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A b s t r a c t  

Four  r e c e n t l y - d e v e l o p e d  c o d i n g  t e c h n i q u e s  a r e  
s u r v e y e d :  A d a p t i v e  P r e d i c t i v e  Coding (APC) , A d a p t i v e  
Transform Coding (ATC), ~ e s i d u a l - E x c i t e d  L i n e a r  
P r e d i c t i v e  Coding (RELP) and Sub-band Coding (SBC) . 
T h e s e  t e c h n i q u e s  h a v e  t h e  common p r o p e r t y  o f  t r y i n g  t o  
min imize  t h e  p e r c e i v e d  d i s t o r t i o n  by e x p l o i t i n g  
c h a r a c t e r i s t i c s  o f  b o t h  t h e  s p e e c h  s i g n a l  and t h e  
l i s t e n e r .  APC and ATC u s e  a d a p t i v e  t e c h n i q u e s  t o  
t r a c k  t h e  s h o r t - t i m e  s t a t i s t i c s  o f  t h e  i n p u t  s p e e c h .  
At 16 k b / s ,  t h e  r e c o n s t r u c t e d  speech  q u a l i t y  from 
t h e s e  c o d e r s  a p p r o a c h e s  t h a t  o f  t e l e p h o n e  t o l l  
 standard,^ (56 k b / s  companded P C K ) .  Sub-band c o d i n g  
a l l o w s  t h e  q u a n t i z a t i o n  n o i s e  i n  e a c h  o f  s e v e r a l  
f r e q u e n c y  b a n d s  t o  f o l l o w  t h e  s h o r t - t i m e  s p e e c h  
e n e r g y .  R e s i d u a l - e x c i t e d  L i n e a r  P r e d i c t i v e  Coding 
t r a n s m i t s  o n l y  a  l o r f r e q u e n c y  base-band and u s e s  t h a t  
component t o  r e g e n e r a t e  t h e  h i g h e r  s p e e c h  f r e q u e n c i e s .  
Both RESP and SBC produce  s p e e c h  whose q u a l i t y  i s  
a c c e p t a b l e  f o r  many communica t ions  a p p l i c a t i o n s  a t  9 . 6  
k b / s .  The r e s u l t s  o f  s u b j e c t i v e  p r e f e r e n c e  t e s t i n g  o f  
t h e s e  c o d e r s  a r e  p r e s e n t e d  and t h e i r  r e l a t i v e  
c o m p l e x i t i e s  a r e  d i s c u s s e d .  

I n t r o d u c t i o n  

The s l o w l y  v a r y i n g  s h o r t - t e r m  e n e r g y  and s p e c t r a l  
e n v e l o p e  o f  s p e e c h  s i g n a l s  p e r m i t  b i t  r a t e  c o m p r e s s i o n  
t h r o u g h  c o d i n g .  The a c t u a l  r a t e  o f  e n e r g y  and 
s p e c t r a l  c h a n g e  d e p e n d s  on t h e  type  o f  s p e e c h  s o u n d s .  
A d a p t i v e  q u a n t i z a t i o n  and a d a p t i v e  p r e d i c t i o n  t a k e  
a d v a n t a g e  o f  t h e s e  p r o p e r t i e s  by  r e d u c i n g ,  i n  a  
r e v e r s i b l e  way, t h e  v a r i a t i o n  o f  t h e  speech  s i g n a l  
b e i n g  coded .  I n s t e a d  o f  d i r e c t  q u a n t i z a t i o n  o f  t h e  
t i m e  s a m p l e s  o f  t h e  s p e e c h  s i g n a l  a s  i n  waveform 
c o d e r s  s u c h  a s  PCN, t h e s e  a d a p t i v e  p r o c e d u r e s  g e n e r a t e  
a  n o r m a l i z e d  r e s i d u a l  s i g n a l  which i e  q u a n t i z e d  and 

. - r e c o n s t r u c t e d  i n t o  a  s p e e c h  s i g n a l .  For t h e  same 
p e r c e p t u a l  q u a l i t y ,  t h i s  new s i g n a l  c a n  be  q u a n t i z e d  
a t  a  l o w e r  b i t  r a t e .  Time domain waveform c o d i n g  
t e c h n i q u e s  employ t h e s e  two p r o c e d u r e s  i n  v a r i o u s  
f a s h i o n s  t o  o b t a i n  t h e  d e s i r e d  t r a d e - o f f  be tween  b i t  
r a t e ,  coded s p e e c h  q u a l i t y  and c o d e r  c o s t .  

