIRP, 

t h e  A I R S  a l so  operates i n  a suboptimal mode c a l l e d  f l e x i b l e  data mode 

(FDM) t h a t  a l lows f l e x i b i l i t y  i n  terms o f  r e a l  t ime  swi tch ing  o f  data 

parameters dur ing  a user support per iod.  S p e c i f i c a l l y ,  t he  A I R S  i s  

*Based on thermal noise, dynamics and o s c i l l a t o r  phase noise. 



designed t o  remain i n  PN and c a r r i e r  l ock  w h i l e  t h e  user switches back 

and f o r t h  i t s  data ra te ,  data format, coding format, etc.  The on ly  

requirement i s  t h a t  t h e  user  EIRP be commensurate w i t h  i t s  data format 

and h ighes t  data ra te .  The advantage i s  t h a t  t h e  AIRS rece i ve r  does no t  

have t o  reacqu i re  PN and c a r r i e r  l o c k  whenever t h e  user chooses t o  

swi tch i t s  data format. O f  course, t h e  rece i ve r  i s  assumed t o  have 

knowledge o f  t he  upcoming data format swi tch ing  i n  order  t o  c o r r e c t l y  

synchronize and detec t  t he  baseband data. This  can be done by p r i o r  

schedul ing o r  through r e a l  t ime  downlink i n s t r u c t i o n s  from t h e  user. 

2.4.1 Receiver Implementation 

The impact o f  the  FDM on PN loop implementat ion i s  minimal. It 

on ly  requ i  res the  data r a t e  dependent bandpass f i  1 t e r s  i n  t he  PN 

t rack ing ldespread ing  c i r c u i t s  d e f a u l t  t o  t h e  h ighes t  data r a t e  supported 

by the  user EIRP. However, i n  t he  FDM the  c a r r i e r  loop must be 

decoupled from t h e  b i t  sync, i.e. t h e  c a r r i e r  loop must operate 

independently o f  t h e  b i t  sync and v i c e  versa. 

The m o d i f i c a t i o n  on t h e  c a r r i e r  t r a c k i n g  loop on ly  invo lves  t h e  

d i g i t a l  processing func t ions  a f t e r  t h e  A I D  conver te r  (see F igure  2.3-1 

i n  Sect ion 2.3). Since t h e  data r a t e  i n fo rma t ion  i s  t o  be ignored, t h e  

lowpass f i l t e r  bandwidth i n  f r o n t  o f  t h e  AID conver ter  d e f a u l t s  t o  t h e  

one corresponding t o  t h e  maximum a l lowab le  da ta  r a t e  commensurate w i t h  

user EIRP.  To generate the  requ i red  e r r o r  S-curve f o r  c a r r i e r  t r a c k i n g  

t h e  d i g i t a l  processing funct ions a f t e r  t he  A I D  a re  mod i f ied  and a re  

shown i n  F igure  2.4-1. The sampling r a t e  i s  determined by the  LPF 

bandwidth based on t h e  Nyquist c r i t e r i o n  and i s  no t  r e l a t e d  t o  t h e  b i t  

sync loop. The operat ion described here i s  very s i m i l a r  t o  the  two- 

channel Costas loop described i n  [3]. The c l i p p e r  shown approximates 



I Channeq baseband samples 
to  AGC, b i t  sync and data 

Q channel baseband samples 
to  AGC, b i t  sync and data 

-42- 

Note: Same as data-aided scheme except with I and D disabled 
( i . e .  1 sample I and D ) .  

Figure 2.4-1.  Carrier S-Curve Generation. 



t he  optimum hyperbo l ic  tangent n o n l i n e a r i t y .  The loop e r r o r  thus  

generated i s  f u r t h e r  processed by a f i  1 t e r i n g  a lgo r i t hm t h a t  cor rec ts ,  

t he  frequency and phase o f  t h e  c a r r i e r  loop synthesizer .  The 

synthesizer  serves as a convent ional VCO. 

The I and Q channel baseband samples are  then processed by a b i t  

synchronizer imp1 ementi ng t h e  data t r a n s i  s i  t o n  t r a c k i n g  1 oop (DTTL) 

technique [4] as shown i n  F igure  2.4-2. The b i t  sync syn thes izer  i s  no t  

t i e d  t o  t h e  A I D  sampling c lock.  

2.5 Comparison o f  Second and T h i r d  Order C a r r i e r  Loops f o r  Tracking 
Dynami cs 

The most s t r i n g e n t  t r a c k i n g  requirement o f  t h e  AIRS i s  t h e  

requirement t o  t r a c k  a Doppler r a t e  s tep of k765 Hz/sec du r ing  o r b i t  

maneuver. Both t h e  second-order and t h e  t h i r d - o r d e r  loops are capable 

o f  t r a c k i n g  t h i s  r a t e  step. However, t he re  i s  a major d i f f e rence .  The 

second-order loop t r a c k s  t h i s  step w i t h  a f i n i t e  steady s t a t e  phase 

o f f s e t  whereas the  th i rd -o rde r  loop t r a c k s  i t  w i t h  a zero steady s t a t e  

e r ro r .  Since a steady s t a t e  phase o f f s e t  degrades, f o r  a prolonged 

per iod  o f  t ime, both t h e  t r a c k i n g  performance (rms phase j i t t e r )  and t h e  

s l  i p  performance ( th resho ld)  o f  t he  t r a c k i n g  loop, t he  t h i  rd-order  loop 

i s  t he  obvious choice. 

2.5.1 Second-Order Loop 

Consider a h igh  ga in  second order  loop w i t h  a c losed loop t r a n s f e r  

f unc t i on  given by 

and one-sided loop noise bandwidth 



Figure 2.4-2. B i t  Sync Implementation. 



I For = 0.707, t h e  loop phase e r r o r  response t o  a  Doppler r a t e  s tep  d 

i s  shown i n  F igure  2.5-1. Note t h a t  t h e  steady s t a t e  phase e r r o r  hs = 

2  1.77 A ~ / B ~  i s  reached i n  l ess  than E/BL secs. For a l l  p r a c t i c a l  

purposes, t h e  loop phase o f f s e t  w i l l  be ks dur ing  t h e  f u l l  pe r i od  o f  

t he  maneuver. 

2.5.2 Third-Order Loop 

For a  t h i r d - o r d e r  loop opt imized f o r  t r a c k i n g  a  frequency ramp, t h e  

c l  osed-1 oop t r a n s f e r  f unc t i on  i s  given by 

( where the  one-sided loop noise bandwidth i s  

I t s  phase e r r o r  response t o  t h e  Doppler r a t e  s tep i s  shown i n  F igure  

2.5-2. However, even though t h e  peak phase e r r o r  i s  given by 

as i n  the  second-order loop steady-state e r r o r ,  phase e r r o r  i s  on l y  o f  

s i g n i f i c a n c e  f o r  t he  f i r s t  6/BL secs. 

2.5.3 Imp l i ca t i ons  

Given a  f i x e d  no ise  bandwidth BL, t h e  t h i r d - o r d e r  loop thus 

outperforms the  second-order loop i n  terms o f  t he  a b i l i t y  t o  t r a c k  ou t  







user dynamics. For t h e  worst case Doppler r a t e  ~ l f  = 765 Hzls, t h e  peak 

phase e r r o r  f o r  a  th i rd -o rde r  loop ( o r  steady s t a t e  e r r o r  f o r  a  second- 

order loop)  i s  shown i n  F igure  2.5-3 as a  f u n c t i o n  o f  t h e  loop bandwidth 

BL. However, BL cannot be chosen a r b i t r a r i l y .  Assuming a  worst case 

ca r r i e r - t o -no i se  spec t ra l  dens i t y  C/NO o f  28 dB-Hz ( i .e.  100 b/s coded 

operat ion w i t h  8 dB Eb/NO), t h e  l i n e a r i z e d  loop phase e r r o r  i s  given by 

(Note t h a t  f o r  cyc le  s l i p p i n g  considerat ion,  t h e  loop phase e r r o r  o f  

concern f o r  BPSK i s  2+.) This  i s  a l so  shown i n  F igure  2.5-3. For  

acceptable BER degradat ion (-1 dB) and c y c l e  s l i p p i n g  (-1 s l i p  per  

minute) performance, t he  loop bandwidth must be chosen t o  y i e l d  a  

maximum rms j i t t e r  o f  (J 30'. F romF igu re  2.5-1 BLmust  be l e s s  than 
2cP 

o r  equal t o  about 40 Hz. Since a  steady s t a t e  o f f s e t  o f  50' w i l l  

s i g n i f i c a n t l y  degrade the  t r a c k i n g  and cyc le  s l i p p i n g  performance, i t  

can on ly  be t o l e r a t e d  tempora r i l y  ( i  .e., f o r  a  pe r iod  small compared t o  

the  mean s l i p  t ime) .  Therefore a  t h i r d - o r d e r  loop i s  needed. 

2.6 RFI M i t i g a t i o n  Scheme 

The 1  i nk performance o f  a1 t e r n a t i  ve methods o f  quant iz ing  received 

coded data f o r  KFI m i t i g a t i o n  was i n v e s t i g a t e d  as a  p a r t  o f  t he  AIRS 

study. Each method was evaluated by a  mod i f ied  vers ion  o f  t he  LinCsim 

sof tware package. Performance curves are based on a  1 megabit-per- 

second (Mbls) , rate-112, convo lu t iona l  l y  coded, biphase modulated, 

b i  nary-phase-shi ft-keyed (BPSK) s igna l  passed through a  TDRS East 

moderate rad io  frequency i n te r fe rence  (RFI) envi ronment . 
Three a1 t e r n a t i v e  quan t i za t i on  methods were considered. They were 
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chosen because they  are easy t o  implement i n  hardware. The t h r e e  

op t ions  are:  

A1 t e r n a t i  ve 1: Hard 1  i m i t i  ng (2-1 eve l  quan t i za t i on )  . 
A1 t e r n a t i  ve 2: Var iab le  s tep-s i  ze, un i  form 8-1 evel 

quant i z a t i  on. 

A1 t e r n a t i  ve 3: Var iab le  s tep-s i  ze, un i f o rm 8- leve l  

quan t i za t i on  w i t h  constant  blanking. 

Even a  nea r l y  opt imal  constant  b lanker  f a i l s  t o  m i t i g a t e  

a  s i g n i f i c a n t  amount o f  RFI. DEIRPg, t h e  t r a n s m i t t e d  s i g n a l ' s  e f f e c t i v e  

i s o t r o p i c  rad ia ted  power (EIRP) minus t h e  EIRP needed i n  t he  absence of 

RFI, must be almost 4 dBW a t  a  b i t  e r r o r  r a t e  (BER). As Fig. 2.6-1 

shows, t h i s  performance i s  on ly  s l i g h t l y  b e t t e r  than t h a t  o f  t h e  

c u r r e n t l y  modeled quant i  zer. 

The f a i l u r e  o f  A l t e r n a t i v e s  1-3 t o  dominate t h e  e x i s t i n g  quan t i ze r  

proves hard  1  i m i t i n g ,  quan t i za t i on  s tep-s ize  v a r i a t i o n  and constant  

b lank ing  t o  be unsu i tab le  quan t i za t i on  approaches. Some o ther  technique 

o f  o f f s e t t i n g  RFI i s  needed t o  c l e a r l y  improve performance. 

A fo l low-up study shows t h a t  no s i  yn i  f i c a n t  improvement o f  t h e  

e x i  s i  t i  ng quant i  zer  i s  poss ib le  w i t h  t h e  s p e c i f i e d  RFI env i  ronment. 

This  conclus ion c o n f l i c t s  w i t h  t h a t  of a  prev ious study, p r i m a r i l y  

because i t  i s  based on a  d i f f e r e n t  continuous-wave (CW) RFI model. The 

LinCom model i s  compared w i t h  prev ious CW RFI models and t h e  reasons f o r  

no s i g n i f i c a n t  improvement o f  t h e  present  quan t i ze r  on t h e  TDRS East SSA 

r e t u r n  l i n k  are d e t a i l e d  i n  Appendix B. 

Based on t h e  f i n d i n g s  (see d e t a i  l e d  wr i te -ups  i n  Appendix A  and B) , 

a s p e c i f i c  RFI m i t i g a t i o n  scheme i s  no t  chosen f o r  t h e  AIRS. However, a  

general approach based on a  Read Only Memory (ROM) implementat ion i s  





presc r i  bed f o r  the  base1 i ne rece i  ver. This  a1 1 ows hardware 

exper imentat i  on w i t h  o ther  p l a u s i b l e  m i  t i ga t i on  schemes. 

2.7 Adaptive Equa l i za t i on  

This sec t ion  summarizes t h e  performance improvement i n  terms o f  

h igher  channel data throughput made poss ib le  by i nc1 ud i  ng an adapt ive 

equa l i ze r  i n  t he  AIRS design. The d e t a i l e d  study i s  de fer red  t o  

Appendix C. The present data r a t e  1 i m i t  i s  6 Msps (per  5-805) per  

quadrature channel f o r  NRZ data and 3 Msps f o r  biphase data. Since t h e  

measured 3 dB channel bandwidth o f  t h e  spacecra f t  f i l t e r  t h a t  se ts  t h e  

bandwidth o f  the  SSA channel i s  approximately 16 MHz, one would expect 

i t  t o  be capable o f  support ing a h igher  data r a t e  by employing 

equal i z a t i  on techniques. 

To f i n d  out  what i s  achievable, t h e  SSA channel i s  modeled as shown 

i n  F igure  2.7-1. The performance o f  t he  tapped delay l i n e  equa l i ze r  i s  

then simulated. The r e s u l t s  are shown i n  F igure  2.7-2 and 2.7-3. 

For a designed b i t  e r r o r  r a t e  o f  lo-', t h e  performance degradat ion 

due t o  the  channel bandwidth l i m i t a t i o n  i s  shown f o r  NRZ data i n  F igure  

2.7-2. The S-805 h ighes t  data o f  6 Msps g ives a ( B T ) - ~  o f  0.38 f o r  a 16 

MHz RF channel. Without equa l iza t ion ,  t h e  s igna l  l o s s  due t o  f i l t e r i n g  

i s  approximately 1 dB. However,with a 3-tap tapped delay l i n e  (TDL) 

equa l i ze r  , one can more than double t h e  da ta  ra te ,  s p e c i f i c a l l y ,  

achiev ing 13.6 Mbps w i t h  t h e  same 1 dB loss.  For biphase data, 3 Msps 

( ( ~ ~ ) - ' = 0 . 1 9 )  opera t ion  y i e l d s  a l o s s  o f  approximately 0.6 dB. With t h e  

same loss ,  a 3-tap TDL improves t h e  data r a t e  t o  approximately 5.2 Msps. 

It the re fo re  appears t h a t  an adapt ive equa l i ze r  improves t h e  SSA 

channel throughput by a f a c t o r  o f  approximately 2. However, o the r  

fac tors  of the l i n k  such as s igna l  d i s t o r t i o n s  and channel 
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n o n l i n e a r i t i e s  must be incorpora ted  i n t o  t h e  l i n k  s imu la t ion  t o  ob ta in  a  

more re f i ned  performance assessment. 

2.8 O r b i t  Delay Est imate 

The AIRS can r e f i n e  i t s  frequency p r e d i c t s  by es t imat ing  t h e  o r b i t  

de l  ay unce r ta in t y  associated w i t h  t h e  s t a t e  vec tor  i n fo rma t ion  prov ided 

as p a r t  o f  the  set-up data*. The AIRS can accomplish t h i s  i n  a  c losed 

loop fash ion  as conceptual ly  shown i n  F igure  2.8-1. A d i g i t a l  vers ion  

o f  t h i s  scheme can be done e a s i l y  w i t h  t h e  computing c a p a b i l i t y  o f  t h e  

AIRS.  I n  what fo l lows,  t h e  mathmetical model o f  t h i s  scheme i s  ou t l i ned .  

The measured Doppler frequency fm a t  t h e  mth sampling t ime  i s  t h e  

d i  f fe rence between t h e  received and t h e  nominal c a r r i e r  frequency. The 

Doppler frequency p r e d i c t  fm,d lags  t h e  measured frequency by dTs, an 

i n t e g r a l  m u l t i p l e  o f  t h e  sampling pe r iod  (Ts).  I n  o ther  words, t h e  

cu r ren t  Doppler p r e d i c t  i s  o f f  by dTs seconds. The delayladvance 

element uses the  s t a t e  vector  i n fo rma t ion  and the  frequency p r e d i c t i o n  

e r r o r  ( fm-fm-d) t o  compute a  b e t t e r  es t imate  o f  t h e  delay, i. A new 

Doppler p r e d i c t  f 
m-d^+l 

i s  then generated from t h i s  est imate and a  model 

o f  t he  Doppler frequency f as a  f u n c t i o n  o f  t ime. 

The key component o f  t h e  loop i s  t he  ad jus tab le  delayladvance 

element. I t s  f u n c t i o n  can be charac ter ized by -a d i f f e r e n c e  equat ion f o r  

t he  delay est imate im+l, based on t h e  l a s t  est imate im, 

where 11 i s  a  convergence parameter d e f i n i n g  the,speed o f  the  loop,, 

*A technique based on Doppler es t ima t ion  which i s  eas ie r  t o  implement i s  
described i n  Vol. 111. 
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Equation (2.8-1) i s  based on an adapt ive a lgo r i t hm f o r  d e r i v i n g  t h e  

l e a s t  mean square (LMS) e r r o r  est imate [81. During each update o f  t h e  

delay est imate, t h e  del  ay/advance a1 g o r i  thm attempts t o  minimize t h e  

frequency e r r o r  ( f  -f ) . The a lgo r i t hm works w e l l  when t h e  e r r o r  m m-dm 

has a s i n g l e  minimum and t h e  Doppler frequency f does not  change t o o  

r a p i d l y .  

Since t h e  s t a t e  vec tor  i n fo rma t ion  has on ly  f 9  seconds delay 

uncer ta i  n ty ,  the  above cond i t i ons  should be met f o r  s t a b l e  o r b i t s .  With 

a  proper choice of t he  convergence parameter 11, t h e  delay es t imator  can 

reduce t h e  frequency unce r ta in t y  t o  10 Hz i n  l ess  than 45 seconds, 

assuming a sample i s  taken every second. 



3.0 A I R S  OPERATION AND PERFORMANCE DEMONSTRATION 

The AIRS demonstration program cons i s t s  o f  a  se t  o f  f unc t i ona l  

t e s t s  designed t o  show i t s  v e r s a t i l e  opera t iona l  capabi 1  i t y  and improved 

performance. The t e s t s  are designed t o  demonstrate the  c a p a b i l i t y  o f  

A I R S  t o  handle: 

(a )  Wide Dynamics - exceeds the  dynamics speci f i  c a t i o n  requ i  rement 

o f  the  W i  de Dynami cs Demodul a t o r  ( WDD) . 
(b)  RFI - provides RFI m i t i g a t i o n .  Techniques are se lec tab le  o r  

can be mod i f ied  v i a  sof tware mod i f i ca t ions .  

( c )  Higher Data Rate - handles up t o  tw i ce  t h e  present SSA se rv i ce  

data rate.  

