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A REDUCED COMPLEXITY DIGITAL MULTICARRIER DEMODULATOR FOR SATELLITE COMMUNICATION SYSTEMS 

E Del Re, R Fan tacc i  

U n i v e r s i t i  d i  F i renze ,  I t a l y  

INTRODUCTION 

S a t e l l i t e  communications c o n t i n u e  t o  undergo changes 
n o t  o n l y  f rom advancing technology, b u t  a l s o  f rom 
new s e r v i c e  and r e g u l a t o r y  a c t i v i t i e s .  Therefore,  
advanced d i g i t a l  s a t e l l i t e  communication systems 
u s i n g  e f f i c i e n t  moau la t i on  techniques and s a t e l l i t e s  
w i t h  on-board p rocess ing  c a p a b i l i t i e s  a r e  r e q u i r e d .  
I n  p a r t i c u l a r ,  t h e  on-board s i g n a l  p rocess ing  o f f e r s  
seve ra l  advantages t o  s a t e l l i t e  communication 
systems; an i n t e r e s t i n g  f e a t u r e  i s  t h e  s e p a r a t i o n  
o f  t h e  u p l i n k s  and downl inks which p e r m i t s  t h e i r  
. d i s t i n c t  and independent o p t i m i z a t i o n .  Regenerat ive 
s a t e l l i t e s  a l l o w  d i f f e r e n t  modu la t i on  and m u l t i p l e -  
access schemes t o  be employed i n  t h e  u p l i n k s  and 
downl inks;  f o r  i ns tance ,  u p l i n k  random access 
and downl ink TDMA techniques can be envisaged 
(Re f .  1 ) .  A l t e r n a t i v e l y ,  f o r  mob i l e  communication 
se rv i ces ,  t h e  use o f  u p l i n k  FDMA techn iques  w i t h  
t h e  i n h e r e n t  l ow-cos t  e a r t h  s t a t i o n s ,  and downl ink 
TDMA techniques t h a t  can f u l l y  e x p l o i t  t h e  s a t e l l i t e  
t ransponaer o u t p u t  power w i t h o u t  i n te rmodu la t i on ,  
i s  a ve ry  i n t e r e s t i n g  ana a t t r a c t i v e  s o l u t i o n .  
However, t h e  f e a s i b i l i t y  o f  t h i s  approach depends 
on e f f i c i e n t  means t o  d i r e c t l y  i n t e r f a c e  t h e  two 
m u l t i p l e  access formats on-board t h e  s a t e l l i t e .  
The on-board system implementat ion comp lex i t y  
( i n c l u d i n g  t h e  VLSI des ign )  and power consumption 
are, o f  course, of p r imary  concern. The on-board 
p rocess ing  system r e c e i v e s  an i n p u t  FDMA s i g n a l  
and s u p p l i e s  an o u t p u t  t o  i n t e r f a c e  TOM l i n k s ;  
t h e r e f o r e ,  i t  must accompl ish t h e  f u n c t i o n  o f  
t h e  separa t i on  o f  each i n d i v i d u a l  r a d i o  channel 
ana i t s  demodulat ion.  An a p p r o p r i a t e  name f o r  
t h e  on-board p rocess ing  system i s  t h e  ' m u l t i c a r r i e r  
aer i ioaulator '  (MCD). Two main f u n c t i o n s  a r e  imp le -  
mented by a MCD: t h e  d e m u l t i p l e x i n g  (DEMUX) and 
t h e  demodulat ion (DEMOD). 