Time Domain. Waveform Coders  

A d a p t i v e  q u a n t i z a t i o n  e s s e n t i a l 1  y  m a t c h e s  t h e  
s i z e  o f  t h e  q u a n t i z e r  l e v e l s  t o  t h e  s h o r t - t e r m  
s i g n a l  e n e r g y .  Normal iz ing  t h e  s i g n a l  b e f o r e  
q u a n t i z a t i o n  and r e s c a l i n g  a f t e r  decoding  a l l o w s  a  
q u a n t i z e r  w i t h  f i x e d  l e v e l e  and a  l i m i t e d  dynamic 
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r a n g e  t o  be  u s e d .  The e n e r g y  normalization p r o c e d u r e  
c a n  e i t h e r  o p e r a t e  on b l o c k s  o f  s p e e c h  s a m p l e s  o r  i t  
c a n  o p e r a t e  on a  sample-by-sample b a s i s  by  c a l c u l a t i n g  
a  r u n n i n g  e s t i m a t e  o f  t h e  s i g n a l  e n e r g y .  

I n  a d a p t i v e  p r e d i c t i o n  m e t h o d s ,  a  p r e d i c t i o n  
o p e r a t o r  combines weigh ted  p r e v i o t ~ s  s i g n a l  s ~ m p l e s  t o  
e s t i m a t e  t h e  c u r r e n t  s i g n a l  a m p l i t u d e .  T h i s  method 
removes t h e  s h o r t - t e n n  c o r r e l a t i o n  from t h e  i n p u t  
s i g n a l .  When t h e  p r e d i c t i o n  c o e f f i c i e n t s  a r e  
o p t i m a l l y  c h o s e n ,  t h e  s p e c t r a l  e n v e l o p e  o f  t h e  
r e s u l t i n g  r e s i d u a l  s i g n a l  i s  a p p r o x i m a t e l y  f l a t .  
F u r t h e r m o r e ,  t h e  v a r i a n c e  o f  t h e  r e s i d u a l  s i g n a l  i s  
l e s s  t h a n  t h a t  o f  t h e  o r i g i n a l  s p e e c h  s i g n a l .  The 
p r e d i c t o r  c o e f f i c i e n t s  z r e  d e t e r m i n e d  on t h e  b a s i s  o f  
s p e e c h  s t a t i s t i c s  from l a r g e  p o p u l a t i o n s  o f  t a l k e r s .  
S imple  waveform c o d e r s  s u c h  a s  A d a p t i v e  D i f f e r e n t i a l  
PCM (ADPcM) t y p i c a l l y  u s e  fewer  t h a n  f o u r  f i x e d  
p r e d i c t o r  t e r m s .  For h i g h  q u a l i t y  s p e e c h ,  t h e  
t r a n s m i s s i o n  r a t e  must b e  above 24 k b / s .  

The s t a t i s t i c s  O F  t h e  i n p u t  s i g n a l  v a r y  from 
s p e a k e r  t o  s p e a k e r  anxl a l s o  w i t h i n  an u t t e r a n c e  from a  
s i n g l e  s p e a k e r .  I n  o r d e r  t o  b e t t e r  remove t h e  
s h o r t - t e r m  waveform c o r r e l a t i o n s  f o r  n o n - s t a t i o n a r y  
s i g n a l s ,  a d a p t i v e  p r e d i c t i o n  methods  a r e  u s e d .  When 
t h e  p r e d i c t i o n  c o e f  f i c i e n t s  a r e  u p d a t e d  a t  i n t e r v a l s  
o f  a round  30 m i l l i s e c o n d s ,  up t o  1 0  dB SNR improvement 
c a n  b e  o b t a i n e d  f o r  mos t  t y p e s  o f  s p e e c h  sounds  and 
t a l k e r  c h a r a c t e r i s t i c s .  For s p e e c h  b a n d - l i m i t e d  t o  4 
kHz, t h e  number o f  p r e d i c t i o n  t e r m s  t y p i c a l l y  used i s  
a round  e i g h t ,  w i t h  more t e r m s  p r o d u c i n g  o n l y  a  smal l  
a d d i t i o n a l  improvement.  N e i t h e r  a d a p t i v e  q u a n t i z a t i o n  
n o r  a d a p t i v e  p r e d i c t i o n  a r e  s p e e c h  s p e c i f i c ;  t h e y  a r e  
a l s o  a p p l i c a b l e  t o  o t h e r  t y p e s  o f  i n p u t  s i g n a l s  such  
a s  d a t a  modem s i g n a l s .  