(d )  Low Data Rate - a t t a i n s  t h e  low data r a t e  operat ion (worst  case 

C/NO) s p e c i f i e d  by t h e  SSA se rv i ce  (exceeds cu r ren t  equipment 

capabi 1  i t y )  . 
(e)  Operat ional Const ra in ts  - re1 ieves  t h e  r e s t r i c t i v e  

cons t ra i  n ts /adv i  so r i es  o f  t h e  cu r ren t  SSA serv ice.  

( f )  Stand Alone Operat ion - operates as a  stand alone rece i ve r  

a f t e r  t h e  i n i t i a l  set-up commands are received. 

(g )  F l e x i  b i  1  i t y  - a1 lows user f l e x i  b i  1  i t y  i n  swi tch ing  baseband 

data c h a r a c t e r i s t i c s  dur ing  a  user support per iod.  

(h) Receiver Status - provides i n t e l l  i gent assessment o f  cu r ren t  

rece iver  h e a l t h  s tatus.  

The t e s t s  are a l so  designed t o  demonstrate t h e  improved performance i n  

var ious areas: 

( a )  Tracking - provides improved PP4, c a r r i e r  and b i t  sync t r a c k i n g  

performance i n  terms o f  j i t t e r ,  s l i p  r a t e  ( b i t  s l ippage r a t e )  

Doppler and ranging performance. 



(b )  Fading Margin - provides improved rece i ve r  threshold.  

( c )  A c q u i s i t i o n  - provides improved PN, c a r r i e r ,  b i t  sync and 

o v e r a l l  system a c q u i s i t i o n  t ime. 

(d)  Reacqu is i t ion  - minimizes system r e a c q u i s i t i o n  t ime by 

i n t r o d u c i n g  s e l e c t i v e  subsystem a c q u i s i t i o n ,  w a i t  s t a t e  and 

m in i  search. 

(e )  Phase and Frequency Stabi  1 i t y  - uses synthesized frequency 

sources phase locked t o  s t a t i o n  standard. 

3.1 The AIRS Demonstration System 

F igure  3-1 shows a h igh  l e v e l  b lock  diagram o f  t h e  AIRS 

demonstrat i  on system. The a t tenuators  simul a te  space 1 oss and antenna 

o f f - p o i n t i  ng. The RFI generator has a1 ready been acquired by NASA. One 

can rep lace the  user SIC s imula tor  w i t h  a NASA standard transponder f o r  

a r e a l - l i f e  demonstration. The TDRS channel s imu la tor  and t h e  SSA I F  

Serv ice s imulator ,  t o  be addressed sho r t l y ,  are r e l a t i v e l y  simple t o  

implement. 

F igu re  3-2 shows t h e  SSA I F  Serv ice s imulator ,  which i s  b a s i c a l l y  a 

down converter.  The TDRS channel s imulator ,  taken from Appendix A o f  

t h e  WDD spec i f i ca t i on ,  i s  s l i g h t l y  more complex and i s  shown i n  F igure  

3-3 This s imu la tor  may have a1 ready been acqui red by NASA/Goddard.* I f  

not ,  i t  i s  r e l a t i v e l y  simple t o  b u i l d .  

F igu re  3-4 shows t h e  user spacecraf t  s imu la tor  block diagram. Two 

data p a t t e r n  generator ( i n c l u d i n g  convo lu t iona l  encoder) output  data 

streams are  modulo-2 added t o  the  PN generator outputs. The PN 

generator i s  capable o f  generat ing t h e  appropr ia te  I and Q PN codes. 

*The C o m p a t i b i l i t y  Test Van (CTV)/TDKSS User Transponder Test Set can be 
used, f o r  example. 
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F igu re  3-1 . The AIRS Demonst ra t ion System. 



- .- . - -  - . - 
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The a t tenuator  s imulates the  var ious  I:Q power s p l i t .  The I and Q 

channel baseband data then d r i ves  t h e  I-Q modulator. The I F  output  i s  

f i n a l l y  upconverted t o  the  K-band. Not ice  t h a t  t h e  synthesized 

frequency sources are coherent ly  referenced t o  t h e  same ( s t a t i o n )  

reference. Channel Doppler can be s imulated by a waveform generator.  

It i s  scaled f o r  t h e  PN code c lock  by the  proper ( c a r r i e r  frequency t o  

PN c lock )  r a t i o .  An a l t e r n a t i v e  way o f  s imu la t i ng  Doppler i s  t o  

in t roduce i t  a t  t h e  A I R S  by mod i fy ing  the  c a r r i e r  and code Doppler 

p r e d i c t i o n s  (keeping t h e  31/ (240x96) r a t i o ) .  Th is  can be achieved 

e a s i l y  i n  software and s i m p l i f i e s  t h e  design o f  t he  S/C s imulator .  

The demonstration system described so f a r  i s  based upon t h e  

assumption t h a t  one o r  more o f  t h e  hardware subsystems are c u r r e n t l y  

a v a i l a b l e  t o  GSFC. I f  a completely new demonstration system i s  t o  be 

assembled, i t  i s  suggested t h a t  a common I F  frequency of 370 MHz be used 

f o r  t h e  simulators. This approach i s  recommended because o f  i t s  ease o f  

implementation and cos t  savings. S p e c i f i c a l l y ,  t h i s  a l lows 

(a)  e l i m i n a t i o n  o f  t h e  I F  se rv i ce  s imu la tor ,  (b )  e l i m i n a t i o n  o f  t he  two 

frequency t r a n s l a t i o n  stages i n  t h e  TDRSS channel s imulator ,  

( c )  replacement o f  RF amp1 i f i e r s ,  TWT and BPF w i t h  cheaper I F  u n i t s ,  and 

(d)  e l i m i n a t i o n  o f  t he  l a s t  up-converter stage f o r  the  S/C s imulator .  

3.2 Funct ional  Demonstration Tests 

There are two types o f  t e s t s  f o r  demonstrat ing AIRS opera t ion  and 

performance. The f i r s t  one i s  t h e  qua1 i t a t i v e  t e s t s  designed t o  

demonstrate the  A I R S  i n t e l l  i gence. This  can be accompl i shed v i sua l  l y  by 

checking i t s  design goals. This group o f  demonstrations inc ludes:  

stand a1 one ope ra t i  on (autonomous modes), user f 1 ex i  b i  1 i t y  (FDM) , and 

rece i ve r  s ta tus  repor t ing .  



The o ther  t ype  o f  t e s t s  i s  q u a n t i t a t i v e  i n  nature and i s  summarized 

i n  Table 3.1. The q u a n t i t a t i v e  t e s t s  are d i v i d e d  i n t o  t h r e e  

categor ies:  (a )  Symbol / B i t  E r r o r  Rate (SER/BER) tes ts ,  (b )  A c q u i s i t i o n  

and Reacqu is i t ion  Tests and ( c )  Tracking Tests. The a c q u i s i t i o n /  

r e a c q u i s i t i o n  t e s t s  measures are t h e  ( r e ) a c q u i s i t i o n  t ime  (90% 

p r o b a b i l i t y )  f o r  t he  PN, C a r r i e r  and B i t  Sync loops as we l l  as t h e  

system ( r e ) a c q u i s i t i o n  t ime (PN + c a r r i e r  + b i t  sync). During these 

tes ts ,  one should a l so  check f o r  t h e  p o s s i b i l i t y  o f  f a l s e  locks. The 

t r a c k i n g  t e s t  measures are  t h e  s l i p  ra tes  and rms j i t t e r  o f  t h e  PN, 

c a r r i e r ,  and b i t  sync loops. 

The t e s t s  i n  Table 3.1 represent  t he  minimum requirement t o  

demonstrate the  p a r t i c u l a r  capabi 1  i ty/performance. Since wide dynamics 

a f f e c t s  BER performance and c a r r i e r  t r a c k i n g  performance most d i r e c t l y ,  

they are recommended. It i s  a l so  a n t i c i p a t e d  t h a t  RFI and h igher  data 

r a t e  operat ions a f f e c t s  SER/BER more severely. The t r a c k i n g  t e s t s  

q u a n t i f y  t he  performance o f  t h e  Doppler and ranging system performance. 

The spaceloss s imu la tor  a t tenua to r  can be manually adjusted t o  

s imulate channel fading.  For r e a c q u i s i t i o n  tes ts ,  t he  scenar io f o r  

antenna swi tch ing  o r  deep fades can be s imulated by temporar i l y  breaking 

the  RF path. 

3.3 A I R S  System Test and A n c i l l a r y  Hardware 

F igure  3-5 shows t h e  AIRS demonstrat ion system and associated t e s t  

hardware. The A I R S  i n t e r f a c e s  w i t h  t h e  t e s t  operator  through a  te rm ina l  

v i a  GPIB. The dashed box i s  a  s i m p l i f i e d  representa t ion  o f  F igure  

3-1, The t e s t  hardware requ i red  are  a  BER t e s t  se t  and a  S t a t i s t i c a l  

Loop Analyzer (SLA). The SLA i s  capable o f  per forming a l l  t h e  t r a c k i n g  

and a c q u i s i t i o n  t e s t s .  A d e t a i l e d  d e s c r i p t i o n  i s  given i n  Appendix D. 
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Other standard l abo ra to ry  inst ruments such as a m p l i f i e r s  and 

synthesi zers may a1 so be requi  red. 

3.4 Test Access Po in ts  

Table 3.2 shows a1 1 t h e  t e s t  access p o i n t s  on the  AIRS requ i red  f o r  

t he  a c q u i s i t i o n  and t r a c k i n g  t e s t s .  Receiver h e a l t h  s ta tus  i s  a v a i l a b l e  

as p a r t  o f  the  normal rece i ve r  s e r i a l  data output. 



Table 3.2.Performance Tests and Required Tes t  Access Po in t s .  

a CODE SEARCH FLAG 

a CODE ' a l l  1  I EPOCH (RANGING) 

e FLL LOCK FLAG 



4.0 DETAILED DESIGN CONSIDERATIONS AND TECHNOLOGY ASSESSMENT 

4.1 Hardware Design 

A design study has been c a r r i e d  ou t  t o  determine t h e  degree o f  

d i f f i c u l t y  i n  implementing t h e  AIRS base1 i ne design [I]. The approach 

taken i s  t o  p rov ide  a  rece i ve r  design t h a t  performs t h e  func t i ons  

s p e c i f i e d  i n  the  referenced document, us ing  c u r r e n t l y  a v a i l a b l e  

i n teg ra ted  c i r c u i t s  and power designs. This  approach produces a  low 

r i s k  design t h a t  could be constructed and t e s t e d  w i t h i n  12 months of a  

go-ahead. 

The block diagrams inc luded i n  t h e  f o l l o w i n g  pages d e t a i l  t h e  

design c a r r i e d  out. F igure  4-1 shows t h e  f i r s t  I F  conver ter  and 

automatic l e v e l  c o n t r o l  subsystem. A 335 MHz l o c a l  reference i s  mixed 

w i t h  the  received 370 MHz input ,  f i l t e r e d ,  and ampl i f ied .  A f t e r  

amp l i f i ca t i on ,  t he  s igna l  l e v e l  i s  detected and used t o  c o n t r o l  t h e  35 

MHz output  l e v e l ,  by vary ing  a t tenuators  i n  t he  s igna l  path. A m p l i f i e r s  

w i  11 be o f  the  packaged, general purpose, wideband type. Gain c o n t r o l  

i s  prov ided by vary ing  the  DC c u r r e n t  through shunt diodes used as a  

va r iab le  impedance s ink  t o  t h e  s igna l .  Two a t tenuator  sect ions w i l l  be 

used, which w i l l  p rov ide  up t o  approximately 60 dB o f  gain c o n t r o l  

range. 

The 335 MHz l o c a l  s igna l  i s  generated by m u l t i p l y i n g  a  5  MHz 

reference s igna l  by 56 ( t o  280 MHz) and mix ing  t h e  r e s u l t i n g  s igna l  w i t h  

a  55 MHz s igna l  t o  produce t h e  des i red  335 MHz s igna l .  The 55 MHz 

s igna l ,  i n  tu rn ,  w i l l  be generated i n  a  synthesizer  capable o f  

developing frequencies over a  55 f 535 KHz range, w i t h  10 Hz reso lu t i on ,  

F igure  4-2 i l l u s t r a t e s  t h e  design o f  the  55 MHz Doppler 

compensation synthesizer .  It cons is ts  o f  t h ree  phase l ock  loops. One 



Figure 4-1. F i r s t  I F  Converter and A L C .  





acts  as a  t imes 10 m u l t i p l i e r  f o r  t h e  5  MHz re fe rence s igna l ,  which 

produces 50 MHz. The second phase l o c k  loop employs a  10 Hz reference 

s i  ynal (de r i ved  by d i v i d i n g  t h e  5  MHz reference by 500,000) and 

m u l t i p l i e s  it by t h e  proper  amount t o  produce a  4.465 t o  5.535 MHz 

output  s i gna l  . When mixed together ,  t h e  50 MHz and 5 MHz k ~f s igna l s  

produce t h e  des i red  55 MHz f ~f output .  A  t h i r d  phase l ock  loop a t  55 

MHz i s  used t o  f i l t e r  t h e  r e s u l t i n g  55 MHz (nominal)  s igna l .  

A c q u i s i t i o n  i s  accomplished through t h e  use o f  f o u r  p a r a l l e l ,  t ime-  

o f f s e t  a c q u i s i t i o n  channels l i k e  those shown i n  F igu re  4-3. These w i l l  

be c o n t r o l  l e d  t o  operate i n  concer t  f o r  f a s t  synch acqu i s i t i on ,  o r  they  

w i l l  operate independent ly t o  achieve simultaneous t rack ing ,  f a l s e  l o c k  

detect ion,  and m u l t i p a t h  r e j e c t i o n .  

The diagram o f  F igu re  4-4 shows t h e  e s s e n t i a l  elements o f  t h e  l o g i c  

requ i red  f o r  searching t h e  r e c e i v e r ' s  code i n  t ime, d i t h e r i n g  t h e  code 

generators,  and p r o v i d i n g  ear ly ,  prompt, and l a t e  code clocks. Thus a  

c a p a b i l i t y  f o r  e i t h e r  delay lock ,  d i thered ,  o r  combined delay 

l o c k / d i  t h e r  t r a c k i n g  i s  provided. 

A second down-conversion, f rom 35 MHz t o  25 MHz, i s  accomplished by 

mix ing  t h e  35 MHz I F  s i gna l  w i t h  a  10 MHz l o c a l  syn thes izer  output .  

Th is  10 MHz syn thes izer  i s  co r rec ted  t o  p rov ide  f i n e  Doppler co r rec t i on ,  

t o  0.1 Hz. F igu re  4-5 shows t h e  10 MHz f 5  Hz syn thes izer  design. Here 

again, t h e  implementat ion c a l l s  f o r  t h r e e  phase l o c k  loops. The f i r s t  

i s  used t o  m u l t i p l y  t h e  5.0 MHz reference t o  10 MHz, w h i l e  t h e  second i s  

locked t o  a  m u l t i p l e  o f  t h e  5  MHz reference d i v i d e d  by 25,000 (200 

Hz). The VCO i n  t h e  second phase l o c k  loop va r i es  between 400 Hz and 

20,000 Hz, which a f t e r  d i v i s i o n  by 1,000 produces a  0.4 t o  20 Hz 

s igna l .  Th is  0.4 t o  20 Hz s igna l  i s  then used t o  phase modulate t h e  10 







I n "  



MHz s igna l  t o  produce 10 MHz f 5 Hz i n  0.1 Hz steps. Again, a  cleanup 

o r  f i l t e r i n g  phase l ock  loop i s  used t o  p rov ide  a  c lean output s i  gnal a t  

10 MHz k 5 Hz. 

The hardware implementat ion o f  t h e  c a r r i e r  a c q u i s i t i o n  subsystem i s  

ra the r  s t r a i g h t f o r w a r d  and i s  shown i n  F igure  4-6. 

Implementation o f  t he  A/D conver te r  subsystem i n  F igure 4-7 i s  a l so  

q u i t e  simple and s t ra igh t fo rward .  C o n t r o l l a b l e  lowpass bandwidth, gain, 

and AID sampling r a t e  w i l l  be prov ided f o r  maximum f l e x i b i l i t y .  Diode 

gain c o n t r o l  w i l l  be used, w i t h  switched RC networks p rov id ing  

se lec tab le  lowpass bandwidths. The AID conver ters w i l l  be standard, 

commerci a1 i ntegra ted  c i  r c u i  t s ,  which a re  avai 1  ab le  w i t h  sampling ra tes  

up t o  100 Mslsecond and 6  b i t  r eso lu t i on .  

The remaining AIRS subsystems a re  l e s s  complex (though no l e s s  

impor tan t )  and do no t  a t  t h i s  t ime m e r i t  more d e t a i l e d  examination. The 

d i g i t a l  processor, though fas t ,  i s  no t  ove r l y  complex i n  i t s  

requirements. Minimal r i s k  i s  expected i n  developing an A I R S  rece iver ,  

given t h a t  a  12-month development pe r iod  i s  acceptable. 

4.1.1 I n t e g r a t i o n  

It i s  not  recommended t h a t  any custom i n t e g r a t e d  c i r c u i t s  be 

contempl ated f o r  t h e  AIRS rece iver ,  f o r  several  reasons : 

1. S a t i s f a c t o r y  commercial l y -ava i  l a b l e  c i  r c u i t s  c u r r e n t l y  e x i s t  t o  

permi t  implementat ion o f  a l l  t he  func t i ons  required. The cos t  

of custom c i r c u i t s  i s  not  j u s t i f i e d  unless i t  i s  necessary t o  

reduce t h e  s i z e  and weight o f  a rece i ve r  f o r  use i n  a i rborne o r  

space-borne app l i ca t i ons .  

2. It i s  d i f f i c u l t  if not  impossib le i n  t oday ' s  i n d u s t r i a l  

s t r u c t u r e  t o  f i n d  a  manufacturer w i l l i n g  t o  devote h i s  







resources t o  development o f  i n t e g r a t e d  c i r c u i t s  t h a t  do no t  

have nea r l y  un i  versa1 commerci a1 appl i c a t i  on. 

3. The h igh  cos t  o f  custom i n t e g r a t e d  c i r c u i t  designs, i n c l u d i n g  

"master s l i c e "  approaches, together  w i t h  t h e  long t ime  

requi  red. 

4.1.2 Risk Elements 

The f o l l o w i n g  are r i s k s  associated w i t h  AIRS:  

1. Synthesizer design f o r  h igh  r e s o l u t i o n  w i t h  minimal spur ious 

s i  gnal generat i on. 

2. Size, 

3. Processor speed t o  handle 8x12 MHz sample rate.  

These are no t  c r i t i c a l  r i s k  elements. I tem 1, however, requ i res  c a r e f u l  

design and cons t ruc t ion .  Size i s  expected t o  be approximately 

19"x12"~18".  