We focus  here o n l y  on a d i g i t a l  imp lemen ta t i on  
o f  t h e  MCD because i n  p e r s p e c t i v e  i t  o f f e r s  seve ra l  
aavantages such as f l e x i b i l i t y ,  VLSI i n t e g r a b i l i t y ,  
b e t t e r  e f f i c i e n c y .  The o p e r a t i o n  o f  t h e  DEMUX 
i s  t o  separate t h e  i n d i v i d u a l  i n p u t  FDMA channels 
and t o  supp ly  each o f  them t o  a demodulator i n p u t  
f o r  t h e  a p p r o p r i a t e  down-conversion t o  baseband. 
Therefore,  i n  p r i n c i p l e ,  i t s  o p e r a t i o n  corresponds 
t o  a bank o f  band-pass f i l t e r s  f o l l o w e d  by a down- 
c o n v e r t e r .  By d i g i t a l  means t h e  down-conversion 
can be a p p r o p r i a t e l y  implemented by  a dec ima t ion  
o p e r a t i o n .  On t h e  o t h e r  hand, t h e  d i r e c t  imp le -  
men ta t i on  o f  a bank o f  d i g i t a l  f i l t e r s  i s  n o t  
t h e  most conven ien t  s o l u t i o n .  Th is  paper desc r ibes  
an e f f i c i e n t  approdch t o  t h e  u i y i t a l  i i l lp le i l ientat ion 
o f  t h e  DEMUX, based on t h e  a n a l y t i c  s i g n a l  method 
(Ref.  2 ) .  Th i s  method f u l l y  e x p l o i t s  t h e  p r o p e r t i e s  
o f  t h e  a n a l y t i c  s i g n a l  and employs t h e  t o o l s  o f f e r e d  
by t h e  d i g i t a l  s i g n a l  p rocess ing  techniques t o  
p resen t  a s o l u t i o n  t o  t h e  DEMUX t h a t  i s  modular, 
e f f i c i e n t ,  f l e x i b l e ,  o f  r e l a t i v e l y  low comp lex i t y  
ana s u i t a b l e  f o r  VLSI i n t e g r a t i o n .  These c h a r a c t e r -  
i s t i c s  can be achieved because t h e  a n a l y t i c  s i g n a l  
approach d i r e c t l y  l eads  t o  a per-channel  and h i g h  
l y  ri iodular s t r u c t u r e ,  and i s  h i g h l y  f l e x i b l e  a l l o w i n g  
t o  va ry  on demand t h e  bandwidth assigned t o  each 
channel ,  s imp ly  by s w i t c h i n g  t o  a s u i t a b l e  new 
s e t  of system parameters.  Moreover, t h i s  method 
r e l a x e s  t h e  requirements on t h e  i n p u t  analog a n t i -  
a l i a s i n g  f i l t e r .  F u r t h e r ,  a c e r t a i n  degree o f  

i n t e g r a t i o n  o f  t h e  DEMUX and DEMOD f u n c t i o n s  i s  
Conceivable as w i l l  be shown l a t e r .  A coherent 
demodulat ion i s  u s u a l l y  employed i n  s a t e l l i t e  
communications i n  o r d e r  t o  achieve t h e  r e q u i r e d  
b i t - e r r o r - r a t e  ( i . e .  10-6 t o  10-9) w i t h  an accep tab le  
s i g n a l - t o - n o i s e  r a t i o .  The performance o f  a coheren t  
demodulator depends r a t h e r  c r i t i c a l l y  on t h e  des ign  
o f  t h e  synch ron iza t i on  c i r c u i t  employed t o  e s t i m a t e  
t h e  r e c e i v e d  c a r r i e r  phase and b i t  synch ron iza t i on  
r e f e r e n c e  f rom t h e  r e c e i v e d  s i g n a l .  The implemen- 
t a t i o n  s t r u c t u r e  o f  t h e  MCD system cons ide red  
h e r e i n  i s  shown i n  F i g .  1. The d i g i t a l  a r c h i t e c t u r e  
o f  t h e  proposed MCD can be adapted t o  d i f f e r e n t  
d i g i t a l  modu la t i on  techniques; t h e r e f o r e ;  we focus  
here o n l y  on t h e  a p p l i c a t i o n  f o r  QPSK s i g n a l s ,  
owing t o  t h e  i n t e r e s t  o f  t h i s  modu la t i on  scheme 
i n  s a t e l l i t e  d i g i t a l  communications. The c a r r i e r  
recove ry  c i r c u i t  has been implemented acco rd ing  
t o  t h e  n o n - l i n e a r  e s t i m a t i o n  method proposed by 
V i t e r b i  (Ref.  3 ) .  Th i s  method has been s e l e c t e d  
because i t  achieves a good e s t i m a t e  accuracy, 
i s  l e s s  s e n s i t i v e  t o  a f i n i t e  a r i t h m e t i c  implemen- 
t a t i o n  and r e q u i r e s  a s h o r t  and d e f i n i t e  a c q u i s i t i o n  
t ime .  Moreover, i t  can be a p p l i e a  t o  con t inuous  
as w e l l  as b u r s t  mode c a r r i e r s  and a c e r t a i n  degree 
o f  i n t e g r a t i o n  o f  t h e  d e m u l t i p l e x e r  implemented 
acco rd ing  t o  t h e  a n a l y t i c  s i g n a l  method i s  conceiva- 
b l e  ( i . e .  t h e  separa t i on  o f  t h e  i n -phase  and quad- 
r a t u r e  components o f  t h e  r e c e i v e d  QPSK s i g n a l ) .  
The c l o c k  recove ry  c i r c u i t  i s  assumed t o  be imp le -  
mented acco rd ing  t o  a s u i t a b l e  c l o c k  recove ry  
approach d e r i v e d  f rom t h a t  proposed by  Gardner 
(Ref.  4 ) .  Th i s  c l o c k  recove ry  method has been 
s e l e c t e d  because i t s  e s t i m a t i o n  o p e r a t i o n s  a re  
independent o f  c a r r i e r  phase and some degree o f  
i n t e g r a t i o n  o f  d e m u l t i p l e x e r  and c l o c k  recove ry  
f u n c t i o n s  i s  p o s s i b l e .  An impor tan t  f e a t u r e  o f  
t h i s  c l o c k  recove ry  approach i s  t h a t  no e x p l i c i t  
i n t e r p o l a t i o n  o r  dec ima t ion  i s  r e q u i r e d .  Therefore,  
a lower o v e r a l l  MCD imp lemen ta t i on  comp lex i t y  
i s  achieved. I n  conc lus ion ,  t h e  m u l t i c a r r i e r  demodu- 
l a t o r  desc r ibed  i n  t h i s  paper rep resen ts  a complete 
s o l u t i o n  f o r  a p rocess ing  system i n t e r f a c i n g  FDMA 
and TDM l i n k s .  I t s  des ign  has been c a r r i e d  ou t ,  
i n  p a r t i c u l a r ,  a im ing  a t  i t s  p o s s i b l e  imp lemen ta t i on  
by means o f  custom VLSI d i g i t a l  c i r c u i t s .  