The ~ r a n s m i s s i o n  r a t e  f o r  s p e e c h  c a n  b e  f u r t h e r  
r e d u c e d  by  t a k i n g  i n t o  a c c o u n t  t h e  c h a r a c t e r i s t i c s  o f  
t h e  s p e e c h  g e n e r a t  i o n  and p e r c e p t i o n  mechanisms .  For 
i n s t a n c e ,  E n g l i s h  s p e e c h  c a n  b e  a d e q u a t e l y  
c h a r a c t e r i z e d  a s  e i t h e r  v o i c e d  o r  u n v o i c e d  f o r  many 
c o d i n g  a p p l i c a t i o n s .  Voiced s p e e c h  sounds  a r e  
c h a r a c t e r i z e d  by t h e  v o c a l  t r a c t  r e s o n a n c e s  e x c i t e d  a t  
a  r a t e  e q u a l  t o  t h e  fundamenta l  ( p i t c h )  f r e q u e n c y .  
Unvoiced s p e e c h  sounds  c a n  b e  r e a s o n a b l y  w e l l  
d e s c r i b e d  by random n o i s e  w i t h  a p p r o p r i a t e  s p e c t r a l  
c h a p i n g .  The p i t c h  p e r i o d  o f  v o i c e d  s p e e c h  i s  
t y p i c a l l y  a t  l e a s t  an  o r d e r  o f  m a g n i t u d e  l o n g e r  t h a n  
t h e  t i m e  spanned  by  t h e  p r e d i c t o r .  I n  o r d e r  t o  remove 
t h e  p i t c h  r e d u n d a n c y ,  a  d i f f e r e n t  p r e d i c t o r  s t r u c t u r e  
s h i c h  i n c o r p o r a t e s  p i t c h  p e r i o d  t r a c k i n g  must  b e  
implemented .  

The c o e f f i c i e n t s  from t h e  a d a p t i v e  p r e d i c t o r  
t o g e t h e r  w i t h  t h e ' p i t c h - p e r i o d  d e s c r i p t o r s  c o n s t i t u t e  
a  v e r y  compact  d e s c r i p t i o n  o f  t h e  s p e e c h  s i g n a l .  For 



i n s t a n c e ,  L i n e a r  P r e d i c t i v e  Coding (LFC) t e c h n i q u e s  
d e s c r i b e  t h e  r e s i d u a l  waveform o n l y  i n  t e r m s  o f  t h e  
v o i c i n g  c h a r a c t e r i s t i c s  and t h e  p i t c h  p e r i o d .  A t  b i t  
r a t e s  o f  2 . 4  k b / s ,  LPC produces  h i g h l y  i n t e l l i g i b l e  
s p e e c h ,  a l b e i t  w i t h  a  n o m e h a t  u n n a t u r a l  q u a l i t y .  
Res idua l -Exci ted  L i n e a r  P r e d i c t i o n  (RELP) improves  t h e  
q u a l i t y  o v e r  t h a t  o f  LPC by  s e n d i n g  p a r t  o f  t h e  
r e s i d u a l  s i g n a l .  At a  r a t e  o f  9 . 6  k b / s ,  RELP p r o d u c e s  
speech  which i s  more n a t u r a l  t h a n  LPC and is  a l s o  more 
r o b u s t  t o  s p e a k e r  v a r i a t i o n s  and background n o i s e .  It 
employs an  a d a p t i v e  p r e d i c t o r  t o  d e t e r m i n e  t h e  
r e s i d u a l  s i g n a l  and an  a d a p t i v e  q u a n t i z e s  t o  encode  
i t . '  S i n c e  RELP d o e s  n o t  u s e  a  p i t c h  e x t r a c t o r ,  
p i t c h - t r a c k i n g  e r r o r s  a r e  a v o i d e d .  R a t h e r ,  t h e  low 
f r e q u e n c y  component o f  t h e  r e s i d u a l  i s  assumed t o  
a d e q u a t e l y  c o n t a i n  t h e  n e c e s s a r y  v o i c i n g  i n f o r m a t i o n .  
S i n c e  t h e  harmonics  o f  t h e  p i t c h  f r e q u e n c y  e x t e n d  
t h r o u g h  t h e  e n t i r e  s i g n a l  bandwidth ,  t h e  h i g h  
f r e q u e n c y  r e g e n e r a t i o n  p r o c e d u r e  c a n  b e  used t o  
r e s t o r e  t h e  m i s s i n g  p o r t i o n  o f  t h e  spec t rum.  I n  
p r a c t i c e ,  t h e  r e c o n s t r u c t e d  h i g h - f r e q u e n c y  component ,  
w h i l e  h a v i n g  t h e  c o r r e c t  harmonic s t r u c t u r e ,  l a c k s  t h e  
s h o r t - t i m e  phase  s t r u c t u r e  n e c e s s a r y  f o r  h i g h  q u a l i t y  
s p e e c h .  

A d a p t i v e  P r e d i c t i v e  Coding (APC) a l s o  u s e s  b o t h  
a d a p t i v e  p r e d i c t i o n  and a d a p t i v e  q u a n t i z a t i o n ,  b u t  
u n l i k e  RELP, t r a n s m i t s  t h e  f u l l  r e s i d u a l  s i g n a l .  A  
s c h e m a t i c  d i a g r a m  o f  an  APC c o d e r  i s  shown i n  F i g .  1 .  
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F i g .  1. Diagram o f  a n  APC Coder.  

