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Chapter 1 

INTRODUCTION

The p a c k e t  s w i t c h i n g  concept  was o r i g i n a l l y  d e s c r i b e d  

by r e s e a r c h e r s  a t  t h e  Rand Corp.  I t  was a method t o  be 

used by the  m i l i t a r y  t o  a c h i e v e  a s u r v i v a b l e  e n v i r o n m e n t  

for  both data and v o i c e  t r a n s m i s s i o n .

T o d a y ' s  t r e n d s  are  for  peopl e  t o  r e l y ,  more and more,  

on d i g i t a l  c o m p u t e r s  f o r  s u p p o r t  o f  many o f  t h e i r  d a i l y  

a p p l i c a t i o n s .  These a p p l i c a t i o n s  i n c l u d e  com pu te r  b as e d  

o p e r a t i o n s  s u c h  a s  e l e c t r o n i c  m a i l ,  a i r l i n e  r e s e r v a t i o n s ,  

i n format ion  p r o c e s s i n g ,  e t c .

I nf ormat i on  p r o c e s s i n g  o f  d a t a  has  become commonplace 

in our d i g i t a l l y  o r i e n t e d  s o c i e t y .  Most  o f  t h e  w o r l d ’ s 

i n f o r m a t i o n  i s  b e i n g  s t o r e d  i n  d i g i t a l  f o r m  and  

t e l e c o m m u n i c a t i o n s  i s  b e i n g  u s e d  a s  a means t o  p r o v i d e  

a c c e s s  to  t h a t  i n f o r m a t i o n ,  from b o t h  o n - s i t e  ( l o c a l )  and 

d i s t a n t  (remote)  l o c a t i o n s .

P a c k e t  s w i t c h i n g  i s  a n a t u r a l  e x t e n s i o n  t o  methods  

t h a t  are used in c o m pu t e r  c o m m u n i c a t i o n s  and has r e c e i v e d  

much a t t e n t i o n  as  a method to prov i de  ( t e l e ) c o m m u n i c a t i o n s  

in  t h e  c o m pu t e r  c o m mu n i ca t i o ns  f i e l d .  The packet  s wi tched  

environment  can prov id e:

1.  e rr or  f r e e  d e l i v e r y

2.  e n c r y p t i o n  o f  data for  s e c u r e  communicat ions
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3.  computer man ip ul a t i on  o f  d a t a / v o i c e  

e . g  e d i t i n g ,  s t o r a g e ,  r e t r i e v a l ,  e t c .

4 . code and speed c on v e r s i o n  to  f a c i l i t a t e  and 

a l l o w  f or  communicat ions between o t h e r w i s e  

i n c o mp a t i b l e  l o c a t i o n s .

The f i r s t  t h r e e  o f  t h e  a d v a n t a g e s  l i s t e d  ab ov e  a r e  

i nherent  to  t he  d i g i t a l  c o m m u n i c a t i o n s  e n v i r o n m e n t .  The 

f ou rt h  i s  t he  d i s t i n c t  advantage  o f  packet  s w i t c h i n g .

Data t r a f f i c  o v e r  a n e t w or k  i s  " b ur s t y "  in  n a t u r e ,  

w i t h  l o n g  " d e a d  t i m e "  i n t e r v a l s  b e t w e e n  t h e  s h o r t  

t r a n s m i s s i o n  s e g m e n t s .  The b u r s t y  n a t u r e  o f  d a t a  

t r a n s m i s s i o n  a l l o w s  f o r  o t h e r  s e r v i c e s  to  be provi ded over  

the  same network.  The o t h e r  s e r v i c e s  i n c l u d i n g  f a c s i m i l e ,  

v i d e o  and a u d i o  have  come t o  p l a y  a s u b s e r v i e n t  r o l e  t o  

d a t a ,  s i n c e  t h e  d e s i g n  o f  p a c k e t  s w i t c h e d  n e t s  has  been 

geared towards data t r a n s m i s s i o n .

S e r i o u s  a t t e n t i o n  h a s  t h u s  b e e n  f o c u s e d  on p a c k e t  

swi tched communicat ions .  This  i s  because  p a ck e t  s w i t c h i n g  

i s  t h e  mo st  c o s t  e f f e c t i v e  t e c h n i q u e  f o r  u t i l i z i n g  t h e  

r e s o u r c e s  t h a t  a r e  a v a i l a b l e  i n  t h e  b u r s t y  d a t a  

environment ,  wi th i t s  h igh peak to  average  r a t i o .  An ot he r  

a d v a n t a g e  o f  p acket  s wi tched  communicat ions i s  t h a t  Packet  

c o m m u n i c a t i o n s  a l l o w s  f o r  t h e  a s y n c h r o n o u s  u s e  o f  t h e  

net work' s  t r a n s m i s s i o n  r e s o u r c e s  and for  g r e a t e r  s har in g  o f
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the  t r a n s m i s s i o n  c a p a c i t y  t h an  i s  a l l o w e d  by PDM or TDM 

s y s t e m s .

1 . 1  PACKET NETWORKING

A p a c k e t  i s  d e f i n e d  a s  a c o l l e c t i o n  o f  b i t s  whose  

l e n g t h  v a r i e s  from a few to  t h o u s a n d s  o f  b i t s  l o n g .  To 

t h e s e  b i t s  a header i s  added which i n c l u d e s  a d d r e s s i n g  and 

c o n t r o l  i n f o r m a t i o n  t o  a l l o w  p r o p e r  r o u t i n g  o f  t h e  data  

packet  over  the  network.

P a c k e t  n e t w o r k i n g  u t i l i z e s  d i g i t a l  t e c h n o l o g y  

embodied in  t e r m i n a l s ,  c o m p u t e r s ,  modems,  m u l t i p l e x e r s ,  

e r r o r  c o n t r o l  u n i t s  and o t h e r  a v a i l a b l e  d e v i c e s  and 

t e c h n i q u e s .

F i g u r e  1 . 1 . 1  s h o w s  t h e  s t r u c t u r e  o f  a c omputer  

communicat ions network.  This  i s  t h e  most  b a s i c  form o f  a 

d i s t r i b u t e d  n et work  t h a t  i s  u s e d .  There are  t h r e e  b a s i c  

r e s o u r c e s  a s s o c i a t e d  wi th the network [ 6] :

1.  T e r m i n a l s  whi ch  a r e  c o n n e c t e d  t o  t h e  network  

e i t h e r  d i r e c t l y  ( v i a  a c o n c e n t r a t o r  t h a t  p a c k e t i z e s ,  

d e p a c k e t i z e s , e r r o r  c o r r e c t s  e t c . )  or v i a  a HOST computer  

t h a t  i s  d i r e c t l y  connected  to the  n e t .

2.  HOST c o m p u t e r s  whi ch  p e r f or m  many t a s k s ,  not
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o n l y  f or  l o c a l  u s e r s  but  a l s o  a s  r emot e  p r o c e s s o r s .  The 

h o s t s  a r e  t h e  i nforma t i on  p r o c e s s o r s ' o f  the s ys t em.  Hosts  

p rov ide  s e r v i c e s  n o t  o n l y  l o c a l l y  and t o  remote u s e r s  but  

a l s o  to o t her  h o s t s

3. The communication subnetwork which c o n s i s t s  o f  

t r un k l i n e s  and s w i t c h e s  (ARPANET'S IMPs and TI Ps ) .  I t  i s  

thru t h i s  subnetwork t h a t  the  p a c k e t s  are  ro u te d .

I t  i s  t h e  c o m m u n i c a t i o n s  s u b n e t w o r k  t h a t  h a s  

demonstrated the e f f i c i e n c y  o f  packet  communicat ions .  With 

the  subnet work' s  r e s o u r c e s  the  s y s t e m ' s  s t o r a g e ,  p r o c e s s i n g  

and communicat ions c a p a c i t y  must  be s h a r e d .  The ARPANET 

e x p e r i e n c e  h a s  p r o v e d  t h e  c o s t  e f f e c t i v e n e s s  o f  d a t a  

c om mu n i c a t i o n s  i n  t h e  p a c k e t  s w i t c h e d  e n v i r o n m e n t  a l ong  

with r e l i a b i l i t y  and throughput .

In complex system d e s i g n ,  the f i r s t  and most  c r i t i c a l  

s t e p  i s  t o  break  down t h e  s y s t e m  i n t o  s ub sy s t ems .  I t  i s  

i m p o r t a n t  t h a t  e a c h  o f  t h e  s u b s y s t e m ' s  f u n c t i o n s  be  

c o r r e c t l y  d e f i n e d  t o  m i n i m i z e  t h e  c o m p l e x i t y  o f  t h e  

i n t e r f a c i n g  w i t h  t h e  s u b n e t w o r k .  The d e s i g n  o f  t h e  

subnetwork can be g r e a t l y  s i m p l i f i e d  by p ro v i d in g  o n l y  one 

kind o f  i n t e r f a c e ,  because  i t  i s  d e s i r a b l e  f o r  b o t h  v o i c e  

and d a t a  t o  a c c e s s  a network wi th minimum s t a n d a r d i z a t i o n .  

However,  p u b l i c  n e t s  have to o f f e r  a v a r i e t y  o f  i n t e r f a c e s ,  

not  o n l y  f o r  h o s t s  b u t  a l s o  f o r  many o t h e r  d e v i c e s  ( e . g .
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d a t a  t e r m i n a l s ,  s p e e c h  t e r m i n a l s ) .  Thus t h e  CCITT/ITU  

s t a n d a r d s  c o m m i t t e e s  a r e  o f  i m p o r t a n c e  t o  h e l p  i n  

e s t a b l i s h i n g  v a r i o u s  s ta nd ard s  in i n t e r f a c i n g .

The communicat ions  s u b n e t w o r k  s h o u l d  c o n t a i n  a l l  t hos e  

communication f u n c t i o n s  which are e s s e n t i a l .  These i n c l u de  

o v e r c o m i n g  l i n e  e r r o r s  by r e t r a n s m i t t i o n  o r  b y p a s s i n g  

f a i l e d  p a r t s  o f  the network by r e r o u t i n g  t r a f f i c .

1 . 2  PACKET NETWORK INTERCONNECTION

P a c k e t  s w i t c h e d  n e t w o r k s  make  u s e  o f  v a r i o u s  

t r a n s m i s s i o n  media .  Th es e  n e t w o r k s  have  been implemented 

over p u b l i c  l i n e s ,  p r i v a t e  l i n e s ,  s a t e l l i t e  c h a n n e l s  and 

p r e s e n t l y  p a c k e t  s w i t c h e d  mobi le  radio  networks are  being  

d e v e l o p e d .

D i s t r i b u t e d  packet  s w i t c h e d  net works  have evo l ved  for  

u s e  i n  d i f f e r e n t  e n v i r o n m e n t s  ( u s i n g  t h e  v a r i o u s  

t r a n s m i s s i o n  m e d i a  m e n t i o n e d  a b o v e )  and a n e e d  t o  

i n t e r c o n n e c t  them d e v e l o p e d .  To i n t e r c o n n e c t  the v a r i o u s  

networks the  GATEWAY was i n t r o d u c e d .  The c o n c e p t  o f  t h e  

g a t e w a y  i s  common t o  a l l  n e t wo rk  i n t e r c o n n e c t i o n s .  The 

i n t e r c o n n e c t i o n  b e t w e e n  v a r i o u s  n e t s  i s  o f  g r e a t  

importance.  S ince  data may be ro u te d  from s o u r c e  t o  s i n k  

nodes through l o c a l  ne tworks ,  p u b l i c  networks i n t e r n a t i o n a l  

networks and combinat ions  t h e r e o f .