4.2 Technology Assessment 

Table 4.1 l i s t s  t h e  more c r i t i c a l  components and t h e i r  associated 

performance requi  rements f o r  t h e  d i g i t a l  implementat ion o f  the  base1 i ne 

A IRS .  The A-D conver te r  and t h e  accumulator speed are d r i ven  by a 

maximum 12 Mbps NRZ data r a t e  requirement. The 4 b i t  ADC r e s o l u t i o n  

represents a good compromise between performance degradat ion and t h e  

processi  ny complexity.  The mu1 t i p 1  i er/accumul a t o r  speed requirement i s  

a l so  d r i ven  by t h e  da ta  r a t e  o f  12 Mbps. The speed and s i z e  ( 1 6 - b i t )  o f  

t h e  CPU are  determined by the  t ime constant  of t h e  f i l t e r i n g  

algori thms. The RAM i s  t he  pr imary memory system f o r  t h e  AIRS. Th is  

a l lows easy change o f  software--a des i rab le  feature f o r  p ro to type 

systems. It i s  a l so  a n t i c i p a t e d  t h a t  l ess  than 30% o f  t h e  memory i s  t o  

be a l l oca ted  t o  the  ac tua l  codes and data base, and the  r e s t  t o  be 



Tab1 e 4.1. Cr i t i ca l  Components Performance 
Requirements. 



a l l oca ted  f o r  poss ib le  f u t u r e  expansions. The h igh  speed ROM i s  

requ i red  f o r  implementing the  RFI m i t i g a t i o n  processing techniques. 

4.2.1 Signal Processing ( D i g i t a l  ) 

The s igna l  processing func t ions  t o  be c a r r i e d  ou t  on t h e  AIRS 

rece iver  w i  11 be implemented w i t h  a  combi na t i on  o f  hardware subsystems 

and microprocessor funct ions.  The h igh  speed ana log - to -d ig i t a l  

conver ters w i  11 be s i x  b i t ,  100 megasampl e-per-second (maximum) 

i n teg ra ted  c i r c u i t  u n i t s  such as the  TRW TDC-1029. Accumulators w i l l  be 

s i m i l a r  t o  t he  TRW TDC-1008, which i s  capable o f  a  mul t ip ly-accumulate 

operat ion i n  100 nsec. 

It i s  est imated tha t ,  t o  ca r r y  out  t he  func t i ons  necessary f o r  

implementing the  phase lock  and frequency l ock  operat ions, and t h e  o the r  

software-implemented operat ions, approximately one m i  11 i o n  operat ions 

per  second are requ i red  o f  t h e  processor. Three c u r r e n t l y  a v a i l a b l e  

processors are a v a i l a b l e  t o  meet t h e  h igh  ra te :  S i g n e t i c s '  8x300, 

8x305, and D i  g i  t a l  Equipment Corpora t i  on's DCJ11. Each o f  these u n i t s  

has i n s t r u c t i o n  t ime  o f  0.2 psec, which means t h a t  t h e  one m i l l i o n  

opera t ion  per second capabi 1  i t y  can be met i f  a l l  operat ions can be 

c a r r i e d  ou t  w i t h  f i v e  o r  fewer i n s t r u c t i o n s .  Then t h e  t o t a l  opera t ion  

t ime i s  one microsecond o r  less,  and one mi 11 i o n  operat ions can be 

performed per second. 

Of  t h e  th ree  m i  coprocessors mentioned, two ( t h e  S ignet ics  u n i t s )  

are 8/16 b i t  u n i t s .  The DEC microprocessor on t h e  o ther  hand i s  a  16/32 

b i t  machine, which may make i t  much more capable, i f  i t i s  ava i lab le ,  

The processor ( o r  processors) w i  11 output  d i  g i  t a l  con t ro l  s i gna ls  

f o r  the  l o c a l  o s c i l  l a t o r l s y n t h e s i z e r  con t ro l ,  ga in  cont ro ls ,  as we1 1  as 

make sync deci s i  ons, est imate o r b i t  uncer ta in ty ,  and perform a1 1  o ther  



non-hardware implemented func t ions  1  i s ted  base1 i ne AIRS design [l]. 

4.2.2 Software, Hardware Timing Considerat ions 

When determin ing t h e  cyc le  t ime t o  perform t h e  processors 

c o n t r o l  l e d  func t i ons  de f ined i n  t h i s  program, one must consider both t h e  

se lec ted  hardware and t h e  sof tware i n s t r u c t i o n s  length.  I n  s e l e c t i n g  

the  hardware, i t i s  necessary t o  determine which f a c t o r s  have t h e  

greates t  impact on t h e  o v e r a l l  system. The main parameter o f  t h e  

microprocessor se lec t i ons  i s  t h e  t ime  t o  process each i n s t r u c t i o n .  When 

the  processor has completed a  f u n c t i o n ' s  i n s t r u c t i o n  set, the  output  may 

requ i re  data i n  a  ROM o r  RAM t o  be t r a n s f e r r e d  t o  another l oca t i on ,  

making t h e  ROM o r  RAM access t ime t h e  main considerat ion.  Obviously, 

f o r  m u l t i p l i e r s ,  t h e  mul t ip ly-accumulate t ime  i s  c r i t i c a l  and f o r  A I D  

conver tors,  t he  conversion r a t e  i s  t h e  key f a c t o r .  These f o u r  par ts ,  

the  processor, t h e  RAM, ROMs, the  m u l t i p l i e r s  and t h e  A/D conver tors 

form the  hear t  o f  the, d i g i t a l  s igna l  processor. As a  base1 ine, t h e  

f o l l o w i n g  p a r t s  are being considered: 

Funct i on Mfgr. Par t  # Key Parameter 

Micro processor Motor01 a  MC6800 0.37511sec/instruction 

RAM Fai r c h i  l d  100415 20 ns access t ime 

ROM Fai  r c h i  l d  93454 30 ns access t ime  

M u l t i p l i e r  TRW TDC1008 100 ns 

D I A  TRW TDClOOl 2.5 msps* 

*MSPS = Mega Samples Per Second. 

Below i s  a  l i s t  o f  t he  sof tware func t i ons  requ i red  f o r  t h e  AIRS 

system. For each func t ion ,  t he  number o f  i n s t r u c t i o n s  has been 



est imated and t h e  cyc le  t ime c a l c u l a t e d  us ing  t h e  key hardware 

parameters l i s t e d  above. 

Funct ion Words o f  I n s t  Cycle Time 

B i t  Sync 10 3.75 ps 

C a r r i e r  Recovery 40 15 ps 

KFI M i t i g a t i o n  1000 375 us 

Doppler Compensation 

CAGC (Coherent Automatic 

Gai n  Contro l  ) 

LP I 

Adaptive Equa l i za t i on  

Moni tor  and Contro l  

S e l f  Diagnosis 

P/N Acqu is i t ion /Track  

Lock Detec t ion  

The above est imates are based upon engineer ing judgments and 

desc r ip t i ons  o f  t h e  func t i ons  i n  t h e  proposal,  To prov ide  a  more 

accurate analys is ,  i t  i s  necessary t o  generate computer f l ow  diagrams 

and est imate the  number o f  i n s t r u c t i o n  words from t h i s  in fo rmat ion .  



5.0 COST ASSESSMENT 

The cos t  assessment i s  based on t h e  AIRS base l ine  El] and Sect ions 

3 and 4. 

5.1 Prototype A I R S  Est imate 

The cos t  est imate f o r  t h e  pro to type AIRS i s  d i v i d e d  i n t o  hardware 

and sof tware cos t  estimates. The hardware cos t  t o t a l  i s  $260,370. The 

d e t a i l e d  breakdown i s  shown i n  F igures 5-1 and 5-2. The sof tware cos t  

t o t a l  i s  $194,480 and i s  d e t a i l e d  i n  F igure  5-3. 

5.2 Anci 11 ary  Hardware 

The cos t  est imate o f  t h e  A I R S  demonstrat ion a n c i l l a r y  hardware i s  

$19,401 and i s  d e t a i l e d  i n  F igures 5-4 and 5-5. This i s  based on t h e  

assumptions t h a t  a  370 MHz (RF) s imu la tor  i s  used and t h a t  t h e  RFI t e s t  

generator i s  ava i l ab le .  It excludes $67,000 worth of standard t e s t  

equipment t h a t  can be shared w i t h  o the r  programs. 

5.3 Demonstration 

The cos t  est imate f o r  t h e  AIRS demonstrat ion program i s  $26,180 and 

i s  d e t a i l e d  i n  F igure  5-6. 

5.4 Cost Summary 

The t o t a l  cos t  est imate f o r  t h e  procurement and demonstration o f  

t he  A I R S  p ro to type i s  $499,000 and i s  summarized i n  F igure  5-7. 



Overhead @ 0.7 

Ma te r i  a1 

Fee @ 0.1 

TOTAL 

F igu re  5-1. Cost Es t imate  f o r  A IRS Hardware. 



5 MHz Master Clock 

High Speed A/C Conv. 

MWAlO WB Amp1 i f i e r  

High Frequency VCO1s 

SRA-1  Mixers 

7400 Type I.C.'s 

8504 Type I .C.'s 

High Speed Accum. 

35 MHz BPF 

Chassi s, Large 

UP Card 

PC Card 

UP mem x tnd r  

Power Supply 

Front  Panel 

Opamp I.C.'s 

Misc T rans i s to r  

Set Panel Hardware 

Chassis, Small 

Coax Connector, Panel 

Coax Connector, Ma1 e 

M i  sc Res i s to r  

M i  sc Induc tor  

M i  sc. Capaci tor  

50% Cont i n gency 

F igure  5-2. De ta i l ed  Ma te r ia l  L i s t  f o r  AIRS Hardware. 
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Task Breakdown 

Engineer 

A lgor i thm D e f i n i t i o n  3 mm 

Computer Software Development 6 mm 

Moni t o r  and Contro l  4 mm 

V e r i f i c a t i o n  and S imu la t ion  3 mm 

Prog ramer  

Microprocessor Implementat ion 8 mm 

Cost Est imate 

Engi neer 

16 mm @ $25/hr 

Programmer 

8 mm @ $15/hr 

Overhead @ .07 

Fee @ .O1 

TOTAL $194,480 

F igure  5-3. Task Breakdown and Cost Est imate f o r  AIRS 
Software Devel opment . 



Cost Est imate 

Engineer 

1 mm @ $25/hr 

Technic ian 

1 mm @ $10/hr 

Overhead @ 0.7 

Mater i  a l *  

Fee @ 0.1 

TOTAL $19,401 

*Does no t  i n c l  ude standard t e s t  equipment . 

Figure  5-4. Cost Est imate f o r  AIRS Demonstration A n c i l l a r y  Hardware. 



Mater i  a1 

1 - BPF (370 MHz) 

4 - Amp1 i f i e r s  (370 MHz) @ $30.00 

2 - P in  Diode At tenuator  @ $60.00 

2 - PN Generators @ $100.00 

1 - Combiner 

M i  s ce l  1 aneous 

50% Contingency 

TOTAL 

Standard Test Equipment* 

1 - SLA 

2 - BER Test Set/Data Generator @ $6,000 

1 - Synthesizer  (370 MHz) 

TOTAL 

*Rental a t  approximately 10% per  month. 

F igure  5-5, D e t a i l e d  Ma te r i a l  L i s t  f o r  AIRS Demonstratat ion A n c i l l a r y  
Hardware. 



Task Breakdown 

Enyi neer 

Test Procedure 

I n t e r f a c e I I n t e g r a t i o n  

Test i ng 

Technician 

Technical Support 

Cost Est imate 

Engineer 

2 mm @ $25/hr 

Technician 

2 mrn @ $10/hr 

Overhead @ 0.7 

Fee @ 0.1 

TOTAL 

F igure  5-6. Task Breakdown and Cost Est imate f o r  A I R S  
Demonstrati on. 



AIRS Prototype Hardware 

AIRS Prototype Software 

Demonstration A n c i l l a r y  Hardware 

Demonstrati on 

TOTAL 

Standard Test Equipment 

F igure  5-7. Cost Summary f o r  t h e  Procurement and Demonstration o f  
t h e  AIRS Prototype. 



APPENDIX A 

ALTERNATIVE QUANTIZATION METHODS FOR IMPROVING TDRSS 

CODED PERFORMANCE I N  A PULSED R F I  ENVIRONMENT 



1.0 SUMMARY 

The l i n k  performance o f  a l t e r n a t i v e  methods o f  q u a n t i z i n g  rece ived  

baseband data on an S-band s i n g l e  access (SSA) r e t u r n  l i n k  o f  t h e  

Track ing  and Data Relay S a t e l l i t e  System (YDRSS) was der ived.  Each 

method was modeled i n  a  mod i f i ed  ve rs i on  o f  LinCsim so f tware  package, 

Performance curves a r e  based on a  1 megabit-per-second (Mb/s), ra te-1/2 

convo lu t i ona l  l y  coded, b i  phase modulated, b inary-phase-sh i  f t - k e y e d  

(BPSK) s i gna l  passed th rough a  TDRS East moderate r a d i o  f requency 

i n t e r f e r e n c e  (RFI) environment. 

Three a l t e r n a t i v e  q u a n t i z a t i o n  methods were considered. They were 

chosen because t hey  a re  easy t o  implement i n  hardware. The t h r e e  op t i ons  

a re :  

A1 t e r n a t i v e  1  : Hard l i m i t i n g  (2 - leve l  q u a n t i z a t i o n )  

A1 t e r n a t i v e  2: Va r i ab le  s tep-s i  ze, u n i f o r m  8 - l eve l  q u a n t i z a t i o n  

A1 t e r n a t i v e  3: Va r i ab le  s tep-s ize ,  un i f o rm  8 - l eve l  q u a n t i z a t i o n  

w i t h  constant  b l ank ing  

Due t o  t h e  f l e x i b i l i t y  o f  t h e  software, a  q u a n t i z a t i o n  method i s  

s imu la ted  th rough two s imp le  i n p u t s  t o  t h e  m o d i f i e d  program. 

A l t e r n a t i v e s  1 and 2  a re  consequent ly de f i ned  as spec ia l  cases o f  

A1 t e r n a t i  ve 3. The bes t  p o s s i b l e  cons tan t  b l anke r  i s  t h e r e f o r e  op t ima l  

among t h e  t h r e e  a l t e r n a t i v e s .  

Even a  n e a r l y  op t ima l  constant  b lanker  f a i l s  t o  m i t i g a t e  a  

s i g n i f i c a n t  amount o f  RFI. DEIRPQ, t he  t r a n s m i t t e d  s i g n a l  ' s  e f f e c t i v e  

i s o t r o p i c  r a d i a t e d  power (EIRP) minus the EIRP needed i n  t he  absence o f  

RFI, must be almost 4 dec ibe l s  (dBU) a t  a  b i t  e r r o r  r a t e  (BER). As 



Fig.  1  shows, t h i s  performance i s  o n l y  s l i g h t l y  b e t t e r  than t h a t  of t h e  

c u r r e n t l y  modeled q u a n t i  zer.  

The f a i l u r e  o f  A l t e r n a t i v e s  1-3 t o  dominate t h e  e x i s t i n g  q u a n t i z e r  

proves hard  l i m i t i n g ,  q u a n t i z a t i o n  s tep -s i ze  v a r i a t i o n  and cons tan t  

b l ank ing  t o  be unsui  tab1  e  q u a n t i z a t i o n  approaches. Some o the r  techn ique  

o f  o f f s e t t i n g  RFI i s  needed t o  c l e a r l y  improve performance. 

2.0 INTRODUCTION 

Pulsed r a d i o  f requency i n t e r f e r e n c e  (RFI) ,  emanating from c e r t a i n  

geographic reg ions,  has been i d e n t i f i e d  by NASA as p o t e n t i  a1 l y  degrading 

t o  communication f rom low o r b i t i n g  user  spacecra f t  (e.g., Space Shu t t l e ,  

Space Telescope) t o  t h e  Track ing  and Data Relay S a t e l l i t e s  (TDRS), The 

S-band r e t u r n  l i n k s ,  under t h e  s i n g l e  access (SSA) and m u l t i p l e  access 

(MA)  modes o f  opera t ion ,  a re  o f  p a r t i c u l a r  concern t o  NASA [I]. 

Although t h e  impact o f  RFI on these l i n k s  has been e x t e n s i v e l y  analyzed 

s i nce  t h e  problem was revealed, most o f  t h e  p rev ious  RFI models have a t  

1  eas t  one unde r l y i ng  assumption t h a t  r e s t r i c t s  t h e i  r present  

a p p l i c a b i l i t y .  Two obvious d e f i c i e n c i e s  a re  t h e  assumption o f  i n f i n i t e  

RFI power l e v e l s  [2,3] and inadequate t rea tment  o f  c o n t i  nuous-wave (CW) 

RFI [4-61. ST1 [I ,7,8] and OR1 [9] have cons idered f i n i t e  RFI power, 

b u t  t h e i r  models r e s t r i c t  t h e  frequency o f  a l l  in-band CW RFI t o  

co inc ide  w i t h  t h e  c a r r i e r  f requency o f  t h e  s i g n a l .  Th is  r e s t r i c t i o n  

leads t o  p e s s i m i s t i c  p r e d i c t i o n s  o f  l i n k  performance, as exp la ined  i n  

Sect ion 2.2. I n  t h i s  study, we cons ider  o n l y  f i n i t e  RFI power l e v e l s  

and n e a r l y  u n i f o r m  d i s t r i b u t i o n s  o f  in-band CW RFI, so t h a t  t h e  RFI w i l l  

be modeled as accu ra te l y  as poss ib le .  

The RFI model i s  p a r t  o f  t h e  LinCsim so f tware  package [ l o ]  t h a t  

w i l l  be used i n  comparing t h e  performance o f  t h r e e  a l t e r n a t i v e  
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q u a n t i z a t i o n  schemes (Sec t ion  4)  and t h e  present  q u a n t i z a t i o n  model . By 

modi f y i  ng t h e  p resen t  8-1 evel  quan t i  zer,  t h e  TDRSS performance 

degrada t ion  due t o  RFI (Sect ion 2.2) can be m i t i ga ted .  Th is  performance 

improvement i s  apparent o n l y  when 1  i n k  c o n d i t i o n s  (Sec t ion  2.1) pe rm i t  a  

s i g n i f i c a n t  amount o f  RFI t o  e n t e r  t h e  quant i ze r .  The p resen t  study 

focuses on t h e  p a r t i c u l a r  SSA r e t u r n  l i n k  presented i n  2.1, b u t  LinCsim 

and t h e  a n a l y t i c a l  procedures i n  Sec t ion  3 can be used t o  analyze t h e  

e f f e c t s  o f  q u a n t i z a t i o n  on a  v a r i e t y  o f  TDRSS l i n k s  f o r  many d i f f e r e n t  

l i n k  parameters. 

As descr ibed  i n  Sec t ion  3, a l l  t h r e e  q u a n t i z a t i o n  op t i ons  (hard 

1  i m i  t i n g ,  un i f o rm  8-1 evel  quan t i za t i on ,  and 8-1 eve l  q u a n t i z a t i o n  w i t h  

cons tan t  b l  ank i  ng)  i n v o l  de equal quant i  za t  i on s tep  s izes.  Unequal s tep  

s izes,  produced by n o n l i n e a r  q g a n t i z a t i o n  [9], are  no t  w i t h i n  t h e  scope 

o f  t h i s  study. 