I n  APC, t h e  o b j e c t i v e  i s  t o  produce minipurn 
p e r c e p t u a l  d i s t o r t i o n  r a t h e r  t h a n  maximum o b j e c t i v e  
SNR. T h i s  i s  achieved  by a d j u s t i n g  t h e  shape  o f  t h e  
c o d i n g  n.c-ise spec t rum s o  t h a t  t h e  speech  spec t rum 
t e n d s  t o  mask t h e  d i s t o r t i o n .  APC a l s o  u s e s  a  
v a r i a b l e  l e n g t h  code  word t o  r e p r e s e n t  t h e  

q u a n t i z a t i o n  i n ~ e r v a l s .  S h o r t  code  wordu a r e  used f o r  
t h e  most f r e q u e n t 1  y  o c c u r r i n g  ( l o w  a m p l i t u d e )  l e v e l s  
v h i l e  l o n g e r  code  wordt~  a r e  used f o r  t h e  o t h e r s .  Thin  
r e s u l t s  i n  a  reduced  a v e r a g e  b i t  r a t e  b u t  r e q u i r e s  
t h a t  t h e  b i t  s t r e a m  be b u f f e r e d  b e f o r e  t r n n s m i s ~ i o n  
o v e r  a f i x e d  r a t e  c h a n n e l .  

Frequency  Domain Waveform Codere 

The s h o r t - t i m e  s t a t i s t i c s  o f  t h e  i n p u t  s i g n a l  can  
a l s o  b e  e x p l o i t e d  by  frequency-domain t e c h n i q u e s .  I n  
i t s  s i m p l e - t  fo rm,  a  f r e q u e n c y  domain c o d e r  s u c h  a s  a  
Sub-band c o d e r  d i v i d e s  t h e  i n p u t  spec t rum i n t o  a  s m a l l  
number o f  f r e q u e n c y  b a n d s  and c o d e s  each  band 
s e p a r a t e l y .  The d i g i t i z e r  f o r  each  sub-band a d a p t s  t o  
t h e  s h o r t - t e r m  e n e r g y  i n  t h a t  band .  B i t s  can  b e  
a s s i g n e d  t o  each  band i n  a c c o r d a n c e  w i t h  t h e  
s i g n a l - t o - n o i s e  r a t i o  d e s i r e d  i n  t h a t  band.  S i n c e  t h e  
lower  f r e q u e n c y  b a n d s  a r e  found t o  b e  p e r c e p t u a l l y  
more i m p o r t a n t  t h a n  t h e  h i g h  f r e q u e n c y  b a n d s ,  f e w e r  
b i t s  a r e  used t o  code  t h e  h i g h  f r e q u e n c y  b a n d s .  
A d d i t i o n a l  b e n e f i t s  a c c r u e  s i n c e  s p e c t r a l  s h a p i n g  o f  
t h e  q u a n t i z a t i o n  n o i s e  f o l l o w s  t h e  t ime-vary ing  
s p e c t r a l  d i s t r i b u t i o n  o f  t h e  s p e e c h  and i s  t h e r e f o r e  
masked more e f f e c t i v e l y  b y  t h e  s p e e c h  s i g n a l .  

Adapt ive  Transform Coding ( F i g .  2 )  c a r r i e s  t h i s  
p r o c e s s  f u r t h e r ,  e f f e c t i v e l y  i n c r e a s i n g  t h e  number o f  
f r e w e n c v  b a n d s  t o  128 o r  256.  The q u a n t i z a t i o n  
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F i g .  2 .  Diagram o f  an ATC Coder.  

a d a p t a t i o n  s t r a t e g y  i s  based  on t h e  s h o r t  term 
s p e c t r a l  enve lope  which i s  o b t a i n e d  from t h e  o p t i m a l  
p r e d i c t o r  c o e f f i c i e n t s  a s  i n  c o n v e n t i o n a l  t i m e  d m a i n  
t e c h n i q u e s .  The q u a n t i z e r  f o r  e a c h  f requency  p o i n t  is  
s c a l e d  by t h e  a m p l i t u d e  o f  t h e  power spec t rum a t  t h a t  
f r e q u e n c y .  F u r t h e r .  improvement can  b e  o b t a i n e d  by  
modi fy ing  t h e  s p e c t r a l  e n v e l o p e  t o  a l l o w  t h e  h i g h  
a m p l i t u d e  harmonics  t o  b e  r e c o n s t u c t e d  more f a i t h f u l l y  
t h a n  t h e  low a m p l i t u d e  harmonics .  



I n  o r d e r  f o r  t h e  c o d i n g  p r o c e s s  t o  be i n v e r t i b l e ,  
t h e  s p e c t r a l  e n v e l o p e  shape  i s  s e n t  a s  s i d e  
i n f o r m a t i o n  t o  t h e  r e c e i v e r .  The c o d i n g  o f  t h e  
f r e q u e n c y  d w a i n  samples  u s e s  dynamic b i t  a l l o c a t i o n :  
t h e  t o t a l  number o f  b i t s  a v a i l a b l e  f o r  a  b l o c k  o f  d a t a  
i e  a l l o c a t e d  among t h e  f r e q u e n c y  s a m p l e s  i n  such a  way 
a s  t o  min imize  t h e  o v e r a l l  d i s t o r t i o n .  Noise s h a p i n g  
c a n  a l s o  b e  implemented i n  ATC b y  h a v i n g  t h e  a l l o w a b l e  
d i s t o r t i o n  v a r y  w i t h  f r e q u e n c y .  ATC t h u s  i s  i n  many 
ways t h e  f r e q u e n c y  domain d u a l  t o  APC: b o t h  schemes 
t a k e  a d v a n t a g e  o f  t h e  same p r o p e r t i e s  o f  t h e  speech  
waveform and t h e  human p e r c e p t u a l  a p p a r a t u s  i n  o r d e r  
t o  make e f f e c t i v e  c o d i n g  g a i n s .  