The r o l e  o f  t h e  g a t e w a y  i s  to  t ermi nat e  the  i n t e r n a l
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p r o t o c o l s  o f  each net  and to p ro v i d e  a common ground a c r o s s  

which d a t a  from one n e t  t o  a n o t h e r  can p a s s .  A gat eway  

need not  be a s i n g l e  m o n o l i t h i c  d e v i c e .  The gateway can be 

a s o f t w a r e  p a c k a g e  a t  two node s w i t c h e s ,  c o n n e c t i n g  t h e  

d i f f e r e n t  n e t s .  I t  may be made up o f  two p a r t s  (one in each  

n e t ) . These p a r t s  (gateway h a l v e s )  may be d i s t i n c t  d e v i c e s  

or  may be p a r t s  o f  a network s w i t c h i n g  node.  The Gateway 

can a l s o  may be d es ign ed  t o  i n t e r c o n n e c t  s e v e r a l  d i f f e r e n t  

networks .  F igure  1 . 2 . 1  shows the use o f  t h e  gateway in the  

i n t e r c o n n e c t i o n  o f  v a r i o u s  p acket  s wi tched  networks .

1 . 3  PACKET SWITCHED VOICE

T h e r e  h a s  b e e n  c o n s i d e r a b l e  i n t e r e s t  i n  p a c k e t  

s w i t c h e d  v o i c e  s i n c e  t h e  f e a s a b i l i t y  o f  t h i s  was  

d e m o n s t r a t e d  by r e s e a r c h e r s  a t  U S C / I S I .  P a c k e t  v o i c e  

t r a n s m i s s i o n  was p e r f o rm ed  o v e r  t h e  ARPANET a s  e a r l y  a s  

1 9 7 4  a n d  c o n s e q u e n t l y  a p a c k e t  v o i c e  p r o t o c o l  was  

d ev e l o p e d .  This  p r o t o c o l  l e d  t o  f u r t h e r  exper i ments  both 

in p o i n t - t o - p o i n t  t r a n s m i s s i o n  and a l s o  in  an a t t e m p t  to  

t e l e c o n f e r e n c e .

Subnetwork f a c i l i t i e s  s h a r i n g  o f  both v o i c e  and data  

c a n  be  a c c o m p l i s h e d  b e c a u s e  o f  40% s p e e c h  a c t i v i t y  

o b s e r v a t i o n s  i n  two way t e l e p h o n e  c o n v e r s a t i o n s .  S i n c e  

t h e r e  i s  as  much as  60% s i l e n c e  in c o n v e r s a t i o n s ,  t h i s  area  

i s  f e r t i l e  f o r  r e s e a r c h  in  e f f i c i e n t  u t i l i z a t i o n  o f  the
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packet  s w i t c h i n g  environment .

The ISI ex per i ments  hav e  e n c o u r a g e d  the  use  o f  packet  

n e t w o r k s  f o r  r e a l  t i m e  p a c k e t  v o i c e  a p p l i c a t i o n s .  In 

p a c k e t  s w i t c h e d  n e t w o r k s ,  w h e r e  s p e e c h  i s  t o  b e  

t r a n s m i t t e d ,  s p e e c h  much s h a r e  t h e  s u b n e t w o r k s  r e s o u r c e s  

w i t h  d a t a  ( a s  w e l l  a s  v i d e o  a nd  f a c s i m i l e ) .  D a t a  

t r a n s m i s s i o n  over the packet  s wi tched  subnetwork i s  made up 

o f  i n t e r a c t i v e  t e r m i n a l s  and f i l e  t r a n s f e r  o f  data between  

v a r i o u s  n e t w o r k  e n t i t i e s .  T h e s e  b o t h  r e q u i r e  h i g h  

r e l i a b l i t y ,  whereas speech t r a n s m i s s i o n  can t o l e r a t e  some 

e r r o r  b ut  n eed s  s ma l l  d e l a y  and c o n s t a n t  bandwidth.  Small  

d e l a y  i n  t h e  p a c k e t  n e t wo rk  e n v i r o n m e n t  i s  i m p o r t a n t  to 

minimize t he  "dead t ime" ( s i l e n c e )  between s p e a k e r s .

The u s e  o f  p a c k e t i z e d  s p e e c h  o v e r  p a c k e t  s w i t c h e d  

n e t w o r k s  r e q u i r e s  s p e c i a l  a t t e n t i o n .  This  i s  b ecau se  t he  

mechanism t h a t  a l l o w s  f o r  t h e  e f f i c i e n t  h andl ing  o f  b u r s t y  

t r a f f i c  c a u s e s  n o n -u n i f o rm  p e r f o r m a n c e  i n  d a t a  r a t e s  and 

d e l a y .

1 . 4  DELAY IN PACKET SWITCHED NETWORKS

The i m p l i c a t i o n  f o r  n e t wo rk  d e l a y  o f  v o i c e  i s  more 

s u b t l e  than for  d a t a ,  s i n c e  in  a d d i t i o n  to response  t i m e ,  

d e l a y  may e f f e c t  u s e r s  in  a s u b j e c t i v e l y  n o t i c a b l e  and  

p e r h a p s  o b j e c t i o n a b l e  way.  The d e l a y  f a c t o r s  for  packet  

s w i t c h e d  v o i c e  may m o d i f y  t h e  s p e a k e r s  c o n v e r s a t i o n a l
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b e h a v i o r  p a t t e r n s  and c h a n g e  t h e  n a t u r a l n e s s  o f  a 

c o n v e r s a t i o n .

The d e l a y  e n c o u n e r e d  o v e r  p a c k e t  s w i t c h e d  networks  

can be c a t e g o r i z e d  as f o l l o w s :

1.  p a c k e t i z a t i o n  d e l a y

2.  nodal  p r o c e s s i n g  d e l a y

3.  nodal  queueing d e l a y

4.  p rop og at ion  d e l a y

A l l  o f  t h e s e  d e l a y s  add t o  t h e  random d e l a y s  t h a t  

p a c k e t s  e x p e r i e n c e  t r a n s v e r s i n g  t h e  c o m m u n i c a t i o n s  

subnetwork.

The p a c k e t i z a t i o n  d e l a y  r e s u l t s  from t h e  t i m e  t h e  

packet  i s  formed and i n c l u d e s  a p p e n d i n g  t he  header to  the  

packet  a long  wi th  checksum b i t s  f or  er ro r  c o n t r o l  e t c .

Nodal  p r o c e s s i n g  d e l a y  i s  c a u s e d  by t h e  v a r i o u s  

s w i t c h i n g  nodes  over  which the  packet  t r a n s v e r s e d  from the  

s o u r c e  n o d e  t o  t h e  s i n k  n o d e .  T h i s  d e l a y  i n c l u d e s  

r e c e i v i n g ,  p r o c e s s i n g  and o u t p u t t i n g  t o  a q u e u e  t h e  

p a c k e t s .  With an e f f i c i e n t  s w i t c h i n g  node t h i s  d e l a y  i s  

not  s i g n i f i c a n t .

Nodal  q u e u e i n g  d e l a y  i s  a f u n c t i o n  o f  t h e  r a t e  o f  

packet  a r r i v a l  a t  an output  queue o f  a s w i t c h i n g  node and 

o f  t h e  c a p a c i t y  o f  t h e  o u t g o i n g  t r a n s m i s s i o n  l i n e .  This  

d e l a y  depends on t h e  p r e v i o u s  p at h  t h e  p a ck e t  t r a n s v e r s e d
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and the s t a t i s t i c s  o f  the  speech t a l k s p u r t .  T h e s e  can be 

m i n i m i z e d  by e f f i c i e n t  s i l e n c e  d e t e c t i o n  a l g o r i t h m s  to  

minimize the packet  r a t e .

The p r o p o g a t i o n  d e l a y  o f  t h e  p a c k e t s  i s  u s u a l l y  the  

d e l a y  o v e r  h i g h  s p e e d  t r a n s m i s s i o n  l i n e s  and i s  u s u a l l y  

smal l  and managable.

From e x p e r i m e n t s  p erf ormed on the  ARPANET [21,  u s ing  

packet  v o i c e ,  i t  was demonstrated t h a t :

1.  Packet  assembly  t ime v a r i e d  from ap prox imat e l y  

200msec ( f o r  5 . 6  p k t s / s e c )  to  50msec ( fo r  20 

p k t s / s e c ) .

2.  minimum t r a n s i t  t ime was un i formly  equal  to  

250msec for  5 . 6 p k t s / s e c  r a t e  to  20 p k t s / s e c  

t r a n s m i s s i o n  r a t e .

In p o i n t  to  p o i n t  v o i c e  communication over any network 

( c i r c u i t  or packet  s wi tched)  two requirements  must be met.

1.  synchronous output  o f  speech must be 

maintained to i nsu re  good q u a l i t y  speech  

a t  the  r e c e i v e r .

2.  e n d - to - en d  network d e l a y s  must be 

s mal l  such t h a t  the  c o n v e r s a t i o n  should  

be n a t u r a l .
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1 . 5  SCOPE OF THE RESEARCH

This  r e s e a r c h  p r o p o s a l  i s  c o n c e r n e d  w i t h  t h e  d e s i g n  

and use  o f  a p a c k e t  v o i c e  n e t w o r k  s i m u l a t o r  ( PVNS ) .  

A d a p t i v e  D e l t a  Modulat ion (ADM) w i l l  be used as  t he  s ource  

encoding scheme.  DM p r e s e n t s  an e f f i c i e n t  and i n e x p e n s i v e  

method to encode s pe ech  f o r  t o l l  q u a l i t y  t r a n s m i s s i o n  a t  

r e l a t i v e l y  l o w  b i t  r a t e s  ( 1 6 K b / s ) .  The ADM i s  a l s o  a 

r o b u s t  d e v i c e  t h a t  can t o l e r a t e  l i n e  e r r o r s  and " leak"  

t h e s e  e r r o r s  o f f ,  w i t h  s p e e c h  r e m a i n i n g  i n t e l l i g i b l e ,  a t  

er ro r  r a t e s  o f  l e s s  than 10 *.

P r e v i o u s  work [5] h as  shown t h a t  t h e  Song Voice  ADM 

(SVADM) has  a h i g h e r  dynamic  ra nge  ( 1 0 - 15 dB )  a t  a l l  b i t  

r a t e s  than t h e  c o n t i n u o s l y  v a r i a b l e  s l o p e  DM (CVSD) . The 

SVADM i s  a l s o  the  p r e f e r r e d  encoding scheme a t  r a t e s  lower  

than 1 6 K b / s .  Thus t h e  SVADM w i l l  be u se d  a s  t h e  s o u r c e  

encoding scheme in t h i s  r e s e a r c h .