2.1 SSA Return L i nk  Mode1 

The SSA r e t u r n  l i n k  cons i s t s  o f  bo th  an u p l i n k  and a  downl ink 

(F igu re  2).  A TDRS t ransponder  r e l a y s  user s i g n a l s  t o  a  ground 

rece i ve r .  The down1 i n k  no i se  a t  t h e  ground i s  assumed t o  be n e g l i g i b l e ,  

r e l a t i v e  t o  u p l i n k  thermal  no ise  and RFI. 

Unless a  s i g n i f i c a n t  amount o f  u p l i n k  RFI i s  passed i n t o  t h e  

quan t i ze r ,  t h e r e  i s  almost no d i f f e r e n c e  between t h e  present  performance 

curve  and those f o r  t h e  two a l t e r n a t i v e  8 - l eve l  q u a n t i z a t i o n  schemes 

proposed i n  Sec t ion  3. I n  t h i s  study we i n v e s t i g a t e  an SSA r e t u r n  l i n k  

t h a t  s u f f e r s  a  s i g n i f i c a n t  performance degrada t ion  due t o  RFI, so t h a t  

( a )  communication on t h e  l i n k  w i l l  be s t r essed  and (b )  t h e  maximum 

b e n e f i t  o f  t h e  t h r e e  a l t e r n a t i v e  q u a n t i z a t i o n  methods w i l l  be 

approached. The SSA r e t u r n  s i gna l  c h a r a c t e r i s t i c s  shown i n  Table 1 were 





Table 1. C h a r a c t e r i s t i c s  o f  SSA Return L ink  Signal  Used i n  This  Study, 

1. No pseudorandom-noise (PN) coding. 

2. B inary  phase -sh i f t - key i  ng (BPSK) modulat ion. 

3. 1 megabit per  second (Mbls) da ta  r a t e .  

4. Rate-112 convo lu t iona1 code. 

'5. No l oss  o f  RFI power due t o  t ransponder  antenna o f f p o i n t i n g .  

6. Base1 i ne b i  t -energy- to - thermal  -noi  se-densi t y  r a t i o  (Eb/NO) of 
-0.680 dB a t  i n p u t  t o  TDRS t ransponder  nonl  i n e a r i t y .  

7. Bandwidth o f  20 megahertz i n  i n te rmed ia te  frequency ( I F )  f i l t e r  
o f  TDRS transponder.  

8. L ink  nonl i n e a r i  t y  c o n s i s t i n g  o f  9-dB c l  i pper and t r a v e l  i ng- 
wave-tube a m p l i f i e r  (TWTA) w i t h  18.5-dB i n p u t  backof f  i n  TDRS 
t ransponder  and 3-dB c l  i pper i n  ground r e c e i  ver 31.. 

. ' 

9. Ground s t a  i o n  r e c e i v e r  l o s s  o f  5.27 dB i s  t h a t  necessary f o r  a 
BER of lo-' w i t h  base1 i n e  Eb/NO and no RFI. 



chosen t o  ensure t h a t  l i n k  performance w i t h  the  present quant izer  i s  

s i g n i f i c a n t l y ,  but  s t i l l  r e a l i s t i c a l l y ,  degraded when RFI i s  added t o  

t h e  l i n k ,  Each o f  t he  l i n k  parameters (Table 1) can be d i r e c t l y  i n p u t  

t o  LinCsim [lo]. 

To simp1 i f y  the  performance analyses o f  a1 t e r n a t i  ve quan t i za t i on  

methods (Sect ion 4), we make several assumptions about the  SSA r e t u r n  

1 i n k  (F igure 2).  Only one data channel i s  considered, on which the  

modulat ion i s  b ina ry  phase-shi f t - k e y i  ng (SPSK) . Since the  quant i  zer  

operates only on demodulated data, t he  number o f  channels and the  

modulat ion should only  a f f e c t  the  absolute values o f  t h e  performance 

curves (Sect ion 4), no t  t he  t rends i 1 1 u s t  ra ted  by the  curves. We a1 so 

assume t h a t  the  t ransmi t ted  s igna l  e x h i b i t s  no gain o r  phase imbalance 

aqd no data asymmetry, as these are de f ined i n  t he  TDRSS Users' Guide 

[111. 

The in te rmed ia te  frequency ( I F )  f i l t e r s  i n  t he  transponder and 

rece iver  are i d e a l ,  and both f i l t e r s  have a bandwidth l a r g e  enough t o  

pass the  s igna l  w i thout  d i s t o r t i o n .  Non l i nea r i t y  i s  in t roduced by 

memoryless automatic 1 eve1 con t ro l  (ALC) c i r c u i t s  [I]. The ALC c i  r c u i t  

i n  the  transponder i s  assumed t o  output  vol tages t h a t  a l low f o r  l i n e a r  

t r a v e l  i ng-wave-tube amp1 i f i e r  (TWTA) operat ion, so the  only  pre-  

quan t i za t i on  n o n l i n e a r i t i e s  are the  two ALC c i r c u i t s .  A f t e r  t h e  r a t e -  

1/2, convo1ut iona l ly  encoded BPSK s igna l  i s  output  from ALC c i r c u i t y  i n  

t h e  rece iver ,  i t  s u f f e r s  mu1 t i p i c a t i v e  losses i n  t he  demodulator, b i t  

synchroni zer, de i  n t e r l  eaver, and V i  t e r b i  decoder [lo]. No change i n  

these rece iver  losses i s  considered when the  RFI environment changes. 

2.2 RFI Problem Desc r ip t i on  

Radio frequency i n te r fe rence  (RFI) i n  the  SSA r e t u r n  u p l i n k  i s  



= frequency o f f s e t  from N R Z  signal frequency 
M.F. INPUT: cos(21~ft+cc), 0 - < t - < T ,  where = symbol duration 

(a = a r b i t r a r y  phase 

M.F. OUTPUT: s i  n ( n f T )  cos ( n f ~ + a )  
Trf T 

Figure 3:. . NRZ Matched-Filter Output When Input I s  CW f o r  Symbol Duration, 





cha rac te r i zed  by t h e  TDRS East. RFI enviornment g iven  i n  [12]. The RFI 

cons i s t s  of t h r e e  Gaussian no ise  processes and t h r e e  CW processes. Each 

o f  t h e  s i x  RFI processes has a d i f f e r e n t  du ty  c y c l e  and power l e v e l ,  bu t  

every CW process has a sma l l e r  du ty  c y c l e  and more power than any o f  t h e  

Gaussi an no ise  processes. 

A l l  t h r e e  no i se  components o f  t h e  RFI a re  assumed t o  be Gaussian 

processes w i t h  f l a t  power spec t ra l  d e n s i t i e s  i n  t h e  e n t i r e  passband o f  

t h e  TDRS I F  f i l t e r .  The phase o f  each CW component i s  cons idered t o  be 

pu re l y  random. Furthermore, t h e  c o r r e l a t i o n  t i m e  o f  t h e  I F  f i l t e r  i s  

l e s s  t han  t h e  RFI pu l se  d u r a t i o n  (3.5 microseconds (psec))  i n  LinCsim 

[lo]. The pu l se  a r r i v a l s  o f  each RFI component a t  t h e  t ransponder  a r e  

assumed t o  be Poisson-di  s t r i  bu ted  [I]. 

RFI pu lses degrade t h e  performance o f  t h e  V i t e r b i  decoder t h rough  

t h e i r  e f f e c t  on t h e  p resen t  8 - l eve l  quan t i ze r .  Th is  e f f e c t  i s  most 

apparent when t h e  power fu l  RFI i s  r ece i ved  d u r i n g  a symbol recep t ion .  

The quan t i ze r  may then  ass ign  t h e  ou tpu t  t h e  maximum decoder weight,  

even though t h e  i n c o r r e c t  symbol may have been demodulated. 

E r r o r s  o f  t h i s  na tu re  may occur whenever RFI i s  received. 

Degradat ion on t h e  SSA r e t u r n  l i n k  i s  p a r t i c u l a r l y  p robab le  when t h e  RFI 

c o n s i s t s  o f  CW pu lses  t h a t  a re  l o n g  compared t o  t h e  0.5-microsecond 

d u r a t i o n  o f  each biphase symbol (Table 1). 

Fo r  non-return- to-zero (NRZ) symbol formats, t h e  matched f i  1 t e r  

(M.F.) o f t e n  ou tpu ts  a  l a r g e  ampl i tude when t h e  frequency o f  a  CW p u l s e  . 

c o i  n c i  des w i t h  t h e  s i  gnal  frequency (F i  gure . 3 )  [lo]. The assumpti on 

t h a t  a l l  CW RFI co inc ides  w i t h  t h e  s i gna l  frequency [1,7-91 i s  t h e r e f o r e  

a p e s s i m i s t i c  assumption . I n  t h i s  study, we use the.,LinCsim 
.- - 

CW RFI model (Sec t ion  2 o f  Appendi X B )  . 
. \ 



3.0 ALTERNATIVE QUANTIZATION METHODS 

The coded performance o f  t h e  SSA r e t u r n  l i n k  i n  Table 1 can be 

improved by mod i f y i ng  t h e  p resen t  8 - leve l  quan t i ze r .  I n  t h e  c u r r e n t  

design, a  s e r i e s  o f  automat ic  ga in  c o n t r o l  (AGC) c i r c u i t s  keeps t h e  

matched- f i  1  t e r  ou tpu t  a t  a  r e l a t i v e l y  cons tan t  vo l tage,  which i s  used i n  

d e r i v i n g  t he  boundaries between t h e  e i g h t  d i f f e r e n t  q u a n t i z a t i o n  l e v e l s  

8 The q u a n t i z a t i o n  boundaries, o r  t h r e s h o l  ds, a re  modeled i n  L i  nCsim 

as a  f r a c t i o n  o f  t h e  mean ampl i tude  o f  t h e  m a t c h e d - f i l t e r  ou tpu t  when no 

RFI i s  rece ived.  I n  t h e  absence o f  RFI, t h e  t h resho lds  a re  separated by 

o/2 (where o  i s  t h e  var iance  of t h e  m a t c h e d - f i l t e r  ou tpu t ) ,  which i s  t h e  

op t ima l  sepa ra t i on  o r  q u a n t i z a t i o n  s tep  s i z e  f o r  t h i s  a d d i t i v e  w h i t e  

Gaussian no ise  channel [lo]. 

N e i t h e r  t h e  quan t i ze r  nor  i t s  model, however, per fo rm o p t i m a l l y  i n  

t h e  RFI environment o f  t h e  TDRS East r e t u r n  1  i n k  [12]. The AGC c i r c u i t s  

combine t o  form a  very  narrowband device, which was designed t o  combat 

on ly  w h i t e  Gaussian noise. Consequently, t h e  q u a n t i z a t i o n  t h r e s h o l  ds i n  

t h e  model a re  n o t  d i r e c t l y  r e l a t e d  t o  t h e  RFI on t h e  1 i n k .  
--.- 

I f  t h e  q u a n t i z e r  cou ld  prevent  dominant RFI ampl i tudes f r om 

r e c e i v i n g  maximum decoder weight  (Sec t ion  2.2), l i n k  performance would 

be s i g n i f i c a n t l y  enhanced. I d e a l l y ,  t h e  quan t i  ze r  should "b lank"  i t s  

i n p u t  whenever RFI induces a  1  arge amp1 i t u d e  (F igure  5) .  Un fo r t una te l y ,  

l i t t l e  progress has been made.toward a  r e l i a b l e  method o f  d e t e c t i n g  t h e  

presence o f  RFI. We t h e r e f o r e  analyze t h r e e  non- ideal  q u a n t i z a t i o n  

methods f o r  t h e  purpose o f  m i t i g a t i n g  t h e  RFI performance degradat ion.  

These a re :  

A1 t e r n a t i v e  1: Hard l i m i t i n g  (2 - l eve l  q u a n t i z a t i o n )  

A l t e r n a t i v e  2: Va r i ab le  s tep -s i  ze, u n i f o r m  8-1 eve1 q u a n t i z a t i o n  





A1 t e r n a t i v e  3: Var i ab le  s tep-s i  ze, un i f o rm  8- leve l  q u a n t i z a t i o n  

w i t h  constant  b l ank ing  

Each o f  these t h r e e  techniques i s  modeled i n t o  one so f tware  

package. The so f tware  model i s  con ta ined  i n  a  m o d i f i e d  ve rs i on  of a  

documented LinCsim user  program [lo]. I n  t h e  documented program, t h e  

re fe rence  vo l t age  (F igu re  5 )  o f  t h e  quan t i ze r  i s  zero. The t o p  t h r e e  

q u a n t i z a t i o n  t h resho lds  a re  computed as k  t imes  t h e  q u a n t i z a t i o n  s tep-  

s i z e  v a r i a b l e  QSTEP (k=1,2,3); t h e  bottom t h r e e  t h resho lds  a r e  -k t imes  

QSTEP (k=1,2,3) [lo]. 

A1 t e r n a t i v e s  1, 2, and 3 were programmed by mod i f y i ng  t h i s  p resen t  

q u a n t i z e r  model. QSTEP was conver ted i n t o  an i n p u t  va r i ab le ,  and a  new 

i nput v a r i a b l e  ca l  l e d  THRESH was in t roduced.  THRESH represen ts  t h e  

vo l t age  d i f f e r e n c e  between a  b l ank ing  t h r e s h o l d  (F igure  5) and t h e  

re fe rence  vo l tage.  The p r o b a b i l i t y  o f  a  p a r t i c u l a r  q u a n t i z a t i o n  l e v e l  

was a l t e r e d  t o  r e f l e c t  t h e  a c t i o n  o f  a  constant  b lanker  (F igu re  5 ) ,  

which b lanks t h e  m a t c h e d - f i l t e r  ou tpu t  whenever i t s  ampl i tude exceeds 

THRESH. As a  r e s u l t ,  each of t h e  t h r e e  a l t e r n a t i v e  q u a n t i z a t i o n  methods 

can now be modeled th rough app rop r i a te  i n p u t  values o f  QSTEP and THRESH, 

as discussed i n  t h e  remainder o f  t h i s  sec t ion .  

3.1 A l t e r n a t i v e  1: Hard L i m i t i n g  

A  hard  l i m i t e r  quan t i zes  each i n p u t  i n t o  one o f  two q u a n t i z a t i o n  

l e v e l s ,  depending on which s i d e  o f  a re ference vo l t age  (F igure  5)  t h e  

i n p u t  f a l l s .  Vard l i m i t i n g  was modeled i n  t h e  m o d i f i e d  ve rs i on  o f  t h e  

CLASS BER program by ext remely  l a r g e  values (> l o 5 )  o f  t h e  q u a n t i z a t i o n  

s tep  s i z e  QSTEP and t h e  b1 ank i  ng thresh01 d  amp1 i tude THRESH. When QSTEP 

i s  t h i s  la rge ,  t h e  t op  and bottom t h r e e  q u a n t i z a t i o n  t h resho lds  a re  so 

1  arge and smal l  , respec t i  v e l y  , t h a t  essen t i  a1 1y a1 l matched f i  1  t e r  



outpu ts  f a l l  i n t o  Level 4  o r  Level 5 (F igure 5) .  Thus t h e  e i g h t  

poss ib le  outputs o f  t h e  quant izer  are e f f e c t i v e l y  reduced t o  two. The 

h i g h  value o f  THRESH makes t h e  p r o b a b i l i t y  o f  b lank ing  n e g l i g i b l e ,  so 

hard 1  i m i t i n g  i s  s imulated. 

3.2 A1 t e r n a t i  ve 2: Var iab le  Step-Size, Uniform 8-Level Quan t i za t i on  

A l t e r n a t i v e  2 i s  8 - leve l  quan t i za t i on  i n  which t h e  step s i z e  i s  

var iab le ,  a1 though it must be un i f o rm (quan t i za t i on  th resho l  ds evenly 

spaced). The present quant i  zer  i s  an example o f  t h i s  a1 t e r n a t i  ve, 

because i t  i s  a  un i f o rm 8- leve l  quant izer  w i t h  a  step s i z e  t h a t  va r i es  

w i t h  t h e  mean m a t c h e d - f i l t e r  output  ampl i tude i n  t h e  absence o f  RFI. 

For general i t y  and completeness, however, t h e  s tep  s i z e  i s  a r b i t r a r y  f o r  

A l t e r n a t i v e  2. Thus t h e  A l t e r n a t i v e  1  s tep s i z e  i s  permi t ted  i n  

A l t e r n a t i v e  2. 

As i n  A l t e r n a t i v e  1, an extremely h igh  value o f  THRESH i s  entered 

t o  e f f e c t i v e l y  e l  im ina te  b lanking.  

3.3 A1 t e r n a t i  ve 3: Var iab le  Step-Si ze, Uniform 8-Level Quan t i za t i on  
w i t h  Constant Blanking 

The A1 t e r n a t i v e  3 quant i  zer  repeats t he  ape ra t i  on o f  t h e  prev ious 

quant izer  and then blanks t h e  r e s u l t  (F igure  5) .  I n  a d d i t i o n  t o  t h e  

re fe rence vo l tage and s i  x  quant i  z a t i  on thresh01 ds , t h e  b l  anki  ng 

quant i  zer  has two b lank ing  th resho l  ds. Contrary t o  A1 t e r n a t i  ves 1 and 

2 ,  t h e  b lank ing  th resho ld  ampl i tude THRESH i n  t h i s  quant izer  may be 

small enough t o  make t h e  p r o b a b i l i t y  of b lank ing  s i g n i f i c a n t .  The o n l y  

r e s t r i c t i o n  on QSTEP and THRESH i s  t h a t  they be p o s i t i v e ,  so A l t e r n a t i v e  

1 and A l t e r n a t i v e  2 are conta ined i n  A l t e r n a t i v e  3. 

4.0 PERFORMANCE COMPARISON OF ALTERNATIVE METHODS 

A l l  t h ree  a l t e r n a t i v e  quan t i za t i on  schemes i n  Sect ion 3 were 

i n d i v i d u a l l y  analyzed f o r  t he  purpose o f  comparing t h e i r  performance on 



t h e  SSA r e t u r n  l i n k  of Table I. The analyses c o n s i s t  o f  execu t ions  o f  

t h e  LinCsiln b i t  e r r o r  r a t e  (BEK) user  program [ l o ]  w i t h  a p p r o p r i a t e  

m o d i f i c a t i o n s  of t h e  quant i ze r  (Sec t ion  3) .  Since t h e  decoded BER can 

be ou tpu t  f rom t h e  m o d i f i e d  ve rs i on  o f  t h e  program, t h e  BER i s  t h e  

performance measure o f  t h e  a1 t e r n a t i  ve q u a n t i z a t i o n  methods. 

Be fo re  t h e  BER cou ld  be computed, t h e  values o f  a l l  i n p u t  

parameters t o  t h e  mod i f i ed  program had t o  be determined. I n  a d d i t i o n  t o  

t h e  quan t i ze r  i n p u t s  QSTEP and THRESH (Sec t ion  3) ,  t h e  mod i f i ed  BER 

program has two i n p u t  va r i ab les ,  RXLOSq and DEIRPq, which a re  

s i g n i f i c a n t .  RXLOSg represents  t h e  m u l t i p l i c a t i v e  losses s u f f e r e d  by  

t h e  s i g n a l  component o f  t h e  r e c e i v e r  ALC ou tpu t  as i t  passes th rough t h e  

demodulator, b i t  synchroni  zer,  de i  n t e r l  eaver, and V i  t e r b i  decoder 

(Sec t i on  2.1). DEIRPQ i s  t h e  t r a n s m i t t e d  s i g n a l  EIKP r e l a t i v e  t o  the  

base1 i n e  s i gna l  EIRP as d e f i n e d  i n  t h e  BER program user manual [10]. 