DEMULTIPLEXER 

The d e m u l t i p l e x i n g  o f  a FDMA s i g n a l  can be performed 
f o l l o w i n g  two b a s i c  approaches: b lock  methods 
and per-channel  methods. We focus  here on t h e  
a n a l y t i c  s igna l  approach (Ref.  2 )  which i s  a pe r -  
channel rliethoa ana has t h e  s p e c i f i c  f e a t u r e  t o  
r e l a x  t h e  f i l t e r  s p e c i f i c a t i o n s ,  t hus  ach iev ing  
a lower imp lemen ta t i on  comp lex i t y  w i t h  respec t  
t o  o t h e r  per-channel  approaches. F u r t h e r ,  t h e  
a n a l y t i c  s i g n a l  approach d i r e c t l y  leads t o  a pe r -  
channel and h i g h l y  modular s t r u c t u r e :  t h i s  s t r u c t u r e  
i s  d i r e c t l y  matched t o  t h e  per-channel  implementat ion 
o f  t h e  demodulators, and a c e r t a i n  degree o f  i n t e g r a -  
t i o n  o f  t h e  DEhUX and DEIWD f u n c t i o n s  i s  conceivable.  
The p r i n c i p l e  o f  o p e r a t i o n  o f  t h e  a n a l y t i c  s i g n a l  
method has been r e p o r t e d  i n  (Ref.  2 ) .  The s t r u c t u r e  
o f  t h e  DEMUX acco rd ing  t o  t h e  a n a l y t i c  s i g n a l  
method i s  shown i n  F i g .  1 (Demu l t i p lexe r  sec t i on ;  
(Refs.  2,5,6). The FDMA i n p u t  s i g n a l ,  a f t e r  appro- 
p r i a t e  analog down-conversion o f  t h e  rece ive t i  
s i g n a l  t o  a low f requency  range, i s  sampled acco rd in?  



F i g .  1 - MCD s t r u c t u r e .  

t o  t h e  saltipling theorem (Re f .  7 )  a t  t h e  h i g h - r a t e  
f requency fu = l / T y  and processed i n  o r d e r  t o  o b t a i n  
Nc baseband d i g i t a l  s i g n a l s ,  each sampled a t  t h e  
l o w - r a t e  f requency f d  = 1/Td = fu /Nc ,  Nc be ing  t h e  
number o f  FDhA m u l t i p l e x e d  channels. I n  F i g .  1, 
Hi  ( f T u ) ,  H i  ( f T u )  r e p r e s e n t  t h e  con juga te  s y m e t r i c  
and an t i symmet r i c  p a r t s ,  r e s p e c t i v e l y ,  o f  t h e  
h i g h - r a t e  complex bandpass f i l t e r  H i ( f T u )  which can 
be regarded as a f requency t r a n s l a t e d  v e r s i o n  
o f  a lowpass p r o t o t y p e  H( fTu )  such t h a t  (Ref.  2 ) :  

H i ( fTu)=Hi ( fTu)+ jH; ( fTu)=H[2df - iW-W/2)Tu]  ( 1 )  

where W i s  t h e  channel spacing. I n  t h e  same f i g u r e ,  
G i  ( f T d )  and G;(fTd) r e p r e s e n t  t h e  con juga te  symmetric 
and an t i symmet r i c  p a r t s ,  r e s p e c t i v e l y ,  o f  t h e  
complex l o w - r a t e  f i l t e r  G i ( f T d )  which can be d e f i n e d  
as (Ref.  2 ) :  

Gi (fTa)=Gi ( fTa)+jG; ( fTa )=G{  [f - (  -1 iW/2] Td). ( 2 )  

NC 
i= l , 2 , .  . . 