With t h e  u s e  o f  t h e  PVNS v a r i o u s  e x p e r i m e n t s  w e r e  

p e r f o r m e d  t o  d e m o n s t r a t e  t h e  u s e f u l n e s s  o f  t h e  PVNS for  

network o p t i m i z a t i o n .  The exper iments  performed were:

1. V a r i a t i o n  o f  the  PVNS' parameters  for  

v a r i o u s  s i l e n c e / s p e e c h  ( s / s )  d e t e c t i o n  

a l go r i t h m s

2. S u b j e c t i v e  e v a l u a t i o n  o f  a two-way  

c o n v e r s a t i o n  wi th  f i x e d  d e l a y
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3. Network performance as  a f u n c t i o n  o f  

packet  l o s s  and random d e l a y

In t h e  f i r s t  p a r t  o f  t h e  s t u d y  two s / s  d e t e c t i o n  

s c h e m e s  ( d e s c r i b e d  b e l o w )  w a s  e x a m i n e d .  T h e  PVNS 

parameters  ( e . g .  V^, S^) was v a r i e d  to s u b j e c t i v e l y  examine  

the  q u a l i t y  o f  the  p roces s ed  s pe e c h .  The s t a t i s t i c s  o f  the  

p a c k e t  r a t e  and p a c k e t  l e n g t h  w i l l  be measured.  With the  

opt imi zed  parameters  t he  s e c o n d  p a r t  w i l l  examine the  e a s e  

o f  c a r r y i n g  o u t  a t w o - w a y  c o n v e r s a t i o n  a s  d e l a y  i s  

i n t r od u ce d .  The f i n a l  par t  w i l l  examine t he  q u a l i t y  o f  the  

p r o c e s s e d  s p e e c h  a s  p a c k e t  l o s s  and random d e l a y  a r e  

i n t r o d u c e d .

F i n a l l y ,  The performance o f  an ADM as  a voiceband data  

s i g n a l  i d e n t i f i e r  w i l l  be p r e s e n t e d .  The f e a s a b i l i t y  o f  

u s i ng  the d i g i t a l  output  o f  the  DM (SVADM) to e s t i m a t e  t h e  

s p e c t r u m  o f  voiceband modem data waveforms.  This  spectrum  

(or  c o r r e l a t i o n )  c a n  b e  u s e d  f o r  a u t o m a t i c  r o u t i n g  o f  

d a t a / v o i c e  b i t s  in a d i g i t a l  network environment .

1 . 6  SUMMARY OF RESULTS

In t h i s  the f i r s t  s e c t i o n ,  a b r i e f  o v er v i ew  Qf p a c k e t  

s w i t c h i n g  i s  p r e s e n t e d .  The n a t u r e  o f  p a c k e t  s w i t c h e d  

s y s t e m s ,  t h e i r  i n t e r c o n n e c t i o n  and d e l a y  r e l a t e d  i s s u e s ,  

whi ch  a r e  o f  i m p o r t a n c e  t o  p a c k e t  s w i t c h e d  v o i c e ,  a r e
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d i s c u s s e d .

In c h a p t e r  2 t h e  f i r s t  p a r t  o f  d i s s e r t a t i o n  r es e ar ch  

i s  p r e s e n t e d .  The i s s u e  o f  p a c k e t  s w i t c h e d  v o i c e ,  

c u r r e n t l y  b e i n g  i m p l e m e n t e d  o v e r  t e l e p h o n e  l i n e s  and 

numerous  l o c a l  area networks ,  i s  d i s c u s s e d .  The d e s i g n  o f  

a r e a l - t i m e  p a c k e t  v o i c e  n e t wo rk  s i m u l a t o r  i s  d e s c r i b e d  

along wi th  the  a s s o c i a t e d  hardware and s o f t w a r e  a s p e c t s .

Chapter 3 a d d r e s s e s  the  i mpo rt ance  o f  s i l e n c e / s p e e c h  

d e t e c t i o n .  T h i s  s e c t i o n  b r i e f l y  d e s c r i b e s  v a r i o u s  analog  

and d i g i t a l  s c h e me s  t h a t  e x p l o i t  t h e  n a t u r e  o f  s i l e n c e  

p e r i o d s  i n  c o n v e r s a t i o n a l  s p e e c h ,  t o  i n c r e a s e  c h a n n e l  

u t i l i z a t i o n .

Chapter 4 shows ex per i menta l  r e s u l t s  ob ta in ed  from the  

r e a l - t i m e  p a c k e t  v o i c e  s i m u l a t o r .  Packet  r a t e  s t a t i s t i c s  

and t r a n s m i t t e d  p a c k e t  s i z e  s t a t i s t i c s  a r e  p l o t t e d  along  

w i t h  w i t h  t h e  s u b j e c t i v e  r e s u l t s  o f  v a r i o u s  t h r e s h o l d  

v a l u e s  u s e d .  T h i s  i s  done  f o r  one o f  t he  s i l e n c e / s p e e c h  

d e t e c t i o n  a l g o r i t h m s ,  wh ere  t h e  o p t i m a l  p a r a m e t e r s  a r e  

c h o s e n .

In ch ap ter  5 t he  s e c o n d  p a r t  o f  t h e  d i s s e r t a t i o n  i s  

p r e s e n t e d .  I t  i s  shown t h a t  v a r i o u s  synchronous  modems can 

b e  d i s c r i m i n a t e d  o n e  f r o m  t h e  o t h e r ,  u s i n g  t h e  

a u t o c o r r e l a t i o n  f u n c t i o n  o f  t he  d i g i t a l  ou tpu t  o f  t he  d e l t a  

m o d u l a t o r .  T h i s  i s  d o n e  f o r  t h e  p u r p o s e  o f  d i r e c t l y  

demodulat ing the  analog  voiceband modem waveform. S i n c e  by 

d i r e c t  d e m o d u l a t i o n  o f  t h e  a n a l o g  waveform a t r em e n d o u s



s a v i n g s  i n  b a n dw i d th  can be ach i eved  over PCM encoding  

the  waveform.
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Chapter 2 

SPEECH TRANSMISSION SYSTEMS

P a c k e t  c o m m u n i c a t i o n s  i s ,  a s  d e s c r i b e d  e a r l i e r ,  a 

s.cheme which i s  s u i t e d  f o r  h a n d l i n g  t h e  b u r s t y  nature  o f  

data t r a f f i c .  Speech,  which i s  c h a r a c t e r i z e d  by b u r s t i n e s s  

and a high peak to  average  r a t i o ,  i s  an a t r a c t i v e  c an d id a te  

f o r  t h e  p a c k e t i z a t i o n  p r o c e s s  and w o u l d  i n c r e a s e  t h e  

t r a n s m i t t i n g  c h a n n e l ' s  u t i l i z a t i o n .

The p r i c e  p a i d  f o r  h i g h e r  c h a n n e l  u t i l i z a t i o n  i s  

packet  overhead  ( e . g .  h e a d e r s )  a l o n g  w i t h  p r o c e s s i n g  and 

q u e u e i n g  d e l a y s ,  w h i c h  add  t o  t h e  v a r i a b l e  d e l a y  

e x p e r i e n c e d  by t he  p a ck e t s  in t r a n s v e r s i n g  a network.  The 

most important  i s s u e  in a v o i c e  t r a n s m i s s i o n  environment  i s  

speech q u a l i t y .

M a i n t a i n i n g  s p e e c h  q u a l i t y  and t h e  n a t u r a l n e s s  o f  a 

c o n v e r s a t i o n  e n t a i l s  h a v i n g  c o n t i n u i t y  o f  p h r a s e s  and  

w o r d s .  The c o n t r o l  o f  a v e r a g e  e n d - t o - e n d  d e l a y ,  whi ch  

c o n t r i b u t e s  t o  t h e  c o n t i n u i t y  o f  s p e e c h ,  i s  o f  g r e a t  

importance to overcoming the p h y s i o l o g i c a l  e f f e c t  o f  d e l a y .

The c o n s i d e r a t i o n  o f  p a c k e t  s w i t c h i n g ,  f o r  s p e e c h  

c o m m u n i c a t i o n s ,  i s  t o  t a k e  advantage o f  the low b i t  r a t e s  

a v a i l a b l e  f o r  e n c o d i n g  s p e e c h  and t h e  s i l e n t  p e r i o d s  

i n h e re n t  in c o n v e r s a t i o n a l  s p e e c h .  P o t e n t i a l  s a v i n g s  in  

t r a n s m i s s i o n ,  wi th  r e s p e c t  to  64Kbps c i r c u i t  s w i tc h ed  v o i c e
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c o u l d  be g r e a t l y  i n c r e a s e d .  For example,  u s i ng  50% speech  

a c t i v i t y  and a 1 6 K b p s  e n c o d i n g  a l g o r i t h m  c h a n n e l  

u t i l i z a t i o n  can be i n c r e a s e d  by a f a c t o r  o f  8 [ (1 / . 5 )X

( 6 4 / 1 6 ) ] .

2 . 1  ISSUES IN PACKET SWITCHED VOICE

The t r a n s m i s s i o n  o f  spe ech ,  o v e r  a n e t wo rk  r e q u i r e s  

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

q u a l i t y  o f  r e a l - t i m e  c o n v e r s a t i o n a l  s p e e c h .  C o n t r o l  o f  

e n d - t o - e n d  d e l a y s  d u e  t o  t h e  v a r i a b i l i t y  o f  p a c k e t  

t r a n s m i s s i o n  i s  a l s o  o f  i m p o r t a n c e  i n  m a i n t a i n i n g  t h e  

n a t u r a l n e s s  o f  s p e e c h .  T he r e f o r e ,  i s s u e s  s u c h  a s  r o u t i n g  

and packet  p r o t o c o l s  must be a dd r es se d .

P a c k e t  v o i c e  p r o t o c o l s  i n  a s t o r e - a n d - f o r w a r d  

e n v i r o n m e n t  r e v o l v e  a r o u n d  two p o s s i b i l i t i e s ,  V i r t u a l  

c i r c u i t  and datagram s e r v i c e .  V i r t u a l  c i r c u i t  s e r v i c e  i s  a 

scheme whereby the  p a c k e t s ,  to  be t r a n s m i t t e d ,  t r a v e l  o v e r  

a p r e a s s i g n e d  p a t h  a n d  c o n s e q u e n t l y  a r r i v e  i n  t h e  

t r a n s m i t t e d  o r d e r  a t  t h e  r e c e i v i n g  e n d .  A l t h o u g h  t h i s  

p r o t o c o l  sounds a t t r a c t i v e  i t  has i t s  l i m i t a t i o n s ,  i n  t h a t  

a p a t h  must  be s e t  up i n i t i a l l y  and can l ead  to  c o n g e s t i o n  

a t  some n o d e s .  The a d v a n t a g e  i n c l u d e  c o m p o s i t e  p a c k e t  

p o s s i b i l i t i e s  and p r e s e r v a t i o n  o f  the  t r a n s m i t t e d  s eque nc e .  

Datagram s e r v i c e  i s  a scheme whereby p a c k e t s  t r a v e l  t h r u  

the  network over any a l l o w a b l e  path.  This  scheme,  a l though
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n o t  p r e s e r v i n g  the message sequence and the  added overhead  

o f  a d dr e s s i n g  ( a d d i t i o n a l  h e a d e r  i n f o r m a t i o n )  can be used 

a t  high t r a n s m i s s i o n  r a t e s .