RXLOSB was computed by execu t ing  t h e  documented CLASS BER user  

program, no t  t h e  m o d i f i e d  BER program. The SSA r e t u r n  l i n k  parameter 

values i n  Sect ion 2.1 and a channel w i t h  no RFI were i npu t .  The i n p u t  

parameter NRXLOS [ l o ]  was s e t  t o  zero  so t h a t  t h e  rece i ve r - l oss  ou tpu t  

i s  t h e  one a t  which t h e  BER i s  A l l  o t he r  i n p u t  parameters were 

se t  t o  t h e i r  d e f a u l t  values [ l o ]  and a r e c e i v e r  l o s s  o f  5.2682 d e c i b e l s  

(dB) was output .  Since t h e  m u l t i p l i c a t i v e  losses  a re  assumed t o  be 

independent o f  RFI (Sec t ion  2.1), RXLOSg i s  5.2682 dB th roughout  t h e  

performance analyses o f  t h e  t h r e e  a l t e r n a t i v e  quan t i ze rs .  

DEIRP9, on t h e  o t h e r  hand, was chosen as an independent v a r i a b l e  

f o r  t h e  analyses. The t r a n s m i t t e d  s i g n a l  EIRP i s  c l o s e l y  r e l a t e d  t o  t h e  

b i  t -energy- to- thermal  -no i  se -dens i ty  r a t i o  (Eb/NO) a t  t h e  i n p u t  t o  t h e  

demodulator when t h e  o the r  parameters o f  t h e  l i n k  model a re  h e l d  



constant .  Th is  i s  t h e  case f o r  a l l  p l o t s  o f  BER aga ins t  DEIRPQ i n  t h i s  

r epo r t ,  so t h e  BER depends on DEIRPg i n  almost t h e  same way as i t  

depends on Eb/NO i n  these p l o t s .  

Except f o r  DEIRPV and t h e  quan t i ze r  v a r i a b l e s  QSTEP and THRESH, no 

c o n d i t i o n s  were a l lowed t o  vary on t h e  SSA r e t u r n  l i n k  as A l t e r n a t i v e s  

1-3 were i n v e s t i g a t e d .  The TDRS East RFI environment presented i n  [I21 

and t h e  r e t u r n  l i n k  c h a r a c t e r i s t i c s  descr ibed  i n  2.1 were i npu t .  A l l  

i n p u t  parameters which a r e  n o t  mentioned p r e v i o u s l y  i n  t h i s  r e p o r t ,  were 

a l lowed t o  d e f a u l t  [lo]. 

Each computat ion of t h e  b i t  e r r o r  r a t e  (BER) i n  t h e  q u a n t i z a t i o n  
r - l e  

analyses was based on se rve ra l  assumptions. Cmdi  t i oned matched- 

f i l t e r  ou tpu ts  were assumed t o  be Gaussian random va r i ab les  and t h e  h i g h  

da ta - ra te  model was used t o  compute RFI e f f e c t s  on t h e  outputs .  I n  t h i s  

model, (a)  no RFI pu lses  ove r l ap  i n  t ime,  and (b )  a l l  o r  p a r t  o f  a t  most 

one RFI pu lse  i s  r ece i ved  d u r i n g  a  symbol r e c e p t i o n  [ lo]. As i n  t h e  

documented BER program, each matched- f i  1  t e r  ou tpu t  was approximated by 

adding independent t i m e  samples o f  t h e  m a t c h e d - f i l t e r  i n p u t .  The 

samples were taken a t  r a t e  6 [10], t h e  one-sided bandwidth o f  t h e  

t ransponder  I F  f i l t e r .  A f t e r  t h e  m a t c h e d - f i l t e r  ou tpu ts  were 

quant ized,  t h e  BER was computed as a  f unc t i on  o f  t h e  computat ional  

c u t o f f  parameter Ro [I]. 

The performance analyses o f  A l t e r n a t i v e s  1-3 a re  success ive 

execut ions o f  t h e  m o d i f i e d  BER program, w i t h  each r e s u l t  based on 

d i f f e r e n t  combinat ions o f  t h e  i n p u t s  QSTEP, THRESH, and DEIRPQ. 

Transmi t ted  s i g n a l  EIRP i s  e f f e c t i v e l y  t h e  o n l y  v a r i a b l e  i n  t h e  

A1 t e r n a t i  ve 1 ana l ys i s ,  because t h e  q u a n t i z a t i o n  s tep  s i z e  and b l a n k i n g  

t h r e s h o l d  a re  immater ia l  i n  a  hard l i m i t e r .  A l t e r n a t i v e  2 a l s o  has no 



b lank ing ,  so QSTEP and DEIRPg a re  t h e  two v a r i a b l e s  f o r  t h i s  quan t i ze r .  

The SE9 i s  p l o t t e d  as a  f u n c t i o n  o f  DEIRPg f o r  A l t e r n a t i v e s  1 and 2 

i n  Fig.  5. QSTEPO i s  t h e  q u a n t i z a t i o n  s tep  s i z e  f o r  t h e  e x i s t i n g  

quan t i ze r ,  so t h e  curve f o r  A = 1 g ives  l i n k  performance w i t h  t h e  

p resen t  quan t i ze r .  As expected, performance improves i n  t h e  hard  and 

s o f t  l i m i t e r s  as DEIRP9, hence Eb/NO, increases.  The b e n e f i t  o f  s o f t  

dec i s i ons  i s  a l s o  c l ea r .  I n  t h e  s o f t  l i m i t e r ,  however, performance i s  

q u i t e  i n s e n s i t i v e  t o  t h e  q u a n t i z a t i o n  s tep  s i z e  f o r  s t ep -s i ze  r a t i o s  A 

between 0.5 and 2. The p resen t  quan t i ze r  i s  n e a r l y  op t ima l  a t  a l l  

s i gna l  EIRPs shown i n  Fig.  6. 

U n l i k e  t he  quan t i ze rs  o f  A l t e r n a t i v e s  1 and 2, t h e  b lanker  o f  

A l t e r n a t i v e  3 v a r i e s  as t h e  b l ank ing  t h r e s h o l d  ampl i tude THRESH 

changes. Constant b l ank ing  does lower  t h e  decoder weight ass igned t o  

h i g h  RFI ampl i tudes, b u t  i t  a l s o  lowers q u a n t i z a t i o n  accuracy i n  t h e  

absence o f  RFI. Accuracy i s  almost always l o s t  when a  matched- f i  l t e r  

ou tpu t  i s  blanked dnd no RFI i s  rece ived.  The curves i n  F igs.  7-8 

d e p i c t  A l t e r n a t i v e  3 performance as a  f u n c t i o n  o f  THRESH/RMEAN f o r  

DEIRPB = 4 dBW a t  severa l  d i f f e r e n t  q u a n t i z a t i o n  s tep  s izes .  RMEAN i s  

t h e  mean ampl i tude a t  t h e  m a t c h e d - f i l t e r  ou tpu t  when no RFI i s  

received. Again t h e  s tep -s i ze  v a r i a t i o n  has very  l i t t l e  e f f e c t  and t h e  

s tep  s i z e  o f  t h e  p resen t  quan t i ze r ,  shown by t h e  t h i c k  curve i n  Figs.  

7-8, i s  nea r l y  op t ima l  f o r  a l l  values o f  THRESH. 

The o p t i  ma1 thresh01 d amp1 i t u d e  i s  d i  f f i  c u l t  t o  de tec t ,  because 

each curve  i n  t h e  f i g u r e s  has more than  one r e l a t i v e  minimum. 

Perforlnance i s  nea r l y  op t ima l  a t  THRESH/RMEAN = 1.78 f o r  a l l  t h e  curves 

(Fig. S j .  When THRESH i s  l e s s  than QSTEP, A l t e r n a t i v e  3 i s  a  ha rd  

1  i m i  t e r  (F ig .  5) and t h e  performance i s  constant .  Performance improves 



8-Level Q u a n t i  zer. 
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as t h e  t h r e s h o l d  ampl i tude increases, e s p e c i a l l y  a f t e r  i t  surpasses 

RMEAN (F ig .  7 ) .  Q u a n t i z a t i o n  e r r o r s  i n  t h e  absence o f  RFI a r s  much l e s s  

l i k e l y  when THRESH exceeds RMEAN than  they  a r e  when THRESH i s  sma l l e r  

than t h i s  ampl i tude. The BER becomes cons tan t  again (Figs.  7 - 8 )  when 

THRESH i s  se t  so h i gh  as t o  e l i m i n a t e  b lank ing,  thereby  y i e l d i n g  

A1 t e r n a t i  ve 2 quan t i za t i on .  

I t  i s  c l e a r  from Fig. 8 t h a t  t h e  p o t e n t i a l  improvement f rom 

b lank ing  i s  smal l .  There i s  very l i t t l e  d i f f e r e n c e  between t h e  minimum 

BE2 and t h e  BER w i t h o u t  b lank ing.  Th i s  f a c t  i s  a l s o  i l l u s t r a t e d  i n  F ig .  

9, i n  which performance i s  p l o t t e d  as a  f u n c t i o n  o f  QSTEP/RMEAN f o r  

t h r e e  d i f f e r e n t  b l ank ing  t h r e s h o l d  amp1 i t udes .  The t h i c k  curve 

i l l u s t r a t e s  t h i s  f u n c t i o n  i n  t h e  absence o f  b lank ing .  Since t h e  t h r e e  

curves a r e  so c l ose  as t o  be i n d i s t i n g u i s h a b l e  a t  some s tep  s izes ,  t h e  

performance improvement due t o  constant  b l ank ing  i s  smal l ,  even when 

THRESH/RMEAN i s  s e t  a t  t h e  almost op t ima l  va lue o f  1.78. 

A l l  t h r e e  curves of Fig.  9 show t h a t  t h e  BER inc reases  

s i g n i f i c a n t l y  when t h e  q u a n t i z a t i o n  s tep -s i ze  r a t i o  A i s  r a i s e d  above 2  

o r  dropped below 0.5. Whenever t h e  A l t e r n a t i v e  3 s tep s i z e  and t h a t  o f  

t h e  p resen t  quan t i ze r  (QSTEPO) d i f f e r  by more t han  a f ac to r  o f  2  ( A  < 

0.5 o r  A > 2), performance i s  worse than  when QSTEPO i s  used ( ~ = l ) .  

There fo re  s tep  s i z e  r a t i o s  between 0.5 and 2  (F igs.  6-8) are t h e  bes t  

f o r  l i n k  performance i n  A l t e r n a t i v e s  2  and 3, 

Present  1  i n k  performance cannot be s i g n i f i c a n t l y  improved by 

A l t e r n a t i v e s  2  o r  3, even when b lank ing  and q u a n t i z a t i o n  s tep -s i ze  

v a r i a t i o n  a re  combined. I n  F ig .  10, t h e  performance o f  a almost op t ima l  

A l t e r n a t i v e  3 q u a n t i z e r  i s  p l o t t e d  aga ins t  t h e  approximate BER o f  t h e  

p resen t  quan t i ze r .  The t h i c k  curve i s  no t  an exact  r ep resen ta t i on  o f  







t h e  cu r ren t  8 - leve l  quan t i za t i on  performance, because t h e  present 

q u a n t i z a t i o n  s tep  s i z e  a t  4 d!3M o f  a d d i t i o n a l  EIRP over t h e  base l i ne  

E I R P  i s  used throughout t h e  p l o t .  Hence t h e  curve i s  most accurate i n  

t h e  reg ion  around DEIRP9=4 dBY. 

The t h i n  curve, on t h e  o ther  hand, r e s u l t s  from a  constant  b lanker  

w i t h  a  s tep-s ize  r a t i o  A o f  0.75 and a  b lank ing  t h r e s h o l d  ampl i tude 

THRESH t h a t  i s  1.78 t imes l a r g e r  than RMEAN. These two values y i e l d  a  

b i t  e r r o r  r a t e  (BER) t h a t  i s  very c lose  t o  t h e  minimum f o r  DEIRPQ=4 dBW 

(Figs. 7 - 9 ) .  For a  BER of loe5,  t h e  quan t i za t i on  improvement o f  t he  

almost opt imal A1 t e r n a t i  ve 3 quant i  zer  over t h e  present quant i  zer  i s  

approx imate ly  0.2 dBW (Fig. 10). Since A l t e r n a t i v e  3 conta ins 

A l t e r n a t i v e s  1 and 2 as l i m i t i n g  cases (Sect ion 3.3), none o f  t h e  t h r e e  

a l t e r n a t i v e  q u a n t i z a t i o n  methods can m i t i g a t e  RFI s i g n i f i c a n t l y  b e t t e r  

a t  a  BER o f  l o e 5  than t h e  present 8 - leve l  quan t i za t i on  scheme does. 

5.0 RECOMMENDATIONS 

The a l t e r n a t i v e  quan t i za t i on  methods w i l l  no t  o f f s e t  t h e  

degradat ion due t o  RFI on t h e  SSA r e t u r n  l i n k  o f  Table 1 w i t h  t h e  TDRS 

East RFI environment given i n  [12]. As Fig. 10 shows, even a  nea r l y  

opt imal choice o f  q u a n t i z a t i o n  s tep s i z e  and b lank ing  th resho ld  amp1 i tude 

o f fe rs  1 i ttl e improvement over t h e  present quan t i za t i on  model . A t  l e a s t  

3.7 dBW (Fig. 10) o f  t r a n s m i t t e r  EIRP must be added t o  t h e  base1 i n e  EIRP 

t o  ma in ta in  BER performance when the  TDRS- East RFI environment i s  

encountered. This  degradat ion i s  on ly  s l i g h t l y  smal le r  than t h a t  o f  t h e  

present  l i n k  model (Fig. 19). Two past e f f o r t s  [ 8 , 9 ] ,  which produced 

l a r g e r  reduc t ions  i n  RFI degradat ion, r e s t r i c t e d  in-band CW RFI t o  

co inc ide  w i t h  t h e  center  frequency o f  t h e  s igna l  . 
Although q u a n t i z a t i o n  s tep-s ize  v a r i a t i o n  and non-ideal b lank ing  do 



not  improve i t s  peformance s i g n i f i c a n t l y ,  t h e  present quan t i za t i on  model 

can be upgraded. Any supe r io r  quan t i ze r  must ass ign V i t e r b i  decoder 

weights i n  a  manner t h a t  de-emphasizes R F I  pulses more e x p l i c i t l y  than 

t h e  non-i deal b lanker  o f  A1 t e r n a t i  ve 3. 
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APPENDIX B 

ADEQUACY OF UNIFORM 8-LEVEL QUANTIZATION 

WITHOUT BLANKING I N  TDRSS PULSED R F I  ENVIORNMENTS 



1. I n t  r o d u c t i  on 

S i g n i f i c a n t  e f f o r t  has been focused on improv ing t he  coded 

performance o f  t h e  Track ing  and Data Relay S a t e l l i t e  System (TDRSS) i n  

pu l  sed r a d i o  f requency i n t e r f e r e n c e  (RFI ) environments. B lank ing  [l] 

and nonl  i near q u a n t i z a t i o n  [2,3] a re  two proposed m o d i f i c a t i o n s  t o  t h e  

p resen t  un i f o rm  8 - l e v e l  quan t i ze r  i n  t he  TDRSS ground rece i ve r .  Both o f  

these changes have r e c e n t l y  been presented as methods o f  , m i  t i  g a t i  ng RFI 

i n  TDRSS r e t u r n  l i n k s .  

A  study o f  8 - l e v e l  un i f o rm  q u a n t i z a t i o n  w i t h  b l ank ing  was r e c e n t l y  

completed by LinCom [13]. The b lanker  i s  a  un i f o rm  8 - l eve l  q u a n t i z e r  

w i t h  an ampl i tude t h r e s h o l d  (F igure  1).  Any i n p u t  vo l tage  t o  t h e  

quan t i ze r  t h a t  d i f f e r s  from t h e  c>eference vo l t age  by more than  t h e  

t h r e s h o l d  i s  assigned t o  q u a n t i z a t i o n  l e v e l  4 o r  l e v e l  5, which a re  

g iven t h e  lowest  weight i n  t h e  V i t e r b i  decoder. Some o f  t h e  symbols 

t h a t  a re  co r rup ted  w i t h  RFI y i e l d  l a r g e  i n p u t  amp1 i tudes o f  t h e  q u a n t i z e r  

and c o n t a i n  l e s s  i n f o r m a t i o n  about t h e  t r a n s m i t t e d  s i gna l  t h a n  

uncor rup ted  symbols. The b lanker  s h i e l d s  t h e  decoder from a t  l e a s t  some 

o f  these  co r rup ted  symbol s. 

The r e s u l t s  o f  t h i s  recen t  s tudy were d iscouraging,  however. They 

showed t h a t  even a  nea r l y  opt imal  quan t i ze r  w i t h  b l ank ing  m i t i g a t e s  l e s s  

than  0;5 dec ibe ls  (dB) o f  t h e  4.4-dB RFI degradat ion i n  t h e  rece i ved  

b i  t -energy- to - therma l  -no i  se-densi t y  r a t i o  (Eb/NO) a t  a  b i t  e r r o r  

r a t e  (BER) f o r  a  t y p i c a l  S-band s ing le-access (SSA) r e t u r n  l i n k  (Table 

1 )  w i t h  t h e  TORS East RFI env i  ronment g iven i n  C61. The l i n k  model i s  

shown i n  F igure  2. 0.5 dB i s  much sma l le r  than t he  q u a n t i z a t i o n  

improvement o f  a  s i m i l a r  OR1 study [3], so LinCom i n i t i a t e d  a  f o l l ow -up  

s tudy o f  t he  qua1 i t a t i v e  reasons f o r  the  small improvement. 





Table 1. C h a r a c t e r i s t i c s  o f  SSA Return L i nk  Signal  Used i n  This  Study, 

1. No pseudorandom-noi se (PN) coding. 

2. B ina ry  phase-shi f t - k e y i  ng (BPSK) modulat ion. 

3. 1 megabit per  second (Mbls) data ra te .  
~ 

4. Rate-112 convo lu t i ona l  code. 

5. No l o s s  o f  RFI power due t o  t ransponder  antenna o f f p o i n t i n g .  

6. Base1 i ne b i  t -energy- to- thermal  -no i  se-densi t y  r a t i o  (Eb/NO) o f  
-0.680 dB a t  i nput t o  TDRS t ransponder  nonl  i n e a r i  t y  . 

7. Bandwidth o f  20 megahertz i n  i n te rmed ia te  f requency ( I F )  f i l t e r  
o f  TDRS transponder.  

8. L i n k  n o n l i n e a r i t y  c o n s i s t i n g  o f  9-dB c l  i p p e r  and t r a v e l i n g -  
wave-tube amp1 i f i e r  (TWTA) w i t h  18.5-dB i n p u t  backo f f  i n  TDRS 
t ransponder  and 3-dB c l  i pper i n  ground rece i  ve r  [5]. 