Thus, each f i l t e r  G i ( f T a )  i s  r e l a t e d ,  acco rd ing  t o  
eq. (21, t o  a lowpass p r o t o t y p e  G( fTd ) .  It can be n o t  
ed f rom eq. ( 2 )  t h a t  t h e  number o f  d i f f e r e n t  f i l t e r ?  
G . ( fTd )  i s  a c t u a l l y  two: one f o r  t h e  odd channels and 
t h e  o t h e r  f o r  t h e  even channels.  Taking i n t o  account 
eqs. ( 1 )  and (21, we have i n  t h e  f requency domain 
(Refs.  2,5): 

Xi(fTd) = S[( fTd + i / 2 ) /Nc7  ( 3 )  

acco rd ing  t o  t h e  imp lemen ta t i on  s t r u c t u r e  shown 
i n  F i g .  1 (Demu l t i p lexe r  s e c t i o n ) .  The terms S ( f T u )  
and x i ( f T d )  i n  eq. 3 rep resen t  t h e  spectrum o f  t h e  
i n p u t  s i g n a l  and t h e  spectrum o f  t h e  i - t h  o u t p u t  
o f  t h e  DEMUX, r e s p e c t i v e l y .  It must be noted t h a t  
a dec ima t ion  f a c t o r  equal t o  t h e  number Nc o f  
m u l t i p l e x e d  channels must be used and t h a t  o n l y  
p rocess ing  o f  r e a l  q u a n t i t i e s  i s  r e q u i r e d .  The 
o v e r a l l  number o f  m u l t i p l i c a t i o n s  and a d d i t i o n s  
r e q u i r e d  pe r  i n p u t  channel and pe r  second, denoted 
w i t h  MDEMUX and ADEMUX, r e s p e c t i v e l y ,  i n  o rde r  t o  im- 

plement t h e  d e m u l t i p l e x e r  acco rd ing  t o  t h e  a n a l y t i c  
s i g n a l  approach, can be es t ima ted  as a f u n c t i o n  
o f  t h e  channel spacing W, t h e  number o f  channels 
Nc and t h e  f i l t e r i n g  one-sided bandwidth B as 
(Ref.  6 ) :  

MDEMUX=W2[W( Nc+4) -2B( Nc+2 )] / r! W-B) (W-2B)] . 
{ - 2 [ ~ o g  5 bl b2]/3} (mu l t s / sec . )  ( 4 )  

ADEMUX= { [-2 Log(56, d2)/3] [Nc W/(W-B)+W/(2W-B)]-1 14 

(adds/sec.)  

where t h e  terms 61 and 6 2  denote t h e  o v e r a l l  accept-  
a b l e  in-band and ou t -o f -band  r i p p l e s ,  r e s p e c t i v e l y ,  
d e r i v e d  acco rd ing  t o  g i v e n  system s p e c i f i c a t i o n s ;  
f o r  example, a f i l t e r  des ign  procedure i s  r e p o r t e d  
i n  (Re f .  6 ) .  It r e s u l t s  f rom eq. ( 4 )  t h a t  for  
s p e c i f i e d  values o f  B ana Nc an optimurfl va lue  
f o r  t h e  channel spacing WO can be found i n  o rde r  
t o  ach ieve  t h e  l owes t  MDEMUX and ADEMUX. However, t a i  
i n g  i n t o  account t h a t  f o r  t h e  subsequent demodulat ion 
o p e r a t i o n  an i n t e g e r  number o f  samples pe r  symbol 
i s  conven ien t  a suboptimum v a l u e  o f  W c l o s e s t  
t o  WO i s  g e n e r a l l y  used which guarantees t h i s  
c o n d i t i o n .  Thus, a s u i t a b l e  cho ice  o f  t h e  DEMUX 
o u t p u t  sampling f requency 2W t u r n e d  o u t  t o  be 
equal t o  3 samples/symbol. 

DEMODULATOR 

I n  t h i s  sec t i on ,  t h e  d i g i t a l  coheren t  demodulator 
f o r  QPSK s i g n a l s  i s  considered. A d i g i t a l  coheren t  
demodulator i s  comprised o f  t h r e e  p a r t s :  i )  t h e  
c a r r i e r  recove ry  c i r c u i t ;  ii t h e  c l o c k  recove ry  
c i r c u i t ,  and iii t h e  d a t a  d e c i s i o n  c i r c u i t .  

C a r r i e r  Phase Recovery 

The c a r r i e r  recove ry  c i r c u i t  i s  assumed t o  be 
implemented by  t h e  n o n - l i n e a r  e s t i m a t i o n  method 
proposed i n  (Ref.  3 ) .  F i g .  1 shows t h e  general  
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s t r u c t u r e  o f  t h e  phase e s t i m a t o r  cons ide red  h e r e i n  
( c a r r i e r  recove ry  s e c t i o n ) ,  where i n  t h e  d o t t e d  
box we suppose t o  i n s e r t  t h e  two dimensional  (com- 
p l e x )  n o n - l i n e a r  f u n c t i o n s :  

X; t y; = p2 n ,J4mn ( 5 )  