R o u t i n g  s t r a t e g i e s  a r e  a l s o  o f  i m p o r t a n c e  and a r e  

r e l a t e d  t o  t he  p r o t o c o l s  use d.  The r ou t in g  s t r a t e g i e s  can 

be e i t h e r  f i x e d  or  a d a p t i v e  and a c o m b i n a t i o n  o f  both can 

be s u p p o r t e d  by a n e t w o r k .  T a b l e  2 . 1 . 1  arid 2 . 1 . 2  l i s t  

advantages  o f  the  p ack et  v o i c e  p r o t o c o l s  and o f  t he  r ou t in g  

s t r a t e g i e s  mentioned above.

T h e  i s s u e  o f  o p t i m a l  p a c k e t  s i z e  f o r  s p e e c h  

t r a n s m i s s i o n  i s  a l s o  o f  i m p o r t a n c e  t o  i n s u r e  n et work  

e f f i c i e n c y .  A s t u d y  performed [26] to  o p t i m i z e  t h e  p a c k e t  

s i z e  u s e d  t r a d e o f f  b e t w e e n  p a c k e t i z a t i o n  d e l a y  (which  

d e c r e a s e s  w i t h  p a c k e t  s i z e )  and n et wo rk  d e l a y  ( i n c r e a s e s  

with p a c k e t  s i z e ) .  V a l u e s  o f  p a c k e t  s i z e  from 300 b i t s  

( f o r  low s p e e d  v o c o d e r s )  t o  700 b i t s  ( f o r  PCM encoding)  

were found t o  be o p t i m a l  and r e s u l t s  i n  p a c k e t  r a t e s  o f  

1 5 - 3 0  p k t s / s e c .  T h i s  r a t e  i s  v e r y  h i g h  and f rom work  

p e r f o r me d  on l a r g e  s t or e - a n d - f o r w a r d  networks would r e s u l t  

in e x t r em e ly  high d e l a y s [ 2 ] .  T a b l e  2 . 1 . 3  l i s t s  t he  e f f e c t  

t h a t  p a c k e t  s i z e  h a s  on t h e  p e r f o r m a n c e  o f  a p a c k e t  

swi tched network.

2 . 2  ELEMENTS OF SPEECH PACKETIZATION

S p eech  t r a n s m i s s i o n  o v e r  any communicat ions  network
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( c i r c u i t  swi tched as w e l l  as p acket  swi tched)  i s  i n . r e a l i t y  

a p o i n t  to  p o i n t  t r a n s m i s s i o n ,  t h e  g e n e r a l i z e d  form o f  a 

packet  swi tched network ( f i g  1 . 1 . 1 )  can be s i m p l i f i e d  as  

shown i n  f i g u r e  2 . 2 . 1 .  This  i s  t h e  g e n e r a l i z e d  p acket  ( in  

our c a s e  packet  v o i c e )  s w i t c h i n g  network system model with  

which we w i l l  be working.

At the t r a n s m i t t i n g  end an a n a l o g  s p e e c h  waveform i s  

e n c o d e d  i n t o  a b i n a r y  s e q u e n c e  b i t  s t r e a m ,  s i n c e  a 

c o n v e r s a t i o n  i s  c o n t i n u o u s  ( s i l e n t  p e r i o d s  a r e  a l s o  

en co d ed ) ,  t h i s  b i t  s t r e am  i s  t h e n  f e d  i n t o  a p a c k e t i z e r .  

The p a c k e t i z e r  e x a m i n e s  t h e  b i t  s t r ea m t h a t  i s  genera ted  

and e f f i c i e n t l y  d e t e c t s  t h e  s t a r t  and t h e  end o f  s pe e c h  

t a l k s p u r t s .  At t h e  i n s t a n c e  o f  s p e e c h  d e t e c t i o n  t h e  

p r o c e s s  o f  p a c k e t i z a t i o n  b e g i n s .  The speech  "t a l ks pur t"  i s  

a f u n d a m e n t a l  concept  o f  the  p a c k e t i z a t i o n  p r o c e s s  and was 

d e f i n e d  by Brady [11] as  f o l l o w s :

1) Speech power e xc e e d i ng  a t h r e s h o l d  v a l ue  

f or  a t ime g r e a t e r  than 15msec.

2) S e p e r a t i o n  from ne i ghbo ri ng  t a l k s p u r t s  by 

a t ime i n t e r v a l  known as  a hangover.

The t a l k s p u r t  d e f i n i t i o n  i s  i l l u s t r a t e d  i n  f i g u r e  

2 . 2 . 2 .  T h i s  f i g u r e  c l e a r l y  shows t h a t  i f  t h e  h a n g o v e r  

p e r i o d  i s  l e s s  than a s p e c i f i c  value- the  p e r i o d s  o f  t a l k e r  

a c t i v i t y  c o n s t i t u t e  a s i n g l e  t a l k s p u r t .  The 15msec
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t h r e s h o l d  va l ue  i s  a means to  d i s t i n g u i s h  s p e e c h  a c t i v i t y  

from i m p u l s i v e  background n o i s e .  As d i s c u s s e d  above the  

hangover i s  used t o  b r i d g e  s h o r t  s i l e n c e  p e r i o d s  w i t h i n  a 

t a l k s p u r t .  Hangover  v a l u e s  o f  1 6 0 - 2 4 0 m s e c  a r e  t y p i c a l .  

The s p e e c h  power t h r e s h o l d  t h a t  i s  used for  d e f i n i n g  the  

speech t a l k s p u r t  should depend on t he  hangover v a l u e  ( e . g .  

- 4 0  dB f o r  2 0 0 m s e c  ( r e l a t i v e  v a l u e  o f  0 dB i s  w h e r e  

o ver l oad  o c c u r s ) ) .

At t h e  s t a r t  o f  t h e  p a c k e t i z a t i o n  p r o c e s s  the packet  

net work' s  system t ime (which must  be e s t a b l i s h e d  in common 

by a l l  s p e a k e r  l o c a t i o n s )  i s  added to  t h e  h e a d e r  o f  t h e  

p a c k e t ,  f o r  l a t e r  u s e  a t  t h e  r e c e i v i n g  e n d .  The  

t imestamping o f  t h e  p a c k e t s  i s  o f  i m p o r t a n c e  t o  p r e s e r v e  

the  c o n t i n u i t y  o f  the s p e e c h .  F i g u r e  2 . 2 . 3  a and b show 

t h e  p a c k e t i z a t i o n  p r o c e s s  o f  a s p e e c h  t a l k s p u r t .  When 

s i l e n c e  i s  d e t e c t e d  t he  p a c k e t i z a t i o n  p r o c e s s  ends o n l y  to  

be r e s t a r t e d  by f u r t h e r  speech a c t i v i t y .

When p a c k e t s  are  f o r m e d ,  t h e y  are  p r e s e n t e d  to  t h e  

p a c k e t  s u b n e t w o r k .  W i t h i n  t h i s  s u b n e t  t h e  p a c k e t s  a r e  

r o u t e d  from node t o  node v i a  w h a t e v e r  r o u t i n g  a l g o r i t h m  

t h a t  has been e s t a b l i s h e d  on t h a t  network.  S ince  the  path  

any one packet  t r a v e l s  over the  s u b n e t  i s  n o t  n e c e s s a r i l y  

t h e  same a s  a n o t h e r  p a c k e t ,  t h e  p a c k e t s  s u f f e r  random 

d e l a y ,  and do not  n e c e s s a r i l y  a r r i v e  a t  t he  r e c e i v e r  in t he  

same order as  t h e y  have been t r a n s m i t t e d  i n ,  t h i s  i s  shown 

in f i g u r e  2 . 2 . 3 c .  Due to the  random a r r i v a l  o f  the  p a c k e t s
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a t  t he  r e c e i v e r  t h e y  must  be c o r r e c t l y  r e a s s e m b l e d  f o r  

p l a y b a c k .

To r e c o n s t r u c t ,  in the c o r r e c t  o r d e r ,  the  t r a n s m i t t e d  

p a ck et s  i t  i s  n e c e s s a r y  t h a t  the  r e c e i v e r  check the p r e s e n t  

system t ime with t h e  p a c k e t  f o r m a t i o n  t ime  ( s t o re d  in the  

h e a d e r ) .  The p a c k e t  i s  t h e n  i n s e r t e d  a t  t h e  c o r r e c t  

l o c a t i o n ,  r e l a t i v e  to  the o ther  p a c k e t s ,  w i t h i n  the output  

b u f f e r ,  as  shown i n  f i g u r e  2 . 2 . 3 d .  I f  t h e  packet  a r r i v e s  

a f t e r  i t  s h o u l d  have  been  o u t p u t  i t  i s  d i s c a r d e d  ( l o s t  

p a c k e t )  a s  i l l u s t r a t e d  in f i g u r e  2 . 2 . 3 e ,  which shows one 

p a c k e t  o f  t h e  t a l k s p u r t  t h a t  i s  d i s c a r d e d .  The p a c k e t s  

being in t he  c o r r e c t  s e q u e n c e  a t  t h e  r e c e i v e r  b u f f e r  a r e  

then d e p a c k e t i z e d .

Th e  d e p a c k e t i z a t i o n  p r o c e s s  i n v o l v e s  s e r i a l l y  

o u t p u t t i n g  t he  b i t  s tream through a decoder and playback i s  

achi eved  a t  the  r e c e i v i n g  end.

2 . 3  PACKET VOICE NETWORK SIMULATOR (PVNS)

The p a c k e t  v o i c e  n e t w o r k  s i m u l a t o r  e f f e c t i v e l y

s i m u l a t e s  a packet  s wi tched  network environment .  The block1
diagram o f  the  PVNS i s  shown in f i g u r e  2 . 3 . 1 .

The p a c k e t  n e t w o r k  f u n c t i o n s ,  e . g .  p a c k e t i z e r ,  

c o m m u n i c a t i o n s  s u b n e t w o r k  and d e p a c k e t i z e r  a r e  a l l  

performed by a PDP 1 1 / 3 4  m i n i c o m p u t e r .  These  f u n c t i o n s  

which b a s i c a l l y  c o n s t i t u t e  t h e  p a c k e t  n e t w o r k  a r e  t h e
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s o f t w a r e  a s p e c t s  a s s o c i a t e d  wi th  the s i m u l a t o r .

The hardware  a s p e c t  o f  t he  PVNS i s  b a s i c a l l y  the  data  

c o n n e c t i n g  e q u i p m e n t .  The hardware  p o r t i o n  o f  t h e  PVNS 

u s e s  a s e r i a  1 / p a r a  11 e l  ( t r a n s m i t t i n g  e n d )  c o n v e r t e r  

a t t a c h e d  t o  an e n c o d e r  a t  t h e  i n p u t .  The o u t p u t  i s  

connected  t o  a p a r a l l e l / s e r i a l  c o n v e r t e r  ( r e c e i v i n g  end) 

whi ch  i s  i n  t u r n  c o n n e c t e d  t o  a d e c o d e r .  f o r  t h i s  

s i m u l a t o r  b ot h  t h e  i n p u t  and t h e  o u t p u t  a r e  m u l t i p l e x e d  

between two c h a n n e l s .

The s i m u l at o r  a l l o w s  f o r  t h e  s t u d y  o f  p ack et  v o i c e  in 

r e a l  t ime .  The s u b j e c t i v e  s tu dy  o f  a two way c o n v e r s a t i o n  

t o  exami ne  t h e  a s p e c t s  o f  d e l a y  on a c o n v e r s a t i o n  i s  a l s o  

made p o s s i b l e .  The s t a t i s t i c s  o f  a one  way c o n v e r s a t i o n  

a long w i t h  v a r i o u s  q u a l i t a t i v e  and q u a n t i t a t i v e  a s p e c t s  

a s s o c i a t e d  w i t h  t h e  p a c k e t i z a t i o n / d e p a c k e t i z a t i o n  p r o c e s s  

are  a l s o  f e a s i b l e .