Q u a l i t y  C o n s i d e r a t i o n s  

The f o u r  c o d e r s  d e s c r i b e d  above  - APC, RELP, ATC 
and Sub-band - uae  a  v a r i e t y  o f  methods t o  e x t r a c t  and 
code  p r e d i c t a b l e  o f  t h e  s p e e c h  s i g n a l .  
Because t h e y  d o  eo i n  d i f f e r e n t  ways,  e a c h  c o d e r  
c r e a t e s  d i f f e r e n t  t y p e s  o f  d i s t o r t i o n s  i n  t h e  
r e c o n s t r u c t e d  speech  s i g n a l  and d e m o n s t r a t e s  a  
d i f f e r e n t  s e n s t i v i t y  t o  d e c r e a s i n g  b i t  t r a n s m i s s i o n  
r a F e .  S u b j e c t i v e  t e s t s  were c a r r i e d  o u t  t o  r a t e  t h e  
q u a l i t y  o f  t h e  coded speech  a t  v a r i o u s  s i m u l a t e d  
t r a n s m i s s i o n  r a t e s  f o r  t h e s e  c o d i n g  schemes. 

Our v e r s i o n  o f  APC combines f e a t u r e s  o f  t h e  
c o d e r s  proposed by A t a l  and S c h r o e d e r  [ 1 1  and Makhoul 
and B e r o u t i  [ 2 ] .  At 9 . 6  k b / s ,  c e n t r e  c l i p p i n g  and 
r u n - l e n g t h  c o d i n g  o f  t h e  r e s i d u a l  a r e  u s e d .  The RELP 
i m p l e m e n t a t i o n  i s  s i m i l a r  t o  Un and M a g i l l  131 b u t  
v i t h  an a d d i t i o n a l  d o u b l e  d i f f e r e n c e  s t a g e  b e f o r e  
t e c t i f i c a t i o n  o f  t h e  b a s e b a n d .  T h i s  m o d i f i c a t i o n  
t r a d e s  o f f  h o a r s e n e s s  f o r  a  s o r t  o f  m e t a l l i c  sheen  and 
improves  t h e  s u b j e c t i v e  q u a l i t y  b y  a p p r o x i m a t e l y  0.5 
on t h e  l o g  PCM s c a l e .  At t h e  lower  r a t e  o f  4 . 8  k b / s ,  
t h e  r e s i d u a l  can  be coded u s i n g  a sub-band t e c h n i q u e  
t o  r e d u c e  t h e  q u a n t i z a t i o n  n o i s e  i n  t h e  r e c e i v e d  
r e s i d u a l  and t h e r e b y  improve  q u a l i t y  [ 4 ]  (51 .  . 

The Sub-band c o d e r  u s e s  t h e  f r e q u e n c y  bands  
proposed by C r o c h i e r e ,  w i t h  g a p s  i n  t h e  spec t rum when 
c o d i n g  a t  9.6 k b / s  [ 6 ] [ 7 ] .  A t  16  k b / s .  a  q u a d r a t u r e  
m i r r o r  f i l t e r  a r rangement  p r o d u c e s  s i m i l a r  r e s u l t s  
[ 8 ] [ 9 ] .  The ATC c o d e r  [ l o ]  is  s i m i l a r  t o  t h a t  o f  
T r i b o l e t  and C r o c h i e r e  [ l l ]  i n  t h a t  i t  u s e s  l i n e a r  
p r e d i c t i o n  t o  d e t e r m i n e  t h e  s p e c t r a l  e n v e l o p e .  
A d d i t i o n a l  b l o c k  boundary  smooth ing  was a l s o  found t o  
b e  b e n e f i c i a l .  