I n  o t h e r  words, f o r  each symbol a r e c t a n g u l a r -  
t o - p o l a r  t r a n s f o r m a t i o n  i s  performed, m u l t i p l y i n g  
phase on by 4, and squar ing  pn. We avo id  d e s c r i b i n g  
t h e  n o n - l i n e a r i t y  i n  t h i s  manner i n  F i g .  1, because 
i n  a p r a c t i c a l  imp lemen ta t i on  i t  becomes a read- 
only-memory, t r a n s f o r m i n g  a quan t i zed  two-dimensional  
v e c t o r  i n t o  another such vec to r .  M u l t i p l y i n g  t h e  
phase by 4 a long  w i t h  t h e  f i n a l  o p e r a t i o n  o f  d i v i d i n g  
t h e  tan -1  f u n c t i o n  by 4, g i v e s  r i s e  t o  a n/2 
amb igu i t y  i n  t h e  phase es t ima tes .  A p r a c t i c a l  
QPSK modu la t i on  system a d j u s t s  f o r  t h i s  by cod ing  
t h e  da ta  t r a n s i t i o n s ,  r a t h e r  than  t h e  da ta  themselves 
( d i f f e r e n t i a l  encoding),  and pe r fo rm ing  t h e  f u n c t i o n  
o f  d i f f e r e n t i a l  decoaing a t  t h e  r e c e i v e r .  Suppose 
we wish t o  e s t i m a t e  t h e  phase a t  t h e  m i d p o i n t  
o f  t h e  e s t i m a t i o n  i n t e r v a l  T , which encompasses 
(2N+1) QPSK symbols (each T long!, t h e  imp lemen ta t i on  
comp lex i t y  of t h e  proposed c a r r i e r  phase e s t i m a t o r  
can be d e r i v e d  as: 

Mv = 3 R mu l t s / sec .  AV = 2 (N+ l )R  adds/sec. ( 6 )  

be ing  R t h e  t ransmiss ion  r a t e ,  and 3 samples pe r  
symbol have been assumed. 

Clock Recovery and Data Dec is ion  

The main goal  o f  t h e  c l o c k  recove ry  c i r c u i t  i s  
t o  c o r r e c t l y  s e l e c t  t h e  s e t  o f  t h r e e  samples t h a t  
be long  t o  t h e  same symbol. I n  o t h e r  words, t h e  
t i m i n g  e r r o r  d e t e c t o r  must p a r t i t i o n  t h e  in-phase 
y ( e )  and quadra tu re  y ( . I  sample sequences i n t o  s e t s  
o i  t h r e e  samples a s s h e d  t o  be long  t o  a same symbol 
f o r  t h e  in-phase ( 1 )  and quadra tu re  ( Q )  channel, 
r e s p e c t i v e l y .  By deno t ing  w i t h  r t h e  symbol number 
t h e  t i m i n g  e r r o r  d e t e c t o r  a l g o r i t h m  i s  o f  t h e  
f o l l o w i n g :  

The e r r o r  sample u ( r )  i s  compared w i t h  a s u i t a b l e  
t h r e s h o l d  va lue  V be fo re  a c t i v a t i n g  t h e  t i m i n g  
c o r r e c t i o n  i n  o rde r  t o  reduce t h e  i n f l u e n c e  o f  
t h e  i n te rsymbo l  i n t e r f e r e n c e  and t h e  channel no i se .  
The t h r e s h o l d  va lue  must be s u i t a b l y  determined 
i n  o rde r  t o  achieve a good t r a c k i n g  and a c q u i s i t i o n  
performance. The t i m i n g  c o r r e c t i o n  i s  a c t i v a t e d  
i f  : 

u ( r )  < - V  and y I ( r ) y I ( r+ l / 3 )  >O, 

u ( r )  > V and y I ( r ) y I ( r + l / 3 )  < 0, 

( 8 )  

I n  t h i s  case, t h e  sequences y , ( r )  and y ( r )  a r e  
s h i f t e d  back by one sample and a fie, p a r t i t i o n  
of t h e  r e c e i v e d  samples i s  considered. I f t h e  
t h r e s h o l d  V i s  s u i t a b l y  chosen, t h i s  a l g o r i t h m  
achieves a good performance f o r  b o t h  t r a c k i n g  
and a c q u i s i t i o n  modes o f  ope ra t i on ;  f u r t h e r ,  t h e  
e r r o r  sample sequence U ( . )  i s  independent o f  c a r r i e r  
phase, so t h a t  t i m i n g  l o c k  can be achieved w i t h o u t  
depending upon power c a r r i e r  phase l o c k .  Once 
t h e  t i m i n g  e r r o r  d e t e c t i o n  has s e l e c t e d  t h e  s e t  
o f  t h r e e  samples which be long  t o  t h e  same symbol 
{ y ( r+1 /3 ) , i =0 ,1 ,2  1 t h e  d a t a  d e t e c t i o n  can be pe r -  
formed as f o l l o w s :  

2 

0 
i )  t h e  parameter J = x i  y ( r + 1 / 3 )  i s  eva lua ted ;  

i i )  dr = 1 i s  assumed i f  J > 0, o the rw ise  dr = -1. 