2 . 3 . 1  HARDWARE CONFIGURATION

A PDP 11/34  minicomputer  was used  along wi th  a DR11-K 

p a r a l l e l  i n p u t / o u t p u t  i n t e r f a c e ,  to  con nec t  the  computer to 

the  e x t e r n a l  d e v i c e s .  The s p e c i f i c a t i o n  o f  t h e  c o n t r o l  

d e v i c e  ( d a t a  c o n n e c t i n g  e q u ip me n t )  used to  i n t e r f a c e  the  

e x t e r n a l  d e v i c e s ,  t h e  d a t a  t e r m i n a t i n g  e q u i p m e n t  

( c o n s i s t i n g  o f  a p a i r  o f  e n c o d e r / d e c o d e r )  to  t h e  c omputer  

( us ing  TTL l o g i c  ICs) i s  as  f o l l o w s :
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1) 16 b i t  p a r a l l e l  input  (output)  to (from) the  

computer f or  each ch a nn e l .

2) 16 b i t  p a r a l l e l  to  (from) s e r i a l  c o n v e r s i o n  at  

t he  decoder  ( e n c o d e r ) .

F i g u r e  2 . 3 . 1 . 1  shows how the  speech data input  to  the

PDP 11/34  i s  a c c o m p l i s h e d .  An a n a l o g  s p e e c h  waveform i s

encoded by two i ndependent  e n c o d e r s ,  which  a r e  c l o c k e d  by

an e x t e r n a l  s o u r c e .  The samp led  d a t a  i s  t h e n  s e r i a l l y

i nput  t o  16 b i t  s h i f t  r e g i s t e r s  s i m u l t a n e o u s l y  (one  for
t  heach e n c o d e r ( c h a n n e l ) ) .  C o r r e s p o n d i n g  t o  t h e  16 b i t ,  

data i s  l a t c h e d  i n t o  a m u l t i p l e x e r  which p r e s e n t s  i t  to  the  

DR—1 IK p a r a l l e l  i n t e r f a c e .  Upon s t o r i n g  t h e  f i r s t  data  

word i n to  the  main memory t h e  DR-11K i s s u e s  a s i g n a l  which 

c a u s e s  t h e  o t h e r  c h a n n e l ' s  d a t a  t o  be  l o a d e d  i n t o  t h e  

m u l t i p l e x e r  and a s i m i l a r  p r o c e s s  o f  s t o r i n g  t h e  data word 

i n t o  the PDP 11 / 34  i s  p e r f o r m e d .  The rea d in g  o f  the  data  

from the  DR-11K input  b u f f f e r  to the  PDP 11/34  cache memory 

i s  performed by the  s o f t w a r e  p o r t i o n  o f  the  PVNS.

The o u t p u t  o f  t h e  d a t a  t o  t h e  d a t a  c o n n e c t i n g  

e q u i p m e n t  i s  s hown in  f i g u r e  2 . 3 . 1 . 2 .  The d a t a  t o  be  

out put  i s  t r a n s f e r r e d  from t h e  PDP 11/34  cache  memory i n t o  

the  DR-11K output  b u f f e r .  From the  output  b u f f e r  t h e  d a t a  

i s  t r a n s f e r r e d  i n to  a m u l t i p l e x e r ,  which in turn t r a n s f e r s  

the  data to s h i f t  r e g i s t e r s  p e r f o r m i n g  the p a r a l l e l / s e r i a l
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c o n v e r s i o n  p r o c e s s .  A f t e r  t h e  data f o r  t h e  f i r s t  c h a n n e l  

i s  e n t e r e d  i n t o  t h e  o u t p u t  m u l t i p l e x e r ,  c o n t r o l  c i r c u i t r y  

s i g n a l s  the  DR-11K to o u t p u t  t h e  o t h e r  c ha n n e l s  data word.  

A s i m i l a r  p r o c e s s  i s  then performed on t h e  s e c o n d  c h a n n e l  

t o  o u t p u t  t h e  data s e r i a l l y .  The data which i s  p r e s e n t  in  

the output  p a r l l e l / s e r i a l  s h i f t  r e g i s t e r s  i s  then c l ock ed  

o u t  a t  t h e  r a t e  o f  t h e  e x t e r n a l  c l o c k  t o  a p a i r  o f  

d e c o d e r s .

C o n t i n u o u s  b i t  s t r e a m s  a r e  t h u s  g e n e r a t e d  f o r  t h e  

d e c o d e r s  o f  b o t h  c h a n n e l s .  I t  i s  n o t e d  t h a t  d a t a  i s  

read out  o f  t h e  co mp ut er  a f t e r  e v e r y  r e a d - i n  o p e r a t i o n .  

The s p e e d  o f  o p e r a t i o n  o f  the  PVNS i s  l i m i t e d  to the  speed  

o f  w r i t i n g  i n  and o u t  o f  t h e  PDP 1 1 / 3 4  ( e . g .  ma chine

i n s t r u c t i o n  c y c l e  t ime)  and t he  r a t e  o f  t he  e x t e r n a l  c l o c k .

2 . 3 . 2  SOFTWARE CONFIGURATION

The PVNS, as  d i s c u s s e d  p r e v i o u s l y  s i m u l a t e s  a p a c k e t  

s w i t c h e d  c o n m m u n i c a t i o n s  s u b n e t w o r k  f o r  two i nd ep en d en t  

v o i c e  c h a n n e l s .  The s i m u l a t i o n  p r o g r a m  c o n s i s t s  o f  

approx imat e l y  600 l i n e s  o f  machine l a n g u a g e  i n s t r u c t i o n s ,  

whi ch  a l l o w s  for  the r e a l - t i m e  o p e r a t i o n  o f  the  s i m u l a t o r .  

The g e n e r a l  f l o w  d i a g r a m  o f  t h e  s i m u l a t o r  i s  shown in  

f i g u r e  2 . 3 . 2 . 1 .

The f i r s t  s t e p  taken by the  program i s  t o  i n i t i a l i z e  

t h e  d a t a  a r e a  t h a t  i s  u s e d  by t h e  s i m u l a t o r .  F i g u r e
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2 . 3 . 2 . 2  shows how the data a r e a ,  o f  one o f  the two c ha nn e l s  

i s  a p p o r t i o n e d .  Memory l o c a t i o n s  0 thru 262g are used for  

c o n t r o l ,  d a t a  and p o i n t e r s .  Some o f  t h e s e  i n c l u d e  t h e  

c h a n n e l ' s  s t a t u s  r e g i s t e r ,  t h e  i n p u t  and o u t p u t  w o r d s ,  

v a r i o u s  p o i n t e r s  e t c .  L o ca t i o ns  264g thru 362g are  used as  

a s h i f t  word r e g i s t e r ,  Th es e  s t o r e  t h e  l a t e s t  64 b y t e s  o f  

d a t a .  From l o c a t i o n  1000g onwards t h e r e  are 256 b l o c k s  o f  

p a c k e t  c o n t r o l  words (headers  a s s o c i a t e d  wi th  the p ack et s )  

and d a t a  b u f f e r  a r e a  ( p a c k e t  b u f f e r s )  . The d a t a  a r e a  

d e d i c a t e d  to  a channel  co mpr i ses  4K b y t e s  (256 b l o c k s  along  

w i t h  p o i n t e r s ,  s t a t u s  r e g i s t e r  e t c . )  and 32K b y t e s  o f  

p a c k e t  b u f f e r  s p a c e  used  f o r  each  v o i c e  c h a n n e l .  T h i s  

makes a t o t a l  o f  36K b y t e s  o f  memory used for  each channel  

o f  t h e  PVNS. The p a c k e t s  t h a t  a r e  c r e a t e d  by  t h e  

i n i t i a l i z a t i o n  p r o c e s s  a r e  formed in a chain  l i k e  manner,  

as shown i n  f i g u r e  2 . 3 . 2 . 3 .  These  p a c k e t  c o n t r o l  words  

(PCW) are aranged in a manner t h a t  one p acket  p o i n t s  t o  the  

next  and the  p r e v i o u s  p a c k e t s ,  a long wi th a p o i n t e r  t o  t h e  

d a t a  b u f f e r  area a s s o c i a t e d  wi th  t h a t  p a r t i c u l a r  PCW. The 

b u f f e r  data a r e a  s t o r e s  t h e  a c t u a l  i n f o r m a t i o n  b i t s  t h a t  

a r e  i n p u t  from t h e  e x t e r n a l  h a r d w a r e  t h r u  t h e  DR-11K 

i n t e r f a c e .

A f t e r  t h e  i n i t i a l i z a t i o n  p r o c e s s  i s  c o m p l e t e d  t h e  

s i m u l a t i o n  s t a r t s  as  f o l l o w s :  Two words are  read i n t o  and

two words are  read out  from the  PDP 1 1 / 3 4  main memory,  as  

d e s c r i b e d  i n  t he  p r e v i o u s  s e c t i o n .  At t h i s  point ,  the  base



2 6

addres s  r e g i s t e r  i s  s e t  t o  p o i n t  t o  data area d e d i c a t e d  to  

the  f i r s t  c h an n e l .  A f t e r  the  i n p u t / o u t p u t  o p e r a t i o n s  a r e  

c o m p l e t e d ,  t h e  p r o c e s s i n g  o f  t h e  i n p ut  data i s  performed  

s e q u e n t i a l l y  for  e a c h  o f  t h e  two c h a n n e l s  f o l lo we d  by the  

o utput  p r o c e s s i n g .  When the p r o c e s s i n g  f o r  b ot h  c h a n n e l s  

i s  c o m p l e t e d ,  two words  a r e  i n p u t  and output  to  and from 

the  encoder and decoder  p a i r s  and the p r o c e s s  c o n t i n u e s .

F i gu re s  2 . 3 . 2 . 4  and 2 . 3 . 2 . 5  show t h e  o p e r a t i o n  o f  the  

input  and output  o p e r a t i o n s  o f  t h e  PVNS. The p r o c e s s i n g  

s e q u e n c e  s t a r t s  w i t h  t h e  i n p u t  p r o c e s s i n g  p o r t i o n  o f  the  

s i m u l a t o r .  The p r o c e s s  o p e r a t e s  on the data as  f o l l o w s :

1) Voi ce  d e t e c t i o n  ( i f  in s i l e n c e  mode)

2) S i l e n c e  d e t e c t i o n  ( i f  in v o i c e  mode)

3) A l l o c a t i o n  o f  the  packet  b u f f e r

4) Random d e l a y  t ime g e n e r a t i o n  ( wi th c o n s t a n t  

added d e l a y ,  i f  d e s i r e d  )

5) I n s e r t i o n  o f  packet  b u f f e r  i n to  the proper  

l o c a t i o n  o f  t h e  output  packet  b u f f e r  pool  

(chain)  .