9. Ground s t a  i o n  r e c e i v e r  l o s s  o f  5.27 dB i s  t h a t  necessary f o r  a 
BER of lo-' w i t h  base1 i n e  Eb/NO and no RFI. 





This document presents t he  f i n d i n g s  o f  t he  fol low-up study, which 

show t h a t  no s i g n i f i c a n t  improvement o f  t h e  e x i s t i n g  quant izer  i s  

poss ib le  w i t h  t he  s p e c i f i e d  RFI environment . This conclus ion conf 1 i c t s  

w i t h  t h a t  o f  [3], p r i m a r i l y  because it i s  based on a d i f f e r e n t  

continuous-wave (CW) RFI model. The LinCom model i s  compared w i t h  

previous CW RFI models [3,7,8] i n  Sect ion 2. I n  Sect ion 3, t he  reasons 

f o r  no s i g n i f i c a n t  improvement o f  t he  present  quant izer  on t h e  TDRS East 

SSA r e t u r n  1 i n k  are de ta i l ed .  Conclusions and recommendations are g iven 

i n  Sect ion 4. 

2. Comparison o f  CW RFI Models 

The b i t  e r r o r  r a t e  performance of t h e  SSA r e t u r n  l i n k  i s  very 

s e n s i t i v e  t o  t h e  RFI environment on t h e  l i n k .  For t h i s  study, we assume 

t h e  RFI cons i s t s  o f  t h ree  Gaussian noise processes and th ree  CW 

processes. Each o f  t he  s i x  RFI processes has a d i f f e r e n t  duty cyc le  and 

power l e v e l ,  but every CW process has a smal le r  duty cyc le  and more 

power than any o f  t h e  Gaussian noise processes. 

The LinCsim sof tware package developed by LinCom was used t o  

compare a1 t e r n a t i  ve quan t i za t i on  methods i n  t h e  recent  LinCom study 

mentioned i n  Sect ion 1. This  sof tware package i s  descr ibed i n  [9]. 

TDRSS performance i n  a TDRS East pulsed RFI environment has a l s o  

been analyzed by ST1 [7,81 and OR1 [3]. I n  each o f  these past s tud ies ,  

however, t h e  CW RFI i s  modeled d i f f e r e n t l y  than it i s  i n  LinCsim. The 

two most important  d iscrepancies l i e  i n :  

1. Number o f  CW frequencies taken i n  numerical averaging t o  

represent  frequency d i s t r i b u t i o n .  

2. Time dependence o f  the  phase of CW pulses. 

The CW RFI f requencies are conf ined t o  t he  bandwidth B o f  t h e  



i n t e rmed ia te  f requency ( I F )  f i  1 t e r  i n  t h e  t ransponder  (F igu re  2) w i t h  a 

un i f o rm  d i s t r i b u t i o n .  I n  LinCsim and t h e  t h r e e  p rev ious  s tud ies ,  t h e  

un i f o rm  d i s t r i b u t i o n  i s  approximated by a d i s c r e t e  f requency 

d i s t r i b u t i o n .  A number o f  RFI f requencies a re  chosen and t h e  e f f e c t  o f  

each frequency i s  numer i ca l l y  averaged. 

I n  LinCsim about eleven f requencies a re  chosen. The number, 

values, and p r o b a b i l i t i e s  o f  t h e  f requencies depend on t h e  RFI pu l se  

dura t ion ,  symbol r a te ,  and symbol format,  e i t h e r  b i  phase o r  non- re tu rn -  

t o - z e r o  (NRZ) . 
Only two CW f requenc ies  a re  used i n  t he  OR1 and ST1 models. The 

two f requenc ies  correspond t o  "i n-band" and "ou t -o f  -bandu CW pu lses  [7], 

r e s p e c t i v e l y ,  and t h e  p r o b a b i l i t i e s  a t tached  t o  them are 2/BT and 1- 

2/BT, r e s p e c t i v e l y ,  where T i s  a symbol du ra t i on .  Out-of-band CW pu lses  

a r e  separated i n  f requency from the  c a r r i e r  f requency by more than 1/T, 

a l though t hey  s t i l l  l i e  w i t h i n  t h e  t ransponder  I F  bandwidth B. The 

ac tua l  f requency o f  an out-of-band pu lse  i s  i n s i g n i f i c a n t ,  as exp la i ned  

l a t e r  i n  t h i s  sec t ion .  The-frequency o f  an in-band pu lse  i s  assumed t o  

c o i n c i d e  w i t h  t h e  c a r r i e r  f requency [3,7]. 

This assumption i s  pess im is t i c ,  because t h e  amp1 i t u d e  ou tpu t  by t h e  

matched f i l t e r  (M.F.) i s  very s e n s i t i v e  t o  t h e  frequency o f  an incoming 

CW RFI pu lse.  I n  a l l  t h e  TDRSS RFI environments t h a t  LinCom i s  aware 

o f ,  almost a l l  t h e  CW RFI i s  much more power fu l  than  t h e  s i gna l  p l u s  

thermal no i se  a t  t h e  i n p u t  t o  t h e  l i n k  n o n l i n e a r i t y .  

Dur ing  a CW RFI pu lse,  t h e  ou tpu t  o f  t h e  n o n l i n e a r i t y  i s  

approx imate ly  t h e  sum o f  much suppressed s i g n a l ,  no ise,  and RFI 

phasors. It i s  n e a r l y  j u s t  a tone  w i t h  ampl i tude f i x e d  by t h e  

n o n l i n e a r i t y  and independent o f  t he  CW RFI power. Th is  l i m i t e d  



ampl i tude  may then  be a t tenua ted  by t h e  matched f i l t e r .  The amount o f  

a t t e n u a t i o n  depends on t he  frequency o f f s e t  o f  t h e  CW pu lse  from t h e  

cen te r  f requency o f  t h e  s i g n a l  . NRZ (F igure  3) and b i  phase (F igu re  4) 

matched f i 1  t e r s  have h i  gh ly  a t t enua ted  ou tpu ts  when t h i s  o f f s e t  i s  

g rea te r  than  rough ly  1/T, corresponding t o  out-of-band CW RFI. 

I n  t h e  OR1 and ST1 models, t h e  frequency o f  t h e  in-band CW RFI 

co inc ides  w i t h  t h e  c a r r i e r  frequency, so t h e r e  i s  no a t t e n u a t i o n  by t h e  

NRZ M.F. (F igure  3).  Large ampl i tudes a re  u s u a l l y  i n p u t  t o  t h e  un i f o rm  

8 - l eve l  quan t i ze r  d u r i n g  in-band CW pu lse  recep t ions .  These amp1 i tudes 

rece i ve  h i g h  decoding weight  because t h e  V i t e r b i  decoder ass igns t h e  

h ighes t  decoding weight t o  t h e  h ighes t  and lowes t  q u a n t i z a t i o n  l e v e l s  

(F igure  1). The quan t i ze r  should i d e a l l y  ass ign  t h e  lowest  weight  t o  CW 

RFI recep t ions  [3] because they  con ta in  almost no i n f o r m a t i o n  about t h e  

t r a n s m i t t e d  s i g n a l .  Therefore t h e  assumption t h a t  t h e  CW frequency 

c o i  n c i  des w i t h  t h e  cen te r  f requency o f  t h e  s i  gnal w i t h  probabi 1  i t y  2/BT 

i s  a  p e s s i m i s t i c  assumption. 

The second impor tan t  discrepancy between t h e  LinCom and ST1 CW RFI 

models i s  t h a t  t h e  f requencies o f  t h e  out -o f -band pulses are n o t  

s i g n i f i c a n t  i n  t h e  ST1 model, which assumes t h a t  t h e  phases o f  these  

pulses a re  p u r e l y  random a t  t h e  i n p u t  t o  t h e  matched f i l t e r .  I n  bo th  

t h e  LinCom and ST1 models, t h e  M.F. ou tpu t  o f  a  r ece i ved  symbol i s  

approximated by t h e  sum o f  independent samples of t h e  M.F. i n p u t ,  taken 

a t  t he  Nyquis t  r a t e  [ 7 , 9 ] .  The i n i t i a l  phase o f  t h e  CW RFI i s  assumed 

pu re l y  random i n  LinCsim, bu t  t h e  phases o f  a l l  succeeding t ime  samples 

a r e  determined f rom the  frequency o f  t h e  RFI and i t s  random i n i t i a l  

phase [9]. I n  t h e  ST1 model, however, t h e  phase o f  each out -o f -band CW 

pu l se  i s  assumed t o  be pu re l y  random a t  each t ime  sample of t h e  pu l se  







[7]. Th i s  y i e l d s  a  m a t c h e d - f i l t e r  ou tpu t  w i t h  a  l a r g e r  var iance  than  

was d e r i  ved by t h e  L i  nCorn model, because t h e  ST1 model neg lec t s  t h e  

frequency dependence o f  t h e  f i l t e r  a t t e n u a t i o n  o f  t h e  out -o f -band 

pulses. Therefore t h e  assumption t h a t  t h e  phase o f  an out-of-band CW 

pu l se  i s  independent o f  t ime  i s  another  p e s s i m i s t i c  assumption. 

The OR1 l i n k  model y i e l d s  a  h i g h e r  BER (dashed curve o f  F i g u r e  5)  

[3] than does LinCsim (F igu re  6 )  a t  t h e  same b i t -energy- to - therma l -  

no i  se-densi ty  r a t i o  Eb/NO, p o s s i b l y  because OR1 used t h e  ST1 model o f  CW 

RFI. OR1 d i d  no t  d e t a i l  t h e i r  CW RFI model 131,  so no complete 

exp lana t i on  o f  t h e  d i f f e r e n c e  i s  a t tempted here. 

3. Expl a n a t i  on o f  I n s i  gn i  f i cant  Improvement 

Because t h e  BER performance o f  t h e  e x i s t i n g  quan t i ze r  i n  t h e  TDRS 

East RFI environment i s  b e t t e r  i n  t h e  LinCom model than i n  t h e  OR1 

model, t h e  LinCom performance p r e d i c t i o n  i s  harder  t o  improve upon. 1 n  

t h i s  s e c t i o n  we present  t h e  d i f f e r e n c e  between t h e  q u a n t i z a t i o n  s tep  

s i zes  t h a t  were modeled by OR1 and LinCom, respec t i ve l y .  We then  

e x p l a i n  why no s i g n i f i c a n t  improvement o f  t h e  quan t i ze r  modeled by 

L i  nCom can be achieved th rough b l  ank i  ng o r  non-uni form quant i  z a t i  on on 

t h e  l i n k  descr ibed  i n  Table 1. 

The LinCom and OR1 q u a n t i z a t i o n  s tep  s i zes  a r e  d i f f e r e n t ,  and t h i s  

accounts f o r  a  smal l  p a r t  o f  t h e  d iscrepancy between t h e  OR1 performance 

r e s u l t s  (F igure  5 )  and t he  LinCom performance r e s u l t s  (F i gu re  6 ) .  The 

OR1 s tep  s i z e  i s  based on t h e  va r i ance  2 o f  t h e  m a t c h e d - f i l t e r  ou tpu t  

i n  t h e  absence of RFI. The LinCom s tep  s i z e  i s  a  f r a c t i o n  o f  t h e  mean 

ampl i tude o f  t h e  f i l t e r  ou tpu t  i n  t h e  absence o f  RFI. I n  a d d i t i v e  w h i t e  

Gaussian no ise  channels, t h e  two s tep s izes  a re  equal [9]. LinCom has 

analyzed bo th  s tep  s i zes  and has s e t t l e d  on t h e  c u r r e n t  approach because 







i t  y i e l d s  somewhat smal l e r  BERs than  t h e  OR1 s tep  s i z e  does. 

The fundamental reasons why no s i g n i f i c a n t  improvement o f  t h i s  

c u r r e n t  q u a n t i z e r  i s  poss ib l e ,  on t h e  SSA r e t u r n  l i n k  descr ibed  i n  Table 

1 w i t h  t h e  TDRS East RFI environment presented i n  [6], a r e :  

1. The probabi  1 i t y  d e n s i t y  f u n c t i o n  (PDF) o f  t h e  matched- f i  1 t e r  

(M.F) ou tpu t  vo l t age  i s  n e a r l y  Gaussian, even i n  t h e  presence 

of RFI, so un i f o rm  q u a n t i z a t i o n  w i t h o u t  b l a n k i n g  i s  almost 

op t ima l  [9]. 

2. The symbol e r r o r  r a t e  i s  h i g h  r e l a t i v e  t o  t h e  du ty  c y c l e  o f  t h e  

continuous-wave (CW) RFI processes, so CW RFI a lone  i s  n o t  

r espons ib l e  f o r  most o f  t h e  performance degradat ion.  

I n  t h i s  RFI environment t h e  PDF o f  t h e  M.F. ou tpu t  vo l t age  i s  

approximated by a weighted sum o f  seven c o n d i t i o n a l  PDFs. The 

c o n d i t i o n a l  PDFs i n c l u d e  one when no RFI i s  r ece i ved  and s i x  when RFI i s  

rece ived,  a long w i t h  t h e  s i g n a l  and up1 i n k  thermal  noise.  Each PDF t h a t  

i s  based on rece i ved  RFI i s  determined by assuming t h a t  on l y  one o f  t h e  

s i x  RFI processes i s  a c t i v e .  Hence each RFI process has a cor responding 

PDF. The weights  o f  t h e  PDFs a re  d e r i v e d  f rom t h e  duty  cyc l es  o f  t h e  

RFI processes. A l though t h e  PDFs o f  t h e  RFI processes d i f f e r  f rom t h e  

no-RFI PDF, t h e  no-RFI PDF has t h e  l a r g e s t  weight ,  because t h e  RFI du t y  

cyc les  a r e  smal l  [6]. We now cons ider  t h e  e f f e c t s  o f  t h e  no i se  RFI 

processes and t hen  t h e  CW RFI processes on t h e  average PDF. 

I n  t h e  TDRS East RFI environment of C61 (and a l l  t h e  o the r  TDRSS 

environments we have seen), a lmost a l l  t h e  no i se  RFI i s  no more than a 

few dB more power fu l  than  t h e  s i gna l  p l u s  u p l i n k  thermal  noise.  

Therefore t h e  mean o f  t h e  M.F. ou tpu t  vo l t age  i n  t h e  no ise  RFI i s  o n l y  

s l i g h t l y  lower (due t o  some c l i p p i n g  o f  t h e  more power fu l  no i se  RFI)  



than  i t  i s  when no RFI i s  present .  A l though t h e  var iance  o f  t h e  M.F. 

ou tpu t  inc reases  as t h e  power i n  a  no i se  RFI process increases,  t h e  PDF 

o f  t h e  ou tpu t  v o l t a g e  i n  t h e  absence o f  CW RFI (ob ta ined  by averag ing  

t h e  PDF i n  t h e  absence o f  RFI and t h e  PUF i n  n o i s e  RFI)  has a  n e a r l y  

Gaussian shape. S ince t h e  LinCom q u a n t i z a t i o n  s tep  s i z e  i s  no t  based on 

t h e  var iance  due t o  thermal  no i se  alone, t h e  u n i f o r m  q u a n t i z e r  modeled 

by LinCsim i s  almost op t ima l  on t h e  SSA r e t u r n  l i n k  o f  Table 1 i n  t h e  

absence o f  CW RFI. 

I n  s p i t e  o f  t h e  f a c t  t h a t  t h e  CW RFI processes a re  t h e  t h r e e  most 

power fu l  RFI components, we now e x p l a i n  why t h e  shape o f  t h e  M.F. ou tpu t  

average PDF i s  no t  s i g n i f i c a n t l y  a f f e c t e d  by these  processes. It i s  

t r u e  t h a t  t h e  t ime -va ry i ng  vo l t age  o f  a  CW RFI tone  i s  q u i t e  l i k e l y  t o  

be n e a r l y  as l a r g e  as i t s  maximum vo l t age  (F i gu re  7 )  [lo], bu t  t h i s  

maximum vo l t age  i s  l i m i t e d  by t h e  l i n k  n o n l i n e a r i t y  (Sec t i on  2 ) .  The 

M.F. ou tpu t  v o l t a g e  i s  much sma l l e r  than  even t h e  l i m i t e d  maximum i n p u t  

vo l t age  whenever t h e  CW frequency o f f s e t  i s  g r e a t e r  than  rough ly  1/T 

(Sec t i on  2). S ince t h e  symbol r a t e  i s  1/T, t h e  PDF o f  t h e  M.F. ou tpu t  

vo l t age  i n  t h e  presence o f  CW RFI (averaged over  CW f requency and 

i n i t i a l  phase) becomes more concen t ra ted  around zero  as t h e  data r a t e  

(equal t o  h a l f  t h e  symbol r a t e )  decreases (F igures  8 and 9),  p rov i ded  i t  

i s  l a r g e r  than t h e  i n v e r s e  o f  t h e  RFI pu l se  d u r a t i o n  [9]. When t h e  data 

r a t e  i s  no l a r g e r  than  1  Mb/s, as i n  F igs.  5 and 6, t h e  M.F. o u t p u t  

vo l tage ,  averaged over CW frequency and i n i t i a l  phase, i s  l i k e l y  t o  be 

smal l  d u r i n g  a  CW RFI pu l se  (F igs.  8 and 9 ) .  A f t e r  accoun t ing  f o r  t h e  

. smal l  du ty  cyc l es  o f  t h e  CW processes [6], t h e  L i  nCsim so f tware  y i e l d s  

average PDFs of t h e  biphase and NRZ matched- f i  1  t e r  ou tpu t  vo l tages ,  

r e s p e c t i v e l y ,  t h a t  a re  n e a r l y  Gaussian even i n  t h e  presence o f  CW RFI. 
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It i s  use fu l  t o  d e r i v e  t h e  second fundamental reason f o r  

i n s i  gni  f i c a n t  q u a n t i z a t i o n  improvement by focus ing on comple te ly  

Gaussian PDFs a t  t h e  m a t c h e d - f i l t e r  ou tpu t .  The p r o b a b i l i t y  Pu t h a t  a  

symbol i s  demodulated i n c o r r e c t l y  i n  a  Gaussian channel i s  equal t o  t h e  

BER when t h e r e  i s  no coding ( s o l i d  curve  o f  F ig .  10 [ l l ] ) ,  namely [12] 

When rate-112 convo lu t iona1  coding and V i t e r b i  decoding a re  inc luded ,  

however, t h e  p r o b a b i l i t y  PC o f  a  symbol e r r o r  becomes much l a r g e r  than  
' 

t h e  BER (broken curve  o f  Fig.  10). The coded symbol e r r o r  p r o b a b i l i t y  

where Es/NO i s  t h e  symbol -energy- to- thermal  -no i  se-densi t y  r a t i o .  S ince 

f o r  a r a te -1 /2  code, t h e  p l o t  o f  PC versus Eb/NO i s  t h e  s o l i d  curve  o f  

F igure  10 s h i f t e d  t o  t h e  r i g h t  by 3 dB. Thus t h e  s u p e r i o r i t y  o f  coded 

BER performance over uncoded performance a t  . l ow  e r r o r  r a t e s  (F ig .  10) 

leads t o  a  s i t u a t i o n  where t h e  coded BER i s  much sma l l e r  than t h e  coded 

symbol e r r o r  p r o b a b i l i t y ,  o r  r a te ,  PC. 