By assuming a c o r r e c t  p a r t i t i o n  o f  t h e  sampled 
sequences { y ~ ( .  ) }  and { y  ( . ) } a n  erroneous d e c i s i o n  
i s  due t o  t h e  i n f l u e n c e  09 t h e  i n te rsymbo l  i n t e r f e r -  
ence and channel no i se .  The implementat ion comp lex i t y  
o f  - t h e  c l o c k  recove ry  c i r c u i t  can be d e r i v e d  th rough  
eq. ( 7 ) ,  t a k i n g  i n t o  account t h e  implementat ion 
comp lex i t y  r e q u i r e d  t o  s p l i t  t h e  r e c e i v e d  QPSK 
s i g n a l  i n t o  i t s  in-phase and quadra tu re  components, 
as : 

( 9 )  Mc = 3 R mu l t s / sec .  Ac = 3 R adds/sec. 

Therefore,  t h e  o v e r a l l  imp lemen ta t i on  comp lex i t y  
o f  t h e  coherent demodulator, including t h e  d e c i s i o n  
c i r c u i t ,  i s  g i ven  by:  

MDEMOD = 6 R mults/sec/ch; ADEMOD=(2N+7)R adds/sec/ch 

( 1 0 )  
SYSTEM D E S I G N  AND PERFORMANCE 

I n  t h i s  sec t i on ,  t h e  des ign  o f  a MCD system i s  
presented. The number of channels processed by 
t h e  MCD i n f l u e n c e s  t h e  i n p u t  sampl ing f requency 
and consequent ly t h e  p rocess ing  r a t e  and t h e  com- 
p l e x i t y  o f  t h e  f i r s t  s tage  o f  t h e  demu l t i p lexe r .  
I n  t h i s  paper, t h e  number o f  channels Nc t o  be 
processed by t h e  MCD has been se lec ted  t a k i n g  
i n t o  account t h e  p o s s i b i l i t y  o f  a v a r i a t i o n  o f  
t h e  t r a n s m i s s i o n  r a t e  R i n  t h e  range R t o  R/32 
( w i t h  R = 4396 kb/sec.) .  Thus, t h e  number o f  channels 
N should a l l o w  t o  v a r y  t h e  t r a n s m i s s i o n  r a t e  
wSth t h e  l owes t  p o s s i b l e  impact on t h e  o v e r a l l  
MCD s t r u c t u r e .  I n  p a r t i c u l a r ,  a f e a s i b l e  c o n s t r a i n t  
i s  t o  r e q u i r e  t h a t  t h e  i n p u t  A/D c o n v e r t e r  sampl ing 
f requency ( c l o c k )  should be h e l d  cons tan t  a t  i t s  
maximum p o s s i b l e  value. S t a r t i n g  f rom these  con- 
s i d e r a t i o n s ,  as t h e  des ign  goa l ,  we have s e l e c t e d  
N = 3 a t  R = 4396 kb/sec. I n  t h e  f o l l o w i n g ,  a 
Q6SK modu la t i on  techn ique  w i t h  occupied s i g n a l  
bandwidth ( i . e .  f i l t e r i n g  one-sided bandwidth 
B) equal t o  0.3 R (KHz)  a t  R = 4396 kb/sec.,  i s  
assumed t o  be used f o r  da ta  t ransmiss ion .  The 
d e m u l t i p l e x e r  des ign  i s  f i r s t  presented. The h igh -  
r a t e  and l o w - r a t e  lowpass p r o t o t y p e s  have been 
designed as a F I R  l i n e a r  phase f i l t e r  by u s i n g  
t h e  e q u i r i p p l e  method (Re f .  8) .  The r e q u i r e d  f i l t e r -  
i n g  s p e c i f i c a t i o n s  a re  r e p o r t e d  i n  Tab. 1 f o r  
Nc = 3. I n  t h e  same t a b l e ,  t h e  number o f  c o e f f i c i e n t s  
r e q u i r e d  f o r  t h e  h i g h - r a t e  lowpass p r o t o t y p e  H(fTu) 
and l o w - r a t e  lowpass p r o t o t y p e  G( fTd )  i n  o r d e r  t o  
s a t i s f y  t h e  co r respond ing  f i l t e r i n g  s p e c i f i c a t i o n s  
i s  a l s o  r e p o r t e d .  It can be observed t h a t  t h e  
r e q u i r e d  pulse-shaping f u n c t i o n  ( i . e .  r a i s e d  cos ine  
w i t h  40% r o l l - o f f  f a c t o r )  has been i n c l u d e d  i n  
t h e  l o w - r a t e  lowpass p r o t o t y p e  G( fTd ) .  The demult! 
p l e x e r  f i n i t e  p r e c i s i o n  des ign  has been c a r r i e d  
o u t  i n  o rde r  t o  i n t r o d u c e  a t  each d e m u l t i p l e x e r  
o u t p u t  a degradat ion,  w i t h  r e s p e c t  t o  an i n p u t  
s i g n a l - t o - n o i s e  r a t i o  SNRi equal t o  7.6 dB, l e s s  
than  0.2 dB. The d e r i v e d  f i n i t e  a r i t h m e t i c  word- 
l e n g h t s  a re  r e p o r t e d  i n  Tab. 2. I n  F i g .  2 and 
Tab. 4, t h e  o v e r a l l  d e m u l t i p l e x e r  l o s s  i s  r e p o r t e d  
f o r  d i f f e r e n t  va lues  o f  E / N  ( a t  t h e  DEMUX i n p u t ) .  
These degrada t ions  habe 'been d e r i v e d  f o l l o w i n g  
t h e  procedure o u t l i n e d  i n  (Ref.  6 ) ;  t h e y  a r e  due 
e s s e n t i a l l y  t o  t h e  e f f e c t s  o f  t h e  r e q u i r e d  dec ima t ion  
process and o f  a f i n i t e  p r e c i s i o n  implementat ion 
o f  t h e  d e m u l t i p l e x e r  (Re f .  6 ) .  The coherent demodu- 
l a t o r  has been implemented acco rd ing  t o  t h e  s t r u c t u r e  
presented i n  Sect.  3. The demodulator implementat ion 
comp lex i t y  can be d e r i v e d  th rough  eq. ( 1 0 )  and 
t h e  va lues  ob ta ined  f o r  Nc = 3 a r e  r e p o r t e d  i n  
Tab. 3. I n  t h e  same t a b l e ,  t h e  o v e r a l l  MCD imple- 
men ta t i on  comp lex i t y  i s  a l s o  repo r ted .  I n  o rde r  
t o  d e r i v e  t h e  degrada t ions  i n t r o d u c e d  by t h e  coherent 
demodulator we have eva lua ted  f i r s t  t h e  degrada t ions  