6) C on t in ua t io n  o f  P a c k e t i z a t i o n ,  f or  as  long  

as  the  s im ul a to r  i s  in v o i c e  mode

The o u t p u t t i n g  o f  d a t a  i s  done s e q u e n t i a l l y  f o r  both  

ch an ne l s  a f t e r  the  i n p u t t i n g  o f  data as  f o l l o w s :
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7) Comparison o f  packet  output  t ime wi th  p r e s e n t  

system t ime and d e c i s i o n  to  output

8) Output t ing  o f  e i t h e r  words from output  packet  

b u f f e r  area or s i l e n c e  p a t t e r n s  ( i f  in s i l e n c e  

mode) .

To p e r f or m  t h e s e  t a s k s  we d i v i d e  t h e  p a c k e t  b u f f e r  

a r e a  f o r  e a c h  c h a n n e l  i n t o  t h r e e  d i f f e r e n t  packet  b u f f e r  

c h a i n s  ( r e f e r  t o  f i g u r e  2 . 3 . 2 . 3 ) .  T he s e  a r e  t h e  i d l e  

c h a i n ,  input  cha i n  and out put  c h a i n .  At i n i t i a l i z a t i o n  a l l  

the  p a ck e t s  c r e a t e d  are a s s i g n e d  t o  what  we c a l l  t h e  i d l e  

p a c k e t  c h a i n .  When s p e e c h  i s  d e t e c t e d  by the s i m u l a t o r ,  a 

p acket  i s  a c q u i r e d  from t h e  i d l e  b u f f e r  c h a i n  and p laced  

w i t h i n  the input  p acket  c h a i n .  The p r e v i o u s l y  s t o r e d  words  

(from the s h i f t  word r e g i s t e r )  and t h e  n e w l y  a r r i v e d  word 

are s to re d  in t he  packet  b u f f e r  a r ea .  The p a ck et s  t h a t  are  

p laced  to the  input  cha in  are t ime stamped with the  p r e s e n t  

s y s t e m  t i m e  a l o n g  w i t h  a random and p o s s i b l y  f i x e d  d e l a y  

and are  then i n s e r t e d  in i n c r e a s i n g  order for  t r a n s m i s s i o n  

to t he  output  b u f f e r  c h a i n .

When a new p a ck et  i s  c r e a t e d  and i t s  o u t p u t  t i m e  i s  

a s s i g n e d  ( s t a mp e d) ,  t he  packet  should be i n s e r t e d  i n to  the  

proper l o c a t i o n  w i t h i n  t h e  o u t p u t  b u f f e r  c h a i n .  This  i s  

done by a s e a r c h i n g  o p e r a t i o n  p e r f o r m e d  on t h e  o u t p u t  

c h a i n .  P r o c e s s  n u m b e r  4 ( l i s t e d  a b o v e )  r e q u i r e s  

c o n s i d e r a b l e  p r o c e s s i n g  t i m e .  For e x a m p l e ,  t he  number o f
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output  p ack et s  which e x i s t  in the  o u t p u t  b u f f e r  c h a i n  can  

be g r e a t e r  than 40 in some i n s t a n c e s .  S ince  the  per iod  o f  

t i m e  t h a t  i s  p o s s i b l e  f o r  e a c h  i n p u t / o u t p u t  ' c y c l e '  i s  

l i m i t e d  ( input  to the  computer i s  con t i nu ou s)  for  r e a l  t ime  

o p e r a t i o n .  ' Cy c l e '  i s  d e f i n e d  as  t he  u n i t  o f  t ime from the  

input  o f  a channel  to  t he  next  i n p ut  o f  t h e  same c h a n n e l .  

The c y c l e  i s  t h e r e f o r e  a f u n c t i o n  o f  t h e  e x t e r n a l  c l o c k  

r a t e  and a l l  o f  t h e  s y s t e m  t i m e  v a l u e s  a r e  n ormal i ze d  to  

t h i s  u n i t .  P r o c e s s e s  n o s .  4 and 5 wh ich  a r e  p er f o r m e d  a t  

t h e  t i m e  o f  new p a c k e t  c r e a t i o n ,  a r e  t i m e  d i v i d e d  i n t o  

s e v e r a l  s e q u e n t i a l  t a s k s .  Each o f  t h e s e  t a s k s  i s  executed  

w i t h i n  the s i n g l e  word (16 b i t s )  p r o c e s s i n g  c y c l e .  I f  N 

c y c l e s  o f  the  search  o p e r a t i o n  are performed to l o c a t e ,  f or  

i n s e r t i o n  o f  t h e  p a c k e t  i n t o ,  t h e  proper  l o c a t i o n  in the  

o u t p u t  b u f f e r  c h a i n .  N+3 c y c l e s  in  t o t a l  a r e  n eed ed  to 

complete  t he  p r o c e s s i n g .

2 . 3 . 3  RANDOM NUMBER GENERATOR

The random number  g e n e r a t o r  (RNG) i s  o f  g r e a t  

i m p o r t a n c e  t o  t h e  PVNS. I t  i s  used for  g e n e r a t i n g  random 

t ime d e l a y s  in s i m u l a t i n g  t h e  ne twork d e l a y  ex pe r i en c ed  by 

t he  p a c k e t s  t r a n s v e r s i n g  the  n e t  and as  p a rt  o f  t h e  p a c k e t  

l o s s  mechanism.

The numbers g en er at e d  by t he  RNG should in r e a l i t y  be 

c a l l e d  p s e u d o - r a n d o m ,  b e c a u s e  t h e y  a r e  o b t a i n e d  from a
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determined c a l c u l a t i o n .  However ,  t h e  n u m b e r s ' g e n e r a t e d  

p a s s  many o f  t h e  s t a t i s t i c a l  t e s t s  f or  randomness.  S i nce  

t h e s e  numbers a r e  o b t a i n e d  from a known c a l c u l a t i o n  the  

s e q u e n c e  w i l l  e v e n t u a l l y  r e p e a t .  The n u m b e r s  t h a t  a 

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

o f  i t s  p e r i o d .  Some p r o c e s s e s  d e g e n e r a t e  r e p e a t i n g  the  

same number ( u s u a l l y  0) w h i l e  o t h e r  p r o c e s s e s  w i l l  produce  

v ery  s h o r t  s e qu e n c e s .

There are  two s chemes  g e n e r a l l y  used  f o r  g e n e r a t i n g  

random numbers.  The numbers are  g en er at e d  s e q u e n t i a l l y  and 

de r i ve d  in a s impl e  way from numbers p r ec ee d in g  i t .  In one 

way t h e  number i s  o b t a i n e d  by a p r o c e s s  o f  a d d i t i o n ,  in 

another  way by m u l t i p l i c a t i o n .

The most commonly u se d  method t o  g e n e r a t e  RNs i s  the  

m u l t i p l i c a t i v e  and i s  as  f o l l o w s :

X . . = CX ( m o d u l o  w o r d  l e n g t h  o f  t h en+1 n
machine)

The m u l t i p l i c a t i v e  RNG p r o c e s s  can  e a s i l y  be s e e n .  

Each number o f  t h e  s e q u e n c e  d e t e r m i n e s  t h e  f o l l o w i n g  

number, e t c .  The main problem i n v o l v e s  the  s e l e c t i o n  o f  C 

( m u l t i p l i e r )  and X0 ( s e e d ) .  The RN p r o c e s s  i s  d e s c r i b e d  by 

Hamming in  [ 27]  s t a t e s  t h a t  C as  w e l l  as  X0 should be odd 

numbers.

A l l  odd numbers C can  be  w r i t t e n  in t h e  f o l l o w i n g
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ways :

8 t * l  and 8ti,3 

f or  some t  [ 2 7 ] .
k-2I t  i s  proved t h a t  C=8t-3 w i l l  have a per i od  o f  2 - 1 ,

where k i s  t he  number o f  b i t s  used  i n  t h e  c a l c u l a t i o n  by 

the  machine.

F i g u r e  2 . 3 . 3 . 1  l i s t s  t h e  program t h a t  was used  to  

g e n e r a t e  t he  random numbers.  V a l u e s  o f  37 were chosen for  

both the  seed and the m u l t i p l i e r .  This  number was found by 

us i ng  t=5 in t he  formula above and would s u g g e s t  a sequence  

o f  l e n g t h  equal  to  2 ^ ^  ^ - 1  ( 2 ^ - 1 )  = 8191 numbers  would  

be p o s s i b l e .

L i n e s  3 t o  6 o f  t he  RNG program e s t a b l i s h  the  maximum

numerical  v a l u e  o f  t h e  RNG, which  i s  l i m i t e d  to  the  v a l ue

s t o r e d  i n  BL. L i n e s  7 t o  9 m u l t i p l y  t h e  s e e d  [ a n d

s ubsequent  random numbers (not  l i m i t e d  by t h e  v a l u e  BL)] by

t h e  m u l t i p l i e r .  L i n e s  10 and 11 t a k e s  t h e  v a l u e ,  which

r e s u l t s  from t h e  m u l t i p l i c a t i o n ,  and by o p e r a t i n g  on t h a t

number l i m i t s  the  v a l u e  o f  t h e  RNs t o  g e n e r a t e  a maximum 
B Lv al ue  o f  2 -1 ( e . g .  BL=7 corresponds  to  a maximum v a l u e  o f

27- l = 1 2 7 ) .

T e s t s  were  p e r f o r m e d  on t h e  RNG program to f i nd  the  

p e r i o d  o f  t h e  s e q u e n c e  and t h e  d i s t r i b u t i o n  o f  t h e  RN 

g e n e r a t e d .  Figure  2 . 3 . 3 . 2  shows the  measured per i od  o f  the
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RN s e q u e n c e  u s i n g  C and X^=37 f o r  v a r i o u s  BL. T h i s  

measurement  was done by comparing the f i r s t  few g en er at e d  

RNs wi th s u b s e q u e n t l y  g e n e r a t e d  v a l u e s .  E x c e p t  for  BL=2 

v a l u e s  for BL g r e a t e r  than 4 produced t h e  e x p e c t e d  l e n g t h  

of  the  sequence equal  to  8191.

F i g u r e  2 . 3 . 3 . 3  shows  t h e  p e r i o d  o f  t h e  RN s e q u e n c e  

with C=37 and s e v e r a l  v a l u e s  o f  X0 . I t  i s  s e e n  t h a t  f or  

odd v a l u e s  o f  X0 t he  maximum p e r i o d  i s  p r o du ce d  and even  

v a l u e s  p r o d u c e  a s e q u e n c e  l e s s  t h a n  maximum. F i g u r e  

2 . 3 . 3 . 4  shows t h a t  i f  t h e  m u l t i p l i e r  i s  changed  and the  

seed i s  both even and odd the sequence l e n g t h  i s  very  s h o r t  

(and a t  t im es  d e g e n e r a t i v e ) .  The d i s t r i b u t i o n  o f  t h e  RNG 

was  a l s o  p e r f o r m e d  and i t  was found t o  have  a u n i f o r m  

d i s t r i b u t i o n  (as e x p e c t e d ) .