On t h e  p a r t i c u l a r  SSA r e t u r n  l i n k  descr ibed  i n  Table 1 w i t h o u t  RFI, 

t h e  LinCsim so f tware  approximates t h e  broken curve  o f  F ig .  10; a  BER o f  

occurs when Eb/NO equals 4.45 dB. From (2 ) ,  t he  symbol e r r o r  r a t e  
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PC i s  -048 i n  t h i s  case. There fo re  PC i s  a c t u a l l y  l a r g e r  than  t h e  du t y  

cyc l es  o f  a l l  t h r e e  CW RFI processes [6]! 

To i 11 u s t  r a t e  why t h e  e x i s t i n g  quan t i  z e r  cannot be s i  gn i  f i c a n t l y  

improved on t h e  SSA r e t u r n  l i n k  w i t h  RFI (Table  I ) ,  we analyze t h e  wors t  

performance degrada t ion  due t o  t h e  CW RFI processes. The worst  p o s s i b l e  

symbol e r r o r  p r o b a b i l i t y  d u r i n g  an RFI pu l se  i s  0.5. Account ing f o r  

t h e i r  du t y  cyc les ,  an upper bound on t h e  symbol e r r o r  r a t e  Pcw due t o  

these  t h r e e  processes [ 6 ]  i s  

I f  we assume t h e  n e a r l y  Gaussian average PDF o f  t h e  m a t c h e d - f i l t e r  

ou tpu t  v o l t a g e  t o  be comple te ly  Gaussian, t h e  average symbol e r r o r  r a t e  

Ps f o r  thermal  no ise,  no i se  RFI, and CW RFI can be determined. The 

symbol e r r o r  r a t e  i s  a f u n c t i o n  on l y  o f  t h e  BER performance i n  a 

Gaussian channel, so Ps must equal t h e  no-RFI symbol e r r o r  r a t e  .048. 

There fo re  most o f  t h e  symbol e r r o r s  a r e  caused by thermal  no ise  and t h e  

Gaussian no i se  RFI processes [6] f o r  which t h e  e x i s t i n g  q u a n t i z e r  i s  

n e a r l y  op t ima l .  

4. Recommendat i ons 

Al though we have on l y  shown t h e  e x i s t i n g  q u a n t i z e r  t o  be n e a r l y  

opt imal  f o r  one s e t  o f  SSA r e t u r n  l i n k  c o n d i t i o n s  (Table  I ) ,  i t s  

performance w i l l  no t  be worse f o r  most o t h e r  scenar ios .  As t h e  data 

r a t e  decreases below 1 Mb/s, t h e  average PDF o f  t h e  m a t c h e d - f i l t e r  

ou tpu t  v o l t a g e  a t  a BER of becomes more n e a r l y  Gaussian. We expect  

t h e  e x i s t i n g  q u a n t i z e r  t o  be n e a r l y  op t ima l  f o r  a l l  data r a t e s  on t h e  

SSA r e t u r n  l i n k s ,  



I n  p a r t i c u l a r ,  non-uni form q u a n t i z a t i o n  and b lank ing  can o f f e r  

l i t t l e  improvement a t  best .  OR1 [3] p r e d i c t e d  t h a t  almost 3 dB o f  

q u a n t i z a t i o n  improvement i s  p o s s i b l e  a t  a  10-"ER w i t h  a p e s s i m i s t i c  

continuous-wave (CW) RFI f requency d i s t r i b u t i o n  (Sec t ion  2). Th i s  

d i s t r i b u t i o n  does no t  r e f l e c t  those o f  t h e  r e a l  RFI environments. We do 

no t  a n t i c i p a t e  more than  1 dB o f  improvement th rough  non l i nea r  

quan t i za t i on .  B lank ing  has a l s o  been analyzed on t h e  SSA r e t u r n  l i n k  a t  

a  BER of l o m 5  and it was found t o  y i e l d  l e s s  than  0.5 dB improvement by 

t h e  L i  nCom model . 
No s i g n i f i c a n t  amount o f  RFI can be m i t i g a t e d  a f t e r  i t  en te rs  t h e  

quant i ze r ,  so no RFI m i t i g a t i o n  approach should be based s o l e l y  on 

m o d i f i c a t i o n  o f  t h e  matched- f i  1  t e r  ou tpu t  probabi 1  i t y  dens i t y  f u n c t i o n  

(PDF). It i s  poss ib le ,  however, t o  m i t i g a t e  t h e  i n t e r f e r e n c e  be fo re  i t  

en te rs  t h e  quant i ze r .  The c l i p p e r s  i n  t h e  TDRS transponder and ground 

r e c e i v e r  a l ready  l i m i t  t h e  rece ived  RFI power. ST1 has r e c e n t l y  

i n v e s t i g a t e d  t h e  automat ic  ga in  c o n t r o l  (AGC) c i r c u i t s  i n  t h e  ground 

r e c e i v e r  f o r  t h e  purpose o f  m i t i g a t i n g  more R F I  [8]. The performance 

improvement y i  e l  ded by t h e i  r proposed modi f i c a t i  ons i s  based on 

pessimi s t i c  CW RFI f requency and phase d i  s t r i  b u t i  ons (Sec t ion  2) ,  b u t  

f u r t h e r  s tudy may be wor thwhi le .  
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SUMMARY 

T h i  s r e p o r t  i n v e s t i g a t e s  t h e  performance improvement i n  terms o f  

h i  gher channel data th roughput  made poss i  b1 e by i nc1 u d i  ng an a d a p t i  ve 

e q u a l i z e r  i n  t h e  AIRS design, The p resen t  data r a t e  l i m i t  i s  6 Mbps 

(per S-805) per  quadrature channel f o r  NRZ data and 3 Mbps f o r  b iphase 

data. S ince t h e  measured 3 dB channel bandwidth o f  t h e  spacecra f t  

f i l t e r  t h a t  se t s  t h e  bandwidth o f  t h e  SSA channel i s  approx imate ly  16 

MHz, one would expect it t o  be capable of suppo r t i ng  a h i ghe r  da ta  r a t e  

by employing equal i z a t i o n  techniques. 

To f i n d  ou t  what i s  ach ievable,  t h e  SSA channel i s  modeled as shown 

i n  F i g u r e  4 o f  t h e  r e p o r t  reproduced on t h e  nex t  page. The performance 

of t h e  tapped delay l i n e  e q u a l i z e r  i s  then simulated. The r e s u l t s  a r e  

shown i n  F igu re  15 and 19, a l s o  reproduced here. 

For  a designed b i t  e r r o r  r a t e  of t h e  performance degrada t ion  

due t o  t h e  channel bandwidth l i m i t a t i o n  i s  shown f o r  NRZ data i n  F i g u r e  15.  

The S-805 h ighes t  da ta  r a t e .  o f  6 Mbps g ives  a (BT) -A  o f  0.38 f o r  a 16 

MHz RF channel. Without e q u a l i z a t i o n ,  t h e  s i g n a l  l o s s  due t o  f i l t e r i n g  

i s  approx imate ly  1 dB. However, w i t h  a 3-tap tapped delay l i n e  (TDL) 

equa l i ze r ,  one can more than  double t h e  data ra te ,  s p e c i f i c a l l y ,  

ach iev ing  13.6 Mbps w i t h  t h e  same I dB loss .  For  biphase data, 3 Mbps 

( ( ~ ~ ) - l = 0 . 1 9 )  ope ra t i on  y i e l d s  a l o s s  o f  approx imate ly  0.6 dB. With t h e  

same l oss ,  a 3-tap TDL improves t h e  data r a t e  t o ' a p p r o x i m a t e l y  5.2 Mbps. 

It t h e r e f o r e  appears t h a t  an adapt i ve  e q u a l i z e r  improves t h e  SSA 

channel throughput  by a f a c t o r  o f  approx imate ly  2. However, o t h e r  

f ac to r s  o f  t h e  1 i n k  such as s i g n a l  d i s t o r t i o n s  and channel 

n o n l i n e a r i t i e s  must be i nco rpo ra ted  i n t o  t h e  l i n k  s i m u l a t i o n  t o  o b t a i n  a 

more r e f i n e d  performance assessment. 



F ZEQUENCY (MHZ) 

Figure 4 .  Simulated Channel : Cascade of a 5-Pole Butterworth 
and a 3-Pole Chebyshev w i t h  One dB Ripple, Both 
16.5 MHz. 
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1. INTRODUCTION 

A d i g i t a l  communication l i n k  maximum data r a t e  i s  determined by t h e  

a v a i l a b l e  channel bandwidth. The in te rsymbo l  i n t e r f e r e n c e  ( I S I )  caused 

by a  b a n d l i m i t e d  channel r e s t r i c t s  t h e  l i n k  throughput .  A band l i m i t e d  

channel can be modeled by a  lowpass l i n e a r  f i l t e r ;  t he re fo re ,  such 

d i s t o r t i o n  i s  mathemat ica l l y  equ i va len t  t o  a  convo lu t i on  opera t ion .  - 

Theo re t i ca l  l y ,  t h e  channel d i s t o r t i o n  may t o t a l l y  be removed by a  

deconvol u t i  on ope ra t i on  i f  t h e  channel c h a r a c t e r i s t i c  i s  known and t h e  

thermal no ise  i s  absent. I n  p r a c t i c e  n e i t h e r  o f  these two assumptions 

h o l d  and t h e r e f o r e  o n l y  a  p o r t i o n  o f  i n f o r m a t i o n  degraded by t h e  

s c a r c i t y  o f  spectrum can be recovered by deconvolut ion.  I n  t h e  

communications d i  s c i  p l  i ne ,  deconvol u t i  on o f  a  noni  deal channel i s  

performed by a  c l a s s  o f  techniques known as e q u a l i z a t i o n .  I n  t h e  

communication t e r m i  no1 ogy , equal i zers  a re  dev ices t h a t  a re  u t i  1  i zed by 

band1 i m i t e d  r e c e i v e r s  i n  o rder  t o  m i t i g a t e  t h e  adverse e f f e c t  o f  I S I .  

S ince t h e  channel c h a r a c t e r i s t i c  may change over  t ime, most e q u a l i z e r s  

a re  r e q u i r e d  t o  adapt themselves t o  t h e  va ry i ng  t r ansm iss ion  

env i  ronment . 
One s imple and popu la r  form o f  equa l i ze rs  f o r  band - l im i t ed  channels 

i s  t h e  tapped delay l i n e  (TDL) f i l t e r .  In t h i s  k i n d  o f  e q u a l i z a t i o n ,  

t h e  demodulated s i g n a l  i s  f i r s t  matched f i l t e r e d  and then  samples o f  t h e  

matched-f i 1 t e r  ou tpu t  taken  w i t h  r a t e  1/T a re  s t o r e d  f o r  (2K+l )T 

seconds, where T  and (2K+1) denote t h e  t r ansm iss ion  symbol p e r i o d  and 

t h e  number o f  taps,  r e s p e c t i v e l y .  The weighted sum o f  t h e  s t o r e d  

samples a r e  used f o r  symbol es t ima t i on .  Mathemat ica l l y  speaking, TDL 

f i l t e r i n g  i s  equ i va len t  t o  i n v e r t i n g  a  m a t r i x  o f  s i z e  (ZK+l )x(ZK+l )  

corresponding t o  the  channel impul se response. Si  nce t h e  channel 



c h a r a c t e r i s t i c  i s  no t  u s u a l l y  known, t h e  TDL f i l t e r  i s  des i r ed  t o  

operate i n  a  r e c u r s i v e  f ash ion  t r y i n g  t o  min imize some e r r o r  

c r i t e r i o n .  The r e c u r s i v e  na tu re  o f  t h e  equal i z e r  g ives r i s e  t o  t h e  

problem o f  convergence t ime  o f  t h e  e q u a l i z e r  ga ins o r  t h e  e q u a l i z e r  

speed. Na tu ra l  ly ,  e q u a l i z e r s  w i t h  f a s t  convergence p rope r t y  a r e  

des i  red. 

In t h i s  r e p o r t ,  we a r e  i n t e r e s t e d  i n  a  TDL e q u a l i z e r  f o r  i n c r e a s i n g  

i n f o r m a t i o n  throughput  o f  a  s p e c i f i c  channel. Al though t h e  channel 

c h a r a c t e r i s t i c  i s  known t o  us, it i s  assumed t h a t  t h e  e q u a l i z e r  w i l l  

have no p r i o r  knowledge o f  t h e  channel. I n  t h e  f o l l o w i n g  a  general  

d e s c r i p t i o n  o f  TDL equa l i ze rs  a long  w i t h  some s i m u l a t i o n  r e s u l t s  a re  

presented. 

The l i n k  model i s  shown i n  F igu re  1 where x ( t )  i s  t h e  baseband 

equ i va len t  o f  t h e  RF s i gna l .  Three modulat ion techniques BPSK, QPSK, 

and SQPSK are  considered. Pu1 se shape i s  e i t h e r  NRZ o r  biphase. The 

baseband ve rs i on  o f  t h e  BPSK s igna l  i s  represented by a  r e a l  f u n c t i o n ,  

whereas, t h e  baseband ve rs i on  of t h e  QPSX (o r  SQPSK) s i gna l  i s  

represented by a  complex f unc t i on .  The nex t  s e c t i o n  descr ibes an 

adap t i ve  TDL e q u a l i z e r  s i m i l a r  t o  t h e  one found i n  Reference [I]. 

2. ADAPTIVE EQUALIZER 

L e t  s ( t )  denote t h e  NRZ o r  biphase pu lse  and (In) denote t h e  

s t a t i s t i c a l l y  independent data sequence w i t h  

The t r a n s m i t t e d  s i g n a l  can be w r i t t e n  as (11 

 his model represen ts  BPSK (I,, r e a l )  o r  QPSK ( I n  complex). 





where N ( t )  i s  t h e  w h i t e  Gaussian no i se  w i t h  one-sided s p e c t r a l  d e n s i t y  

I 
No and R ( t )  denotes t h e  channel response t o  s ( t )  . 

The m a t c h e d - f i l t e r  o f  F i gu re  1 i s  matched t o  t h e  t r a n s m i t t e d  p u l s e  

w i t h  impulse response s* ( t -T ) .  The ou tpu t  o f  t h e  matched f i l t e r  i s  

where z ( t )  and n ( t )  a re  responses o f  t h e  m a t c h e d - f i l t e r  t o  R ( t )  and 

N ( t ) ,  r e s p e c t i v e l y .  

The ou tpu t  m( t )  o f  t h e  m a t c h e d - f i l t e r  i s  sampled every T seconds. 

I The optimum sampl ing t ime  i s  p rov ided  by a  b i t  synchronizer .  The b i t  

I synchron izer  ope ra t i on  i s  beyond t h e  scope o f  t h i s  r e p o r t  and w i  11 not  

be d iscussed here. Each observed sample i s  fed i n t o  a TDL f i l t e r  w i t h  

2k+ l  taps.  C l e a r l y  t h e  de lay l i n e  spans (2k+ l )T  seconds, where T  i s  t h e  

NRZ o r  biphase pu l se  dura t ion .  The de lay l i n e  s to res  t h e  most r ecen t  

2k+ l  samples denoted by m(kT), k  = -K,. . . ,O,. . . ,K. A t ap  de lay l i n e  

I w i t h  seven taps i s  shown i n  F igu re  2. The sample s to red  a t  each t a p  i s  

I m u l t i p l i e d  by a  ga in  corresponding t o  t h a t  tap,  and t h e  sum o f  products  



F i g u r e  2.  The Adapt i ve  Tapped-Del ay -L ine  F i l t e r .  



f rom a l l  taps i s  formed t o  g i v e  an es t imate  o f  t h e  des i r ed  symbol. 

L e t ' s  suppose t h e  d e s i r e d  symbol i s  IO and denote t h e  t a p  ga ins as ck, 

The es t imate  o f  t h e  des i r ed  symbol i s  

The t a p  ga ins {ck }  can be eva lua ted  v i a  opt imiz ing 'some e r r o r  

c r i t e r i o n .  The e r r o r  c r i t e r i o n  used here i s  t h e  mean-square-error 

(MSE) . 
L e t  us focus our a t t e n t i o n  on IO. The MSE between IO and t h e  

where by d e f i n i t i o n ,  

2 
= o0z*(kT) 

and 
1 k = j  

~ ( k - j )  = { 
0 o therw ise  

The t a p  ga ins t h a t  min imize t h e  MSE a re  ob ta ined  by s e t t i n g  t o  zero t h e  



g r a d i e n t  components a ~ / a c  f o r  k = -K, ... ,O, .. . ,K. The r e s u l t  i s  a s e t  
k 

o f  (2k+ l )  s imultaneous l i n e a r  equat ions:  

I n  v e c t o r  space n o t a t i o n  t h e  above equat ions become 

where A i s  t h e  (2k+ l ) x (2k+ l )  covar iance m a t r i x  o f  i n p u t  samples m(kT), k 

= -K,. . . ,O,. . . ,K w i t h  elements 

and C i s  a column v e c t o r  o f  t h e  (2k+ l )  t a p  ga ins and a i s  a column 

vec to r  whose elements a re  t h e  ( 2 k f l )  c ross c o r r e l a t i o n s  

The s o l u t i o n  o f  these  equat ions i n  m a t r i x  form i s  

where C i s  t h e  vec to r  o f  optimum t a p  gains. The minimum MSE i s  
o p t  



where at denotes t h e  t ranspose of a, 

Example: Le t  t h e  channel be i d e a l  w i t h  impulse response 6 ( t ) .  I n  t h i s  

case 

1 k=O 
z ( k )  = i o  

k 4  

2 

= { "  k= j 
*k j 0 k #j 

1 

= i:oT k = j  

+k j k #j 

2 k=O 

% = {: k d )  

2 1 Hence, A i s  a d iagonal  m a t r i x  w i t h  elements u +- N and C i s  a v e c t o r  w i t h  
O T  0 

2 
elements equal t o  zero except t h e  midd le  one which equals  uo. The t a p  

gains can e a s i l y  be computed: 

2 2, 1 
= / """ r N o '  k=O 

k 
0 k+o 

2 1 
I f  r = (uO)/(NO/T), then  c0 = l / ( l + r m  ). The minimum MSE i s  

2 2 

€ 
- 2 uo Oo 

mi n - O O -  = - l+r-l  l + r  

For l a r g e  SNR: 

l i m  E = 0 
r- mi n 
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A recu rs i ve  method f o r  i n v e r t i n g  ma t r i x  A o r  determining the  tap  

gains ck i s  presented i n  [I]. This method employs the  steepest descent 

technique. I n i t i a l l y  a  se t  o f  tap gains {ck) a r e  chosen and then each 

tap  gain i s  changed i n  t h e  d i r e c t i o n  opposi te t o  i t s  corresponding 

grad ien t  component, The change i n  t h e  k - t h  tap  gain i s  p ropo r t i ona l  t o  

(0) ] the  s i z e  o f  t he  k - th  g rad ien t  component. Let  {ck denote t h e  i n i t i a l  

values o f  the  tap  gains. Thus, succeeding values are obta ined according 

t o  the  r e l a t i o n :  

(v )  + a ~ e ( ~ ) m * ( k - r ) ,  k  = -K, . ,o, . . * ,K = Ck 

(9 

where c(') i s  t h e  value o f  t h e  k - th  tap  gain a t  t h e  v- th i t e r a t i o n ,  
k  

a.(')/ack i s  t h e  k - t h  g rad ien t  component a t  t h e  v-th i t e r a t i o n ,  'e(') i s  

t h e  e r r o r  a t  t he  v - th  i t e r a t i o n ,  m(kT) i s  t he  sample o f  t he  matched 

f i l t e r  output  i n  t h e  k - t h  tap  o f  t h e  TDL f i l t e r ,  and A i s  a  p o s i t i v e  

number chosen smal l  enough t o  insure  convergence o f  t he  i t e r a t i v e  

procedure. I f  t h e  minimum MSE i s  reached f o r  some v  = vg, then 

~ e ( ' ) m * ( k ~ )  = 0  f o r  a l l  k  and f o r  a l l  v  > vo so t h a t  no f u r t h e r  changes 

occurs i n  t he  tap  gains. 