S e v e r a l  p h o n e t i c a l l y - b a l a n c e d  s e n t e n c e s  from t h e  
Hsrvard  L i s t s  [ 1 2 )  were coded a t  9 .6  k b / s  and 16 k b f s  
f o r  b o t h  male and female  s p e a k e r s .  (The d i f f e r e n t  
c o d e r s  were t e s t e d  a t  d i f f e r e n t  t i m e s ;  however ,  t h e  
t e s t  s e n t e n c e s  were drawn from t h e  same speech  d a t a  
b a s e  and t h e  t e s t i n g  p r o c e d u r e  was i d e n t i c a l  f o r  a l l  
f o u r  coders!. The q u a l i t y  was r a t e d  by  g r o u p s  o f  
n a i v e  l i s t e n e r s  o v e r  TDH-39 headphones  i n  a  q u i e t  
l i s t e n i n g  envi ronment .  The s u b j e c t s  r a t e d  t h e  q u a l i t y  
o f  e a c h  c o d e r  a g a i n s t  3 ,  4 ,  5 ,  6  and 7  b i t  l o g  PCM 
c o d i n g s  o f  t h e  same s e n t e n c e s .  The e q u i - p r e f e r e n c e  
p o s i t i o n  on  t h e  l o g  PCM s c a l e  was d e t e r m i n e d  by t h e  
50% p r e f e r e n c e  v a l u e  o f  t h e  l e a s t  mean s q u a r e  f i t  t o  
t h e  s u b j e c t s o  p r e f e r e n c e  judgments 1131. These p o i n t s  
on  t h e  l o g  PCM s c a l e  a r e  shown be low i n  T a b l e  I. 

A d d i t i o n a l  t e s t i n g  o f  t h e  c o d e r s  was c a r r i e d  o u t  
in h i c h  t h e  coded speech  was compared a g a i n s t  speech  
samples  which had been degraded  by v a r i o u s  amounts o f  
m u l t i p l i c a t i v e  n o i s e  [ 141.  The s u b j e c t i v e  SNRs 
d e t e r m i n e d  i n  t h i s  f a s h i o n  p r e d i c t  a  p r e f e r e n c e  
r a n k i n g  f o r  c o d e r  q u a l i t y  t h a t  i s  i n  g e n e r a l  agreement  
w i t h  t h e  r e s u l t s  c i t e d  i n  T a b l e  I .  

TABLE I 

EQUI-PREFERENCE POINTS ON LOG-PCM SCALE 

B i t  Rate  
9.6 k b f s  16 k b f s  

APC ( 4 . 0 ) *  6 . 5  
RELP 4 .5  (4.8) 
ATC 5.4 6.2 
SBC 3.9 ( 5 . 8 )  

* F i g u r e s  e n c l o s e d  i n  p a r e n t h e s e s  were e s t i m a t e d  
from i n f o r m a l  l i s t e n i n g  t e s t s  

Al though t h e  Lypes o f  d i s t o r t i o n s  i n t r o d u c e d  b y  
t h e s e  f o u r  c o d e r s  a r e  n o t  t h e  samc, t h e  equi -  
p r e f e r e n c e  r e s u l t s  shown i n  T a b l e  I a l l o w  o n e  t o  r a n k  
t h e s e  c o d e r s  i n  t e r m s  o f  o v e r a l l  q u a l i t y .  Us ing  t h e s e  
r e s u l t s  and o t h e r  p u b l i s h e d  e s t i m a t e s  o f  c o d e r  q u a l i t y  
( e . g . ,  F lanngan  e t  a l . ,  [ 1 5 ] ) ,  q u a l i t y  c u r v e s  o v e r  t h e  
e n t l r e  b i t  t r a n s m i s s i o n  r a t e  can be e s t i m a t e d  a s  shown 
i n  F i g .  3. Also i l l u s t r a t e d  is  t h e  
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F i g .  3 S u b j e c t i v e  q u a l i t y  a s  a  f u n c t i o n  o f  
t r a n s m i s s i o n  r a t e .  

l o g  PCM q u a l i t y  c u r v e  which a p p r o a c h e s  an  a s - p p t o t i c  
i n c r e a s e  i n  q u a l i t y  o f  6  d B / b i t .  

The l i m i t i n g  q u a l i t y  o f  t h e  RELP speech  i s  
d e t e r m i n e d  by t h e  p r o c e d u r e  used t o  r e g e n e r a t e  t h e  
h i g h  f r e q u e n c y  h a r m o n i c s .  S i n c e  t h e  RELP c o d e r  shown 
i n  F i g .  3  assumes  a  f i x e d  baseband (0-800 HZ), no 
s i g n i f i c a n t  q u a l i t y  g a i n s  c a n  be ach ieved  above 9 . 6  
k b / s .  The l i m i t i n g  q u a l i t y  o f  t h e  RELP s p e e c h  i s  
t h e r e f o r e  d e t e r m i n e d  by  t h e  p r o c e d u r e  used t o  
r e g e n e r a t e  t h e  h i g h  f r e q u e n c y  harmonics .  N e i t h e r  APC 
n o r  ATC d e m o n s t r a t e  s u c h  an  asympto te  i n  q u a l i t y .  
When none o f  t h e  t r a n s m i t t e d  p a r a m e t e r s  i s  q u a n t i z e d ,  
t h e s e  c o d e r s  r e p r o d u c e  t h e  i n p u t  speech  s i g n a l  v e r y  
c l o s e l y .  For t h i s  r e a s o n  t h e  q u a l i t y  o f  t h e  o u t p u t  
s p e e c h  i n c r e a s e s  a s  a  monotonic f u n c t i o n  o f  t h e  b i t  
r a t e .  I f  t h e  f r e q u e n c y  bands  used i n  t h e  Sub-band 
c o d e r  (SBC) c o m p l e t e l y  s p a n  t h e  f requency  s p e c t r u m ,  
t h e  q u a l i t y  c u r v e  f o r  Lhe SBC c o d e r  i s  l i m i t e d  o n l y  by  
t h e  f i l t e r i n g  n o i s e .  However, i f  one o r  more 
f r e q u e n c y  bands  a r e  o m i t t e d ,  t h e n  t h e  u l t i m a t e  q u a l i t y  
o f  t h e  Sub-band c o d e r  i s  l i m i t e d  by  t h e  c o d i n g  scheme 
i t s e l f  . 