Assuming an e x t e r n a l  c l o c k  r a t e  o f  16Kbps ,  1024 b i t  

p a c k e t  l e n g t h  a n d  c o n t i n u o u s  s p e e c h  ( c o n t i n u o u s  

p a c k e t i z a t i o n )  we are i n t e r e s t e d  in how much t ime the  RNG' s  

s e q u e n c e  l a s t s .  S i n c e  a RN i s  added t o  t h e  h e a d e r  a t  

packet  c r e a t i o n ,  a sequence o f  l e n g t h  equal  t o  8191 i m p l i e s  

t h a t  the RN does  not  r e p e a t  f o r  524 s eco nd s  (8 minutes  and 

44 s e c o n d s ) .  F o r  c o n v e r s a t i o n a l  s p e e c h ,  w h e r e  

p a c k e t i z a t i o n  d o e s  n o t  o c c u r  c o n t i n u o u s l y  t h e  s e q u e n c e  

could l a s t  for  as  much as  2 . 5  t imes  l o n g e r .
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V i r t u a l  c a l l

1 C a l l  s e tu p p a c k e t s

2 c a l l  s t o r a g e  t ime

3 c a l l  o p t i o n  p r o c e s s i n g

4 c omp os i t e  p a c k e t  p o s s i b i l i t y

Datagram

1 a d d r e s s i n g  overhead i n  
e v e r y . p a c k e t

2 P o t e n t i a l  f o r  h i g h  speed  
t r a n s m i s s i o n

3 message sequence  n o t  
p r es e rv ed

Table  2 . 1 . 1 Packet  V o i ce  P r o t o c o l s
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Fix ed  Path

1 Abbrev ia t ed  headers

2 Delay s u b j e c t  t o  l o c a l  
c o n j e s t i o n

3 c a l l  l o s t  i f  path f a i l s

Ad ap t iv e  Rout ing

1 Overhead due t o  r o u t i n g  t a b l e  
updat i ng

2 Robust a g a i n s t  f a i l u r e  -•

3 Reduct ion i n  d e l a y  by l o c a l  
c o n j e s t i o n  av oi da nce

4 Must be c o n s t r a i n e d  f o r  heavy  
l o a d

Table  2.1 2 Routing S t r a t e g i e s



Long Packets

1 Good Overhead e f f i c i e n c y
2 l o n g e r  queue d e l a y
3 Shor t er  p r o c e s s i n g  d e l a y
4 l e s s  p r o c e s s i n g  c o m pl e x i t y

Short  Pa cke ts

1 Low overhead e f f i c i e n c y
2 S h o r t er  queue d e l a y
3 l o n g e r  p r o c e s s i n g  d e l a y
4 g r e a t e r  p r o c e s s i n g  c o m p l e x i t y

Table  2 . 1 . 3 Packet  s i z e  t r a d e o f f



DECODERENCODER PACKETIZER DEPACKETIZER

PACKET
SWITCHED
NETWORK

Figure  2 . 2 . 1  Packet  v o i c e  t r a n s m i s s i o n  system

ioU1
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Speech
Activity

Active•

Off
^ Hang 

- o v e

TalkspurtTalkspurtTalksprt

F ig ure  2 . 2 . 2  D e f i n i t i o n  o f  a Ta lk sp urt
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— *
1 A n t i c i p a t o r y  , 
k — d e l a y |<-Hangover

a ) T a l k s p u r t

b ) P a c k e t i z a t i o n  o f  
  Ta lks purt

c ) r e c e i v e d  Pa cke ts

d) Playback  w i t h o u t  
Packet  l o s s

e ) P la yb a ck  wi th  
— Packet  l o s s  and 

added network  
- g e l a y"Added 

Network d e l a y
Packet
l o s s

Figure  2 . 2 . 3  Packet  t r a n s m i s s i o n  o f  a Ta l ks pu rt



PDP-11/34  
MINICOMPUTER

124 KW

f v

DR 11-K 
PARLLEL 

INTERFACE

T
PARALLEL/SERIAL 

CONVERTER

1̂ i \

ADM ADM
CODEC

^ --------- n ...
CODEC

F ig u re  2 . 3 . 1 Packet. V o ice  Network S im u la to r



DATA TERMINATING 
EQUIPMENT (DTE)

ENCODER

~ ~ rCL

ENCODER
h

CLOCK

DATA CONNECTING EQUIPMENT (DCE)

CL
JL_

16-BIT
SERIAL

TO
PARALL.
SH. REG

16-BIT 
S/P 

SH. REG. 16*

CL

MUX

CONTROL
CIRCUIT

-DATA RDV IN
DATA ACC IN

16

DR11-K
PARALLEL
INTERFACE

INPUT
BUFFER
REGIST.

STATUS
REGIST.

COMMUNICATIONS
SUBNETWORK
PDP 11/34

^  MEMORY

F ig u re  2 . 3 . 1 . 1  C o n fig u ra tio n  fo r  d ata  in p u t to  PVNS



COMMUNICATIOS
SUBNETWORK

DTE DCE

DATA OUT R!>' STATUS
REGISTERCONTROL

CIRCUIT DATA OUT ACCCLOCK
CL

16-BIT
PARALL

TO
SERIALDECODER MEMORY

16SH. REG
MUX OUTPUT

BUFFER
REGIST

16-BIT
DECODER

P/S
SH. REG

Figure  2 . 3 . 1 . 2  C on f i g u r a t i o n  f o r  data out put  from PVNS



C START )

YES

NO

^BOTH ^  
CHANNELS

INITIALIZATION

SET BASE ADDRESS 
FOR CHANNEL 0

HANGE BASE ADDRES 
FOR NEXT CHANNEL

INPUT PROCESSING 
AND

OUTPUT PROCESSING

WRITE 2 WORDS OF 
DATA INTO THE 
INTERFACE

READ 2 WORDS OF 
DATA FROM THE 
INTERFACE

AND

Figure  2 . 3 . 2 . 1  General  f l o w  c h a r t  o f  s i m u l a t o r
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MEMORY

LOCATION
CHANNEL STATUS REGISTER 
INPUT DATA 
PREVIOUS INPUT DATA 
OUTPUT DATA 
IDLE CHAIN POINTER 
INPUT CHAIN POINTER 
OUTPUT CHAIN POINTER

264;

362 8-J

SHIFT 
WORD 
REGISTER 

(64 BYTES)

100

101

“S

PACKET CONTROL 
WORD #0

PACKET CONTROL 
WORD #1

7 WORDS

256

PER

1 0 0 0 0 g J
PACKET BUFFER 

# 0

MAXIMUM 
LENGTH 
OF PKT .
(20 08 B)

10200g

PACKET BUFFER 
# 1

BLOCKS
TOTAL

CHANNEL

Figure  2 . 3 . 2 . 2  Memory map o f  c o n t r o l  and p ack et  d at a  area  
f o r  channel  0



X

PACKET 
CONTROL 
WORD(PCW)

PCW 4 PCW 256PCW 3PCW 2

PACKET
BUFFER
DATA
AREA

F igu re 2 . 3 . 2 . 3  P acket ch a in in g  a t  program i n i t i a l i z a t i o n

co



S T A R T

SILENT 
. MODES'

NO

NO
START OF 
_ SPEECH?

YESNO

NOYESNO

YES

START OF" 
SILENCE?'

^  PACKET ^  
LENGTH S  MAX^

MODE =VOICE

MODE=SILENCE

STORE A NEW 
. WORD

DISCARD
POST-OFFSET

GET A NEW PKT 
BUFFER

GET A NEW 
PKT. BUFFER

DISCARD THE 
PACKET

COPY THE 
PRE-OFFSET

SHIFT REGISTER (64 WDS) 
PATTERN REGISTER AND 

COUNTER RENEWAL

TIME DIVIDED PROCESSING. } 
DELAY TIME GENERATION 
ORDERING OF OUTGOING PKTS

F ig u re  2 . 3 . 2 . 4  F low chart fo r  in p u t p r o c e s s in g
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C START )

YES
SILENT 
MODE .

NOTIME HARK 
^  PRESENT 
V  TIME /

YES
END OF 
PACKET

YESNO
REMOVE THE 
PACKET

NO
NO

'NEXT PKT 
AVAILABL

HODE=VOICE

YES

GENERATE RANDOM NO. 
REMOVE THE NEXT PKT 
IF R.N. ^THRESHOLD

IHE MAR

PRESENT TIMYES

NO
FETCH NEXT WD 
TO BE OUTPUT

MODE =SILENCE

SILENCE PATTERN 
OUTPUT TO BUFFER

F igu re 2 . 3 . 2 . 5  F low chart f o r  o u tp u t p r o c e s s in g



V
O

O
O

v
jc

rt
U

li
l^

O
Jt

O
H

1 MOV # 3 7 . ,  @#X ?X i s  seed
MOV # 3 7 . ,  @#C ?C i s  m u l t i p l i e r
MOV @#BL,R4 
MOV # 1 5 . ,R5 
SUB R5,R4 
MOV R4,@#SH 

RAN*. MOV @#C,R0
MUL @#X,R0 
MOV R l , §#X

10 BIC # 10 0 00 0 ,Rl
11 ASH @#SH,Rl

F ig u re  2 . 3 . 3 . 1  Program to  g e n e r a te  Random Numbers



(Length o f  RN sequence)*

bl
No. o f  

4
R . N . ' s

5
compared in- ! 

6
2 *(l92 498 1317
4 '1)196 8197 8198
5 '8196 8197 8198
7 8196 8197 8198

9 8196 8197 8198
12 8196 8197 8 19 8) *

M u l t i p l i e r = 3 7
seed=37

F ig u re  2 . 3 . 3 . 2  Measured p e r io d  o f  RNG



Length o f  R.N. Sequence  
(No. o f  RN's compared i n  sequence

seed= 10 22 45 65

2 4102 965 4083 5389

7 4102 4102 8198 8198

12 ■ 4102 4102 8198 8198

M u l t i p l i e r = 3 7

F i gu r e  2 . 3 . 3 . 3  Length o f  RN sequence  f o r  v a r i o u s  s e e d s  
and c o n s t a n t  m u l t i p l i e r



(Bl=9)
•LENGTH OF R.N.  

SEED MULTIPLIER SEQUENCE

37 16 3
37 20 7
37 30 14
37 50 14

20 16 3
20 20 6
20 30 12
20 50 12

F i gu re  2 . 3 . 3 . 4  Length o f  RN sequence  f o r  v a r i o u s
m u l t i p l i e r s  and c o n s t a n t  s eed  v a l u e s
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Chapter 3 

SILENCE/SPEECH (S/S) DETECTION 

FOR PACKET SWITCHED SYSTEMS

In u s i n g  s p e e c h  o v e r  p a c k e t  s wi tched  networks ,  i t  i s  

i m p o r t a n t  t o  p r e s e r v e  t h e  q u a l i t y  a n d  e a s e  o f  a 

c o n v e r s a t i o n .

The q u a l i t y  o f  a c o n v e r s a t i o n  i s  d e p e n d e n t  on  

p r e s e r v i n g  t h e  c o n t i n u i t y  o f  t h e  s p e e c h  t a l k s p u r t s .  The 

e a s e ,  on t h e  o t h e r  hand,  i s  d e p e n d e n t  on t h e  e n d - t o - e n d  

d e l a y  e x p e r i e n c e d  by t h e  p a c k e t s  t r a n s m i t t e d  o v e r  t h e  

s u b n e t w o r k .  A l o n g  d e l a y  e x p e r i e n c e d  c a n  l e a d  t o  

d e t r i m e n t a l  p h y s i o l o g i c a l  e f f e c t s  on a c o n v e r s a t i o n .