The recu rs i ve  equat ion (9) requ i res  the  exact knowledge o f  t he  

e r r o r  s igna l  e. To overcome t h i s  d i f f i c u l t y , i t  i s  suggested i n  [I] t o  

use the  f o l l  owing equat ion ins tead 



where d v ) m * ( k ~ )  i s  t h e  p roduc t  between t h e  e r r o r  e(') a t  t h e  V-th 

i t e r a t i o n  and t h e  complex con juga te  o f  t h e  data sample m(kT) i n  t h e  k - t h  

t a p  a t  t h e  v - t h  i t e r a t i o n .  The e q u a l i z e r  as fo rmu la ted  by (10) i s  

i l l u s t r a t e d  i n  F i g u r e  2. 

I t  can be shown t h a t  t h e  i t e r a t i v e  techn ique  of equa t ion  (10) w i l l  

converge i f  t h e  i t e r a t i o n  s tep  s i z e  A s a t i s f i e s  t h e  f o l l o w i n g  i n e q u a l i t y  

C11 

A < 2 / ~  

where x i s  t h e  l a r g e s t  e igenvalue o f  m a t r i x  A. A s imp le r  bound f o r  A i s  

de r i ved  i n  [l] and i s  s t a t e d  below 

where 

A p r a c t i c a l  va lue  o f  A i s  a l s o  suggested 

I t  can be shown t h a t  t h e  convergence t i m e  o f  t h e  t a p  ga ins i s  a  l i n e a r  

f unc t i on  o f  A and s i m u l a t i o n  has revea led  t h a t  w i t h  A se lec ted  f rom . 

equa t ion  (12) t h e  convergence t imes a re  u s u a l l y  c l ose  t o  500T [I], where 

T  i s  t h e  symbol du ra t i on .  



3. TDL FILTER SIMULATION 

We have y e t  t o  descr ibe  t h e  way i n  which t h e  steady s t a t e  t a p  ga ins 

o f  t h e  TDL f i l t e r  a r e  ob ta ined  i n  t h e  s i m u l a t i o n  program. Two model ing 

simp1 i f i c a t i o n s ,  descr ibed  below, a r e  made t h a t  a1 l o w  a  c o s t l y  Monte 

Car lo  s i m u l a t i o n  t o  be avoided. These s p e c i f i c a t i o n s  l e a d  t o  somewhat 

d i f f e r e n t  f i l t e r  ope ra t i on  than  t h a t  shown i n  F igu re  2. A 63 b i t  

maximal -1 ength PN sequence n o i  se - f  r ee  s i gna l  i s  repea ted ly  processed 

u n t i l  t h e  TDL f i l t e r  i s  no l onge r  changing i t s  s t a t e ,  i.e., i t s  t a p  

weights.  

The f i r s t  model ing s i m p l i f i c a t i o n  i s  t h a t  t h e  f i l t e r  ac t s  t o  

min imize t h e  expected value, over t h e  noise, o f  t h e  averages o f  t h e  

squared e r r o r  i n  t h e  rece i ved  b i t s .  The o the r  s i m p l i f i c a t i o n  i s  t o  

assume t h a t  t h e  t r a n s m i t t e d  b i t  IO i s  g iven  by 

* 
where I i s  t h e  corresponding ou tpu t  o f  t h e  TDL f i l t e r ,  i n s t e a d  o f  by 

0  

as i n  t h e  ac tua l  TDL f i l t e r .  I n  t h e  case o f  h i g h  SNR t h e  two 

d e f i n i t i o n s  a re  very  c lose.  The l a t t e r  simp1 i f  i c a t i o n  i s  equ i va len t  t o  

rep1 ac ing  m(kT) o f  equa t ion  (4)  by no i se  f r e e  samples. 

With t h e  above two s i m p l i f i c a t i o n s ,  t h e  t e rm  a c / b k  o f  equa t ion  ( 9 )  

i s  g iven  by 

a E 
6 3  

- - 2 --w I ( I, ,-E~~ ) r * [ ( n + k ) ~ ]  I k  = -K,..e,Oy...,K 
ack n = l  



where r*[(n+k)T] i s  t h e  noise f ree p a r t  o f  m*((n+k)T). Not ice  t h a t  i f  

No = 0, equat ion (13) i s  t h e  same as aa/ack used i n  equat ion (9) .  

Since equat ion (13) does not represent a  t r u e  Monte Carl  o  

s imu la t ion ,  t h e  convergence r a t e  of t he  s imu la t i on  program does not  

correspond t o  a  r e a l i s t i c  case. I n  t h e  program t h e  tap  gains are  

obta ined w i t h  a  few i t e r a t i o n s ,  whereas, i n  p r a c t i c e  perhaps a  few 

hundred i t e r a t i o n s  w i  11 be requi  red. 

4. NUMERICAL RESULTS 

The channel under cons idera t ion  i s  shown i n  F igure 3. The channel 

model used i n  t h e  s imu la t i on  program, however, i s  shown i n  F igure  4. It 

i s  des i rab le  t o  explore the  performance o f  a  TDL equa l izer  as app l i ed  t o  

t h e  channel under considerat ion.  The problem here i s  t h e  s c a r c i t y  o f  

bandwidth and a  TDL equa l i ze r  i s  used t o  increase channel throughput. 

Since p e r f e c t  c a r r i e r  phase recovery i s  assumed, t h e  QPSK and SQPSK 

r e s u l t s  a re  the  same as BPSK. I n  t h e  fo l low ing,  f i r s t  t he  s imu la t i on  

r e s u l t s  f o r  NRZ pulses are presented and then t h e  biphase case i s  a l s o  

shown. 

F igures 5-9 show the  improvement i n  BER made poss ib le  by 

equa l i za t i on  f o r  d i f f e r e n t  data ra tes  w i t h  K = l  (3 taps) .  BER i s  g iven 

as a  f u n c t i o n  of Eb/NO. The dashed curve shows t h e  t h e o r e t i c a l  ( i dea l  

i n f i n i t e  bandwidth channel ) case, t he  do t ted  curve shows the  imper fec t  

channel and the  so1 i d  curve shows t h e  equal i z e d  channel . The next 5 

f i gu res  (10-14) show BER when K=3 (7 taps).  Apparently t he  improvement 

due t o  the  increased number o f  taps i s  n e g l i g i b l e .  F igure  15 shows the  

performance l oss  f o r  t h e  equal ized and t h e  degraded 1  inks.  A t  BT = 1 a  

gain o f  c lose t o  3  dB i s  achieved by equa l i za t i on  where B denotes the  RF 

channel bandwi dth. 
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F i g u r e  15. P e r f o r m a n c e  Loss Due t o  Band L i m i t e d  C h a n n e l .  

. ' r BPSK 

r NRZ 

r B=RF BANDWIDTH 



The s imu la t i on  r e s u l t s  f o r  biphase s igna l  a re  i l l u s t r a t e d  i n  

Figures 16, 17, and 18 f o r  data ra tes  3, 6  and 9 Mbps, respec t i ve l y .  

Note t h a t  f o r  3 and 6  Mbps data ra tes  t h e  equa l i ze r  i s  i n s e n s i t i v e  t o  

t h e  number o f  taps. However, w i t h  9 Mbps data r a t e  t h e  7-tap equa l i ze r  

performs b e t t e r  than t h e  3-tap equa l i zer .  F igu re  19 shows t h e  l o s s  i n  

dB due t o  i n s u f f i c i e n t  bandwidth. The do t ted  l i n e  i l l u s t r a t e d  t h e  l i n k  

l o s s  due t o  band l im i ted  channel as a  f u n c t i o n  o f  t h e  rec ip roca l  o f  t h e  

BT product.  The s o l i d  and t h e  dashed l i n e s  correspond t o  t he  same l i n k  

w i t h  3-tap and 7-tap equal i zers , r e s p e c t i v e l y  . 
4. CONCLUSIONS 

I n  t h i s  r e p o r t  an o v e r a l l  review o f  a  TDL f i l t e r  which minimizes 

t h e  l i n k  MSE i s  presented. It has been shown t h a t  t he  TDL f i l t e r  i s  

mathemat ica l ly  equ iva len t  t o  t he  i n v e r s i o n  o f  a  m a t r i x  whose e n t r i e s  

depend on the  impulse response o f  t h e  channel and the  no ise  

s t a t i s t i c s .  Since t h e  data i s  received i n  a  sequence, a  recu rs i ve  

s o l u t i o n  i s  considered where t h e  convergence r a t e  o f  t h e  tap  gains 

depends on t h e  step s i z e  o f  t h e  r e c u r s i  ve equation. 

A s i m u l a t i o n  program i s  u t i l i z e d  t o  ob ta in  t h e  performance o f  t h e  

TDL fi 1 t e r  f o r  a  s p e c i f i c  channel . The channel model used i n  t h e  

program i s  on ly  an approximation o f  t h e  p r a c t i c a l  medium. The channel 

i s  modeled by a  cascade o f  two f i l t e r s ,  viz., a  5-pole But te rwor th  and a  

3-pole Chebyshev. Under t h e  assumptions o f  symmetric channel and 

p e r f e c t  c a r r i e r  phase recovery, t h e  BPSK and QPSK modulations produce 

s i m i l a r  r e s u l t s .  The minimum number o f  taps i s  3. A 3-tap TDL f i l t e r  

appears s u f f i c i e n t  f o r  equal i z i n g  NRZ s igna l s  bu t  a  h igher  number o f  . 

taps may be requ i red  f o r  biphase s igna ls .  A t  BT=l, a 3 dB improvement 

i s  achieved due t o  t h e  equa l i zer  when t h e  s igna l  format i s  NRZ. 







Figure 18. BER Versus Eb/NO 
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More work on d i  s p e r s i  ve channel equal i z a t i  on can be recommended as 

f o l l  ows : 

(1) Asymmetric Channel : I n  t h i s  case t h e  channel c h a r a c t e r i s t i c  has 

t o  be sampled and passed t o  t h e  s i m u l a t i o n  program. Asymmetric 

channels a re  known t o  produce t h e  c r o s s t a l k  e f f e c t  between t h e  

inphase and t h e  quadrature s i gna l s .  I n  t h i s  case t h e  t a p  ga ins 

can become complex. 

(2) Equa l i ze r  Speed: To determine t h e  e q u a l i z e r  speed a t r u e  Monte 

Ca r l o  s i m u l a t i o n  i s  necessary. I f  t h e  speed o f  t h e  p resen t  

e q u a l i z e r  i s  found n o t  s a t i s f a c t o r y ,  f a s t e r  techniques [2]-[4] 

have t o  be considered. 

(3) F igu re  19 shows t h a t  no reasonable system ope ra t i on  i s  f e a s i b l e  

f o r  BT l e s s  than  2 when t h e  data i s  biphase format ted.  To 

extend t h e  e q u a l i z e r  power, non l i nea r  o r  feedback techniques have 

t o  be cons idered  [5], [6]. 



Figure 19 .  Performance Loss Due t o  Band Limited Channel 
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Unt i 1 now t h e  a c q u i s i t i o n ,  
t r a c k i  ng thresh01 d  and frequency 
s t a b i  1  i t y  c h a r a c t e r i s t i c s  o f  t r a n s -  
ponders, coherent communication and 
nav iga t i on  systems have been ext remely  
d i f f i c u l t  t o  measure. I n  f a c t ,  it was 
no t  uncommon t o  t ake  weeks t o  s e t  up 
spec ia l  t e s t  equipments and days o f  
manpower t o  run a  v a r i e t y  o f  ill- 
def i ned  t e s t s .  Of ten,  because o f  
c a l  i b r a t i  on problems, manpower and cos t  
l i m i t a t i o n s ,  t h e  t e s t  accuracy was 
poor, unrepeatable,  and p r o b a b i l i t y  i n  
t h e  t e s t s  was not  conserved. I n  order  
t o  s t a t i s t i c a l l y  cha rac te r i ze  t h e  per -  
f ormance measures whi ch p r e d i c t  loop 
performance a  new i ns t rumen ta t i on  and 
measurement system, c a l l  ed t h e  

. S t a t i s t i c a l  Loop Analyzer,  has been 
devel  oped. 

The S t a t i s t i c a l  Loop Analyzer 
(SLA) de f ines  and performs p r o b a b i l i t y  
conserv ing a c q u i s i t i o n ,  t r a c k i n g ,  phase 
and frequency s t a b i  1  i ty  t e s t s .  These 
t e s t s  e l  i m i  na te  c e r t a i n  ca1 i b r a t i  on and 
t e s t  accuracy problems, reduce manpower 
requirements, and, hence, t e s t i n g  
cost .  F igure  1 i l l u s t r a t e s  a  f u n c t i o n -  
a l  diagram o f  a  t y p i c a l  t e s t  s e t  up. 
Bas i ca l l y ,  SLA i s  a  new, i n t e l l i g e n t  
t e s t  i ns t rumen ta t i on  system capable o f  
automati  ca l  l y  measuri ng and reco rd ing  
t h e  a c q u i s i t i o n ,  t r a c k i n g ,  and 
frequency s t a b i  1  i t y  performance char-  
a c t e r i s t i c s  o f  synchron iza t ion  systems, 
e.g., phase-1 ocked 1  oops, t ransponders,  
symbol ( b i t  ) synchronizers  , code 1  oop 
synchronizers  and c a r r i e r  t r a c k i n g  
loops. The SLA measurement system i s  
designed t o  cha rac te r i ze  t h e  perform- 
ance o f  breadboards, eng ineer ing  
p ro to t ype  models and systems independ- 
e n t  o f  t he  a p p l i c a t i o n .  A d d i t i o n a l l y ,  

t h e  SLA i s  designed t o  accomodate a  
v a r i e t y  o f  baseband, c a r r i e r  and spread 
spectrum modulat ion techniques , see 
F igu re  2. The SLA can be used t o  
per fo rm system l e v e l  t e s t s  by 
connect ing i t  t o  t h e  a p p r o p r i a t e  system 
t e s t  po in t s .  Many o f  these  d e t a i l e d  
a p p l i c a t i o n s  and t e s t  set-ups a r e  
p rov ided  i n  Ref. 1. 

The SLA o f f e r s  t h e  un ique 
advantage o f  automat i  c a l  l y  p e r f  ormi ng 
( t o  t h e  des i r ed  accuracy) severa l  se ts  
o f  s t a t i s t i c a l  measurements t he reby  
m in im iz i ng  t h e  ope ra to r ' s  t ime  requ i  r e d  
t o  measure performance. The t e s t  da ta  
i s  a u t o m a t i c a l l y  processed and ou tpu t  
i n  a  form s u i t a b l e  f o r  a  f i n a l  
r epo r t .  The t e s t  ca tego r i es  conducted 
by t h e  SLA are c a r e f u l l y  d e f i n e d  prob-  
ab i  1  i ty  experiments ; they  have been 
i n d i  v i  dual  l y  and c o l  1  e c t i  ve l y  d e f i n e d  
u s i n g  sound system eng ineer ing  judge- 
ments mot iva ted  by modern t e l  ecom- 
mun ica t ion  system theo ry  and perform- 
ance requ i  rements . 

The t e s t  menu s e l e c t a b l e  by t h e  
t e s t  engi  neer i s  summarized be1 ow. 

STATISTICAL LOOP ANALYZER TEST MENU 

A - SELF TEST 
B - MAINTENANCE 
C - CALIBRATION 
D - ACQUISITION TESTS 
E - TRACKING TESTS 
F - PHASE AND FREQUENCY STABILITY TESTS 

The SELF TEST represents  a  t e s t  i n  
which an i n t e r n a l  t e s t  s i g n a l  i s  gener- 
a ted  and a p p l i e d  t o  t h e  SLA t o  v e r i f y  
t h e  c o r r e c t  ope ra t i on  of a l l  t h e  
i n t e r n a l  c i r c u i t r y  and c e r t a i n  aspects  





Figure 2 .  Signal Modulation Techniques Accepted by 
SLA. 



o f  t h e  SLA software. The Maintenance 
mode i s  used t o  perform d iagnos t i c  
t e s t i n g  on the  SLA and i t s  per iphera ls .  

P r i o r  t o  conduct ing any t e s t  
CALIBRATION of t h e  SLA must be 
accompl i shG-d. F i  gure 2 summari zes t h e  
SLA t e s t  c a p a b i l i t y  as a f u n c t i o n  o f  
t he  s i  gnal modulat ion techniques. 

ACQUISITION TESTS which t h e  
operator  can se lec t  are: 

A - PROBABILITY DISTRIBUTION OF 
ACQUISITION TIME 

B - PROBABILITY OF ACQUISITION FOR A 
FIXED TIME 

A c q u i s i t i o n  Test A i s  designed t o  be a 
complete a c q u i s i t i o n  t e s t  f u l l y  char-  
a c t e r i  z i  ng a c q u i s i t i o n  performance 
wh i l e  A c q u i s i t i o n  Test B i s  designed t o  
be a "quick look"  a c q u i s i t i o n  t e s t .  

The TRACKING t e s t s  are broken i n t o  
two main categor ies.  They inc lude:  

PHASE ERROR JITTER - SLIP RATE TESTS 

A - PHASE NOISE JITTER 
B - PHASE ERROR JITTER AND SLIP RATE 
C - RANGE JITTER 

THRESHOLD TESTS 

D - TRACKING THRESHOLD 
E - SLIP RATE 

The PHASE AND FREQUENCY STABILITY 
t e s t s  which the  operator  can se lec t  and 
per form are: 

A - DOPPLER ACCURACY 
B - RMS PHASE DEVIATION 
C - FRACTIONAL FREQUENCY DEVIATION 
D - ALLAN VARIANCE 

With the  i n t r o d u c t i o n  o f  t he  SLA, 
f a s t  accurate s t a t i s t i c a l  measurements 
o f  phase locked loop performance can be 
r o u t i n e l y  made. From these measure- 
ments, t h e  fundamental performance 
l i m i t a t i o n s  can be i d e n t i f i e d  and used 
a t  t h e  system engineer ing l e v e l .  For 
f u r t h e r  in fo rmat ion  w r i t e  L i  nCom 
Corporat ion,  P.O. Box 2793D, Pasadena, 
CA, 91105 o r  c a l l  W. C. Lindsey, (213) 
381-3701. 
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