Coder Complexity R e f e r e n c e s  

Hsny i s s u e a  must  b e  c o n s i d e r e d  when c h o o s i n g  a  
c o d e r  f o r  a  g i v e n  a p p l i c a t i o n .  Coder c o m p l e x i t y ,  and 

t h e r e f o r e  c o s t ,  i s  c u r r e n t l y  a n  i m p o r t a n t  f a c t o r  i n  
t h e  d e s i g n  o f  s speech  c o d e r .  I n  a p p l i c a t i o n s  where 

t r a n s m i s s i o n  c o s t s  a r e  h i ~ h  o r  t h e  t r a n s m i s s i o n  
f a c i l i t y  i s  a  s c a r c e  r e s o u r c e ,  a  complex c o d e r  may b e  
warran ted  i f  i t  more e f f i c i e n t l y  u s e s  t h e  medium. I n  
g e n e r a l ,  t h e  t r a n s m i s s i o n  b i t  r a t e  c a n  o n l y  b e  reduced  
b y  s u b s t a n t i a l l y  i n c r e a s i n g  t h e  coder  c o m p l e x i t y .  

The q u a l i t y  c u r v e s  shown i n  F i g .  3  show t h a t  APC 
and A n :  produce  s i m i l a r  q u a l i t y  s p e e c h .  At 9.6 k b / s ,  
b o t h  o f  t h e s e  c o d e r s  produce speech  which i s  s u p e r i o r  
t o  b o t h  RELP and Sub-band. However, t h e y  d o  s o  a t  a  
c o n s i d e r a b l e  i n c r e a s e  i n  c o d e r  c o m p l e x i t y .  F i g .  4 
shove t h e  e s t i m a t e d  r e l a t i v e  c o m p l e x i t y  o f  t h e  f o u r  
c o d e r s  

0 
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F i g .  4 Coder c o m p l e x i t y  f o r  v a r i o u s  
t r a n s m i s s i o n  r a t e s .  

a s  a  f u n c t i o n  o f  b i t  r a t e .  LPC and l o g  PCM a r e  a l s o  
shown f o r  p u r p o s e s  o f  compar i son .  The c o m p l e x i t y  o f  
RELP i n c r e a s e s  s l i g h t l y  a t  low b i t  r a t e s  ( s y m b o l i z e d  
by t h e  s l a n t e d  b a r  i n  F i g .  4 ) ,  r e f l e c t i n g  t h e  
i n c o r p o r a t i o n  o f  sub-band coding  o f  t h e  baseband .  

C w m e r c i s l l y  a v a i l a b l e  IC i m p l e m e n t a t i o n s  i n c l u d e  
s imple  t ime  domain c o d e r s  such  a s  A d a p t i v e  D e l t a  
Modulat ion.  Sub-band coding  i s  amenable t o  h y b r i d  
sampled d a t a  a n d / o r  d i g i t a l  IC t e c h n o l o g i e s .  Low b i t  
r a t e  c o d e r s  such  a s  LpC a r e  a v a i l a b l e  a s  
m i c r o p r o c e s s o r  based u n i t s  augmented w i t h  d e d i c a t e d  
hardware p r o c e s s i n g  f u n c t i o n s  a t  s i n g l e  q u a n t i t y  c o s t s  
i n  e x c e s s  o f  $10,000,  

Recent advances  i n  IC t e c h n o l o g y  s u g g e s t  t h a t  
f a i r l y  c o m p l i c a t e d  a l g o r i t h m s  such  a s  APC c o n c e i v a b l y  
could  be implemented on a  s i n g l e  VLSI c h i p  w i t h i n  t h e  
next  f i v e  y e a r s .  Even t h e  more c o m p l i c a t e d  schemes 
E U C ~  a s  ATC may become ~ r a c t i c a b l e  wi th  advances  i n  IC 
f e c h n o l o g y .  For i n s t a n c e ,  w i t h  a  s i n g l e  c h i p  FFT 
p r o c e s s o r ,  an  ATC c o d e r  c o u l d  b e  implemented w i t h  o n l y  

m a l l  number o f  VLSI c h i p s .  Thus we can  e x p e c t  
r a p i d l y  d e c r e a s i n g  c o s t s  f o r  t h e  more complex speech  
c o d e r s ,  making them p r a c t i c a l  a l t e r n a t i v e s  t o  t h e  
broadband c o d e r s  i n  u s e  today .  