TABLE 1 - F i l t e r i n g  s p e c i f i c a t i o n s  f o r  t h e  a n a l y t i c  
s i g n a l  approach (Nc = 3 ) .  

b 2  N.o o f  c o e f f i c i e n t s  d l  
H i g h - r a t e  

f i l t e r  3.95-10-2 3.5-10-2 9 
H 

Low-rate 

G 
f i l t e r  3.95-10-2 3.5.10-2 27 

TABLE 2 - MCD F i n i t e  A r i t h m e t i c  Wordlengths. 

DEMUX DEkOD A / D  
Converter 

H i g h - r a t e  F Low-rate F 

b 9 bc bm ba bc bm ba be 

8 7 1 4 8  7 1 4 8  6 

b = i n p u t  s i g n a l  q u a n t i z a t i o n  wordlength 

b = f i l t e r  c o e f f i c i e n t  woro leng th  

bnl = f i l t e r  a r i t h m e t i c  word leng th  

b = f i l t e r  o u t p u t  word leng th  

be = c a r r i e r  and c l o c k  recove ry  word leng th  

q 

TABLE 3 - Implementat ion comp lex i t y  o f  t h e  MCD 
shown i n  F i g .  1 (Nc = 3 ) .  

DEMUX DEMOD OVERALL 
xR xR xR 

( m l t / s / c h )  ( m l t / s / c h )  ( m l t / s / c h )  

47.25 6 53.25 

TABLE 4 - MCD Loss Eva lua t i on .  

E,/No DEFlUX LOSS DEMOD LOSS OVERALL LOSS 

(dB) (dB) (dB) (dB) 
5 0.09 0.91 1 
6 0.13 1.16 1.29 
7 0.15 1.35 1.5 
8 0.19 1.55 1.74 

due t o  t h e  phase j i t t e r  i n t r o o u c e d  by t h e  c a r r i e r  
phase est i r l iate and t o  a symbol t i m i n g  o f f s e t  i n t r o -  
duced by t h e  symbol t i m i n g  est i r i iate,  by assuming 
them as two independent c o n t r i b u t i o n s  (9 ) .  F u r t h e r ,  
i n  o rde r  t o  d e r i v e  t h e  o v e r a l l  deg rada t ion  i n t r o d u c e d  
by t h e  coheren t  demodulator t h e  e f f e c t  o f  a f i n i t e  
p r e c i s i o n  imp lemen ta t i on  must a l s o  be taken i n t o  
account.  The achieved o v e r a l l  demodulator loss ,  
i n c l u d i n g  t h e  degrada t ion  due t o  a f i n i t e  p r e c i s i o n  
imp lemen ta t i on  (Tab. 2 )  i s  r e p o r t e d  i n  F i g .  2 
and Tab. 4. I n  t h e  same t a b l e  and f i g u r e ,  r e s p e c t i -  
ve l y ,  t h e  o v e r a l l  MCD deg rada t ion  (demod l o s s  
p l u s  demux l o s s )  i s  a l s o  repo r ted .  I n  conc lus ion ,  
t h e  m u l t i c a r r i e r  demodulator desc r ibed  i n  t h i s  
paper rep resen ts  an a t t r a c t i v e  s o l u t i o n  f o r  proces- 
s i n g  systems i n t e r f a c i n g  d i r e c t l y  FDMA and TDM 
l i n k s .  I t  achieves a good performance w i t h  an 
accep tab le  on-board system imp lemen ta t i on  comp lex i t y .  
A f u r t h e r  r e d u c t i o n  i n  t h e  o v e r a l l  imp lemen ta t i on  
comp lex i t y  can be achieved by i n t e g r a t i n g  some 
demodulator and d e m u l t i p l e x e r  f u n c t i o n s .  