1. B.S. A t a l  and M.R. S c h r o e d e r ,  " P r e d i c t i v e  Coding 
o f  Speech S i g n a l s  and S u b j e c t i v e  E r r o r  C r i t e r i o n " ,  
IEEE T r a n s .  ASSP, Vol.  ASSP-27, No. 3, J u n e  1979,  
247-254. 

2. J .  Makhoul 6nd M. B e r o u t i ,  "Adapt ive  Noise  
S p e c t r a l  Shaping and E n t r o p y  Coding i n  P r e d i c t i v e  
Coding o f  Speech", IEEE T r a n s .  ASSP, Vol. ASSP-27, 
No. 1 ,  Feb. 1979,  63-73. 

3. C-K Un and D.T. M a g i l l ,  "*he R e s i d u a l - E x c i t e d  
L i n e a r  P r e d i c t i o n  Vocoder w i t h  T r a n s m i s s i o n  Rate 
be low 9 . 6  k b i t s / s t ' ,  IEEE T r a n s .  Commm., Vol. 
COH-23, No. 1 2 ,  Dec. 1975,  1466-1474. 

4. D.J.  E s t e b a n ,  C. G a l a n d ,  D .  N a u d u i t ,  and J. Menez, 
"A 4800 BPS Voice E x c i t e d  P r e d i c t i v e  Coder (VEPC) 
based  on Improved BasebandlSub-band F i l t e r s " ,  IEEE 
ICASSP, Wash., D.C., A p r i l  1979 ,  975-979. 

5. P. Mermels te in  and M. N a k a t s u i  , " I n t e l l i g i b i l i t y  
E v a l u a t i o n  o f  a  S i m u l a t e d  4 . 8  k b / s  R e s i d u a l -  
E x c i t e d  L i n e a r  P r e d i c t i o n  Coder", 
INRS-Tel ecomm . T e c h n i c a l  Repor t  80-05, A p r i l  1980.  

6. R.E.  C r o c h i e r e ,  S.A. Webber and J . L .  F l a n a g a n ,  
" D i g i t a l  Coding o f  Speech i n  Sub-bands", BSTJ, 
Vol .  55,  No. 8 ,  O c t .  1976, 1069-1085. 

7.  R.E. C r o c h i e r e ,  "On t h e  Des ign  o f  Sub-band Codera 
f o r  Lou-Bit-Rate Speech Communication", DSTJ, Vol.  
56 ,  No. 5,  May-June 1977,  747-791. 

8. D.J.  E s t e b a n  and C. G a l a n d ,  " A p p l i c a t i o n  o f  
Q u a d r a t u r e  M i r r o r  F i l t e r s  t o  S p l i t  Band Voice 
Coding Schemes", IEEE ICASSP, Har t  f o r d ,  Conn., May 
1977,  191-195. 

9 .  A. R o s e t ,  " A p p l i c a t i o n  dea' f i l t r e s  m i r o i r s  > un 
procddd d e  codage par  d&oupage  en  sous-bandes",  
INRS-Telecomm. T e c h n i c a l  Repor t  80-03,  J a n .  1980. 

10. D.G. S l o a n ,  "Adapt ive  Transform Coding o f  s p e e c h , "  
INRS-Telecomm. T e c h n i c a l  Repor t  79-05, J u n e  1979. 

11.  J.M. T r i b o l e t  and R.E. C r o c h i e r e ,  "Frequency 
Domain Coding o f  Speech1' ,  IEEE T r a n s .  ASSP, Vol. 
ASSP-27, N O .  5 ,  O c t .  1979,  512-530. 

I 

12.  "IEEE Recommended P r a c t i c e  f o r  Speech Q u a l i t y  
Measurements", IEEE T r a n s .  ASSP, Vol.  ASSP-17, 
Sept  . 1969,  227-276. 

13. J . D .  F inney ,  P r o b i t  A n a l y s i s ,  Cambridge: 
Cambridge U n i v e r s i t y  P r e s s ,  1964. 

14. M. N a k s t s u i ,  " S u b j e c t i v e  speech- to-noise  r a t i o  a s  
a  s i n g l e  a b s o l u t e  per formance  measure  f o r  d i g i t a l  
waveform c o d e r s " ,  J .  Acoust . Soc .  Am. Suppl .  1 ,  
Vol.  67 ,  S p r i n g  1980 ( a b s t r . ) .  

15. J . L .  F l a n a g a n ,  M.R. S c h r o e d e r ,  B.S. A t a l ,  R.E. 
C r o c h i e r e ,  N.S. J a y a n t ,  and J.M. T r i b o l e t ,  "Speech 
Coding", IEEE T r a n s .  Commun., Vol . COM-27, No. 4 ,  
A p r i l  1979 ,  710-737. 