CONCLUSIONS 

I n  t h i s  paper, t h e  aes i yn  o f  a cort ip letely o i g i t a l  
m u l t i c a r r i e r  demodulator (MCDI f o r  t h e  a p p l i c a t i o n  
i n  advanced s a t e l l i t e  communication systems has 
been presented. The proposed MCD .has two p a r t s :  

1.6 

1.4 

1 . 2  

1 

O.* 1 

F ig .  2 - MCD l o s s  as a f u n c t i o n  o f  Eb/No. 

t h e  d e m u l t i p l e x e r  (DEMUX) and t h e  coherent demodu- 
l a t o r  (DEMDD). I n  p a r t i c u l a r ,  t h e  DEMUX has been 
implemented acco rd ing  t o  t h e  a n a l y t i c  s i g n a l  approach 
l e a d i n g  t o  a per-channel  s t r u c t u r e  t h a t  avoids 
any d i g i t a l  p roduc t  modulator and any b l o c k  proces- 
so r .  It has t h e  s p e c i f i c  f e a t u r e  t o  r e l a x  t h e  
f i l t e r  s p e c i f i c a t i o n s ,  t h u s  a c h i e v i n g  a lower 
imp lemen ta t i on  comp lex i t y  w i t h  respec t  t o  o t h e r  
per-channel  approaches. Fu r the r ,  t h e  a n a l y t i c  
s i g n a l  approach i s  d i r e c t l y  matchea t o  t h e  pe r -  
channel imp lemen ta t i on  o f  t h e  demodulators; therefore,  
a c e r t a i n  degree o f  i n t e g r a t i o n  o f  t h e  DEMUX and 
DEMOD f u n c t i o n s  can be obtained, t hus  l o w e r i n g  
t h e  o v e r a l l  system comp lex i t y .  Another advantage 
o f  t h e  a n a l y t i c  s i g n a l  approach i s  i t s  h i g h  f l e x i -  
b i l i t y :  d i f f e r e n t l y  f rom o t h e r  methods, i n  t h e  
case t h a t  some s p e c i f i c  a p p l i c a t i o n s  should b e n e f i t  
front t h e  unequal channel bandwidth, t h e  a n a l y t i c  
s i g n a l  s t r u c t u r e  cou ld  v a r y  on demand t h e  bandwidth 
assigned t o  each channel, s imp ly  by s w i t c h i n g  
t o  a s u i t a b l e  new s e t  o f  DEMUX parameters. The 
c a r r i e r  recove ry  c i r c u i t  has been assumed as imp le -  
mented by a s u i t a b l e  c a r r i e r  phase e s t i m a t i o n  
approach which pe rm i t s  t h e  achievement o f  a good 
es t ima te  accuracy, i s  l e s s  s e n s i t i v e  t o  a f i n i t e  
a r i t h m e t i c  implementat ion and r e q u i r e s  a s h o r t  
and d e f i n i t e  a c q u i s i t i o n  t ime. The c l o c k  recove ry  
c i r c u i t  has been implemented acco rd ing  t o  a new 
e s t i m a t i o n  c r i t e r i o n  which avo ids  any i n t e r p o l a t i o n /  
dec ima t ion  d i g i t a l  f i l t e r  and p e r m i t s  t o  e x p l o i t  
t h e  i n t e g r a t i o n  o f  t h e  pulse-shaping f u n c t i o n  
and s e p a r a t i o n  o f  t h e  in-phase and quadra tu re  
components i n  t h e  l o w - r a t e  s tage  o f  DEMUX. I n  
conc lus ion ,  t h e  d i g i t a l  MCD system desc r ibed  h e r e i n  
rep resen ts  an a p p r o p r i a t e  s o l u t i o n  f o r  advanced 
d i g i t a l  communication systems i n t e r f a c i n g  FDMA 
and TDM l i n k s  and, i n  p a r t i c u l a r ,  i t  has been 
c a r r i e d  o u t  a im ing  a t  i t s  p o s s i b l e  implementat ion 
by custom o r  semicustom VLSI d i g i t a l  c i r c u i t s .  
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