The e f f e c t  on t h e  c o m m u n i c a t i o n  s u b n e t w o r k  o f  v o i c e  

t r a n s m i s s i o n  i s  d i f f e r e n t  t h a n  t h a t  o f  d a t a .  When a 

c o n v e r s a t i o n  t ak es  p l a c e ,  over  a communicat ions subnetwork,  

t h e r e  i s ' a  r e q u i r e m e n t  f o r  c o n s t a n t  c h a n n e l  b a n d w i d t h .  

T h i s  i s  b e c a u s e  a c o n v e r s a t i o n  i s  c o n t i n u o u s  and t h e  

r e s o u r c e s  o f  t h e  s u b n e t  must  remain  a v a i l a b l e  f o r  t h e  

d u r a t i o n .  T h e r e f o r e ,  i t  may be n e c e s s a r y  to  g i v e  p r i o r i t y  

to  v o i c e  p a c k e t s  o v e r  d a t a  p a c k e t s .  With v o i c e  p r i o r i t y  

e nd - to - en d  d e l a y  c o n s t r a i n t s  can be m a in t a i ne d ,  even in the  

p res en ce  o f  data p a c k e t s .

I t  was determined by Brady [11] t h a t  t h e r e  i s  g r e a t e r  

t h an  50% s i l e n c e  i n  a c o n v e r s a t i o n ,  and as  much as  60-65%
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one way. T h i s  c h a r a c t e r i s t i c  has  b e e n ,  and i s  p r e s e n t l y  

being e x p l o i t e d  t o  improve channel  u t i l i z a t i o n .

3 . 1  TIME ASSIGNED SPEECH INTERPOLATION (TASI)

TASI, i n i t i a l l y ,  was an a n a l o g  method i n t r o d u c e d  in  

t h e  l a t e  1 9 5 0 ' s  by B e l l  Labs.  In the Speech I n t e r p o l a t i o n  

( SI )  Scheme,  s p e e c h  t a l k s p u r t s  a r e  i n t e r p o l a t e d  w i t h i n  

s i l e n t  p e r i o d s .  SI i s  o n e  m e t h o d  t o  i m p r o v e  c h a n n e l  

u t i l i z a t i o n  amongst  t h e  n e t w o r k ' s  u s e r s ,  SI  h a s  evo l ved  

over  t ime and i s  s t i l l  be ing improved and changed,  s i n c e  i t  

was in tr od u ce d .

The p r o c e s s  o f  s p e e c h  i n t e r p o l a t i o n  b ecomes  more  

e f f i c i e n t  when t h e  number o f  c h a n n e l s  i n c r e a s e s .  For  

example,  when two c o n v e r s a t i o n s  are  to  be i n t e r p o l a t e d  over  

a s i n g l e  c h a n n e l ,  I t  i s  p o s s i b l e  t h a t ,  due t o  c o n t e n t i o n  

f or  the  channel  much o f  t h e  c o n v e r s a t i o n  w i l l  be l o s t  for  

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

channel  and could " f e e z e - o u t "  a t tempts  by o t h e r  t a l k s p u r t s .

F r e e z o u t  c o n s i s t s  p r i n c i p a l l y  o f  s h o r t  c l i p s  o f  the  

i n i t i a l  p o r t i o n  o f  a t a l k s p u r t  ranging from zero to s e v e r a l  

hundred m i l i s e c o n d s  i n  l e n g t h .  P e r i o d s  o f  f r e e z o u t s  

g r e a t e r  t h a t  50msec  w e r e  m e a s u r e d  t o  be  p e r c e p t i v e l y  

damaging t o  t h e  q u a l i t y  o f  s pe e ch .  The problem o f  speech  

l o s s  ( f r e e z o u t )  was due m a i n l y  t o  t h e  s p e e c h  d e t e c t i o n  

scheme t h a t  was u s e d .  C o n t e n t i o n  f o r  t h e  c h a n n e l  was
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a n o t h e r  probl em t h a t  was a d d r e s s e d  and c o r r e c t e d  in the  

e a r l y  1 9 6 0 ' s .

3 . 2  DIGITAL SPEECH INTERPOLATION (DSI) [ 1 2 ] , [ 1 4 1 - [ 1 6 ]

In d i g i t a l  s p e e c h  i n t e r p l a t i o n  (DSI) c o n v e n t i o n a l  

PCM/TDM data (at  64Kbps) i s  input  t o  t h e  DSI s y s t e m .  The 

data coming from the  PCM/TDM c ha nn e l s  i s  used by a t r a ns m i t  

a s s i g n m e n t  p r o c e s s o r .  The p r o c e s s o r  u s i ng  a d i g i t a l  v o i c e  

d e t e c t o r  a s s i g n s  t he  n - ar y  input  trunks  to a m-ary TDM/TASI 

c h a n n e l s  f r a m e ,  w h i ch  i s  t h e n  t r a n s m i t t e d  to  a r e c e i v e r  

where t he  p r o c e s s  to output  t he  data i s  r e v e r s e d .

The a d v e n t  o f  d i g i t a l  t e c h n o l o g y  c o r r e c t e d  t h e  

d e f f i c i e n c i e s  o f  t h e  a n a l o g  TASI s y s t e m s .  The problem o f  

f r e e z o u t  was a d d r e s s e d  by m e t h o d s  o f  v a r i a b l e  q u a l i t y  

c o d i n g .  Dur i ng  p e r i o d s  o f . o v e r l o a d  on t h e  s y s t e m ,  t h e  

l e a s t  s i g n i f i c a n t  b i t  o f  a l l  t h e  t r a n s m i s s i o n  s l o t s  i s  

reapport ioned  to augment  t h e  t r a n s m i s s i o n  c a p a b i l i t i e s  o f  

t h e  s y s t e m .  Other  a d v a n t a g e s  o f  DSI o v e r  a n a l o g  TASI  

i n c l u d e  t h e  f a c t  t h a t  d i g i t a l  v o i c e  d e t e c t o r s  perform much 

b e t t e r  than t h e i r  a n a l o g  c o u n t e r p a r t s .  Also  more p r e c i s e  

s w i t c h i n g  o f  d i g i t a l  speech samples  among t he  channel  s l o t s  

i s  p o s s i b l e .

Two forms o f  DSI t h a t  have  been  i mp l em en t ed  a r e  t h e  

S peech  P r e d i c t i v e  Encoded C ommu ni ca t i on s  (SPEC) and the  

ADPCM-TASI s y s t e m s .  The SPEC system used p r e d i c t i v e  coding
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and was implemented o v e r  a s a t e l l i t e  c h a n n e l .  ADPCM-TASI 

s y s t e m s  used  a f i x e d  r a t e  c h a n n e l  and b i t s ,  o v e r  t h e  

c h a n n e l ,  a r e  a l l o c a t e d  s u c h  t h a t  t h e  c o d e r  s t a y s  in  

s y n c h r o n i z a t i o n  wi t h  the channel  r a t e .

One o f  t h e  p r i n c i p a l  m e r i t s  o f  t h e  SPEC s y s t e m  i s  

t o t a l  a v o i d a n c e  o f  T A SI ' s  c l i p p i n g  p r o b l e m .  The SPEC 

s y s t e m  u s e s  an i m p r o v e d  v o i c e  d e t e c t i o n  s c h e m e  t h a t  

i m p r o v e d  n o i s e  i m m u n i t y  o f  t h e  s p e e c h  d e t e c t i o n  and 

enhanced the  s w i t c h i n g  c h a r a c t e r i s t i c s  on s p e e c h  b u r s t s ,  

l e a d i n g  to an improvement in t he  o p e r a t i o n  o f  DSI s y s t e m s .

In t h e  ADPCM-TASI scheme p r o p o s e d  by McPherson [15]  

b i t s  a r e  a l l o c a t e d  e v e n l y  among a l l  t h e  a c t i v e  s p e e c h  

c h a n n e l s .  Another method proposed by Yatsuzuka [14]  u s e s  a 

v o i c e d / u n v o i c e d  d e t e c t o r  a long wi th  s i l e n c e  d e t e c t i o n .

3 . 2 . 1  BUFFERED SPEECH INTERPOLATION (BSI) [ 1 3 ] , [ 1 5 ]

B u f f e r e d  s p e e c h  i n t e r p o l a t i o n  or v a r i a b l e  r a t e  coding  

TASI i s  t he  most r e c e n t  a d v a n c e  i n  t h e  SI t e c h n i q u e s .  I t  

i s  an improvement on t h e  DSI t e c h n i q u e s  d e s c r i b e d  a b o v e .  

In t h i s  t e c h n i q u e  t a l k s p u r t  d e l a y  i s  used to m i t i g a t e  the  

f r e e z o u t  impairment .

B u f f e r s  a r e  u s e d ,  i n  t h e s e  s c h eme s  t o  s t o r e  e x c e s s  

d a t a  and t h e n  t o  t r a n s m i t  them o v e r  t h e  n e t w o r k .  The  

b u f f e r s  e f f e c t i v e l y  decoupl e  t he  co de rs  from the c h a n n e l .

E l d e r  and O ' N e i l l  [ 1 5 ] ,  us ing a PCM system s t o r e d  the
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data in a b u f f e r .  In t h i s  scheme some u s e rs  e x p er i en c ed  no 

d e l a y  w h i l e  o t h e r s  e x p e r i e n c e d  v a r i a b l e  d e l a y .  Cox and 

Crochiere  [13] proposed a method o f  v a r i a b l e  r a t e  c o d i n g  

t h a t  i n t r o d u c e  t h e  same d e l a y  among a l l  the  u s e r s .  This  

method i s  b a s e d  upon b u f f e r  f u l l n e s s ,  n o t  on t h e  channel  

r a t e  o f  the  p r e v i o u s l y  mentioned s c h e me .  S peech  a c t i v i t y  

and an i n c r e a s e / d e c r e a s e  in coder r a t e s  were a l s o  used to  

p revent  o v e r f l o w / u n d e r f l o w  o f  the b u f f e r .

The BSI t e c h n i q u e s  w e r e  i n i t i a l l y  b e i n g  used  in  a 

m u l t i s e r v e r ,  s t a t i s t i c a l - T D M , t e l e t r a f f i c i n g  mode r a t h e r  

t ha n in  a s i n g l e  s e r v e r ,  s t o r e  and fo rwa rd  p a c k e t  v o i c e  

mode.  Cox' s c h e m e ,  h o w e v e r ,  a l s o  a d d r e s s e d  t h e  u s e  o f  

b u f f e r s  in  p acket  v o i c e d  sys tems  not  o n l y  SI s ys t em.

3 . 3  SILENCE/SPEECH (S/S)  DETECTION ALGORITHMS 

FOR PVNS SYSTEM

To e f f i c i e n t l y  a l l o c a t e  the  s y s t e m ' s  r e s o u r c e s  and t o  

p r e s e r v e  t h e  c o n t i n u i t y  o f  t h e  s p e e c h ,  e f f e c t i v e  s i l e n c e  

d e t e c t i o n  must ,  b e  u s e d .  I n  o u r  e x p e r i m e n t s  D e l t a  

Modulat ion (DM) w i l l  be used as  the s ource  e n c o d i n g  method  

o f  t h e  s p e e c h  waveforms.  I t  i s  the  s p e c i a l  c h a r a c t e r i s t i c  

o f  the DM t h a t  e n a b l e s  us t o  use them for  s / s  d e t e c t i o n  and 

i s  now a d dr e s s e d .
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3 . 3 . 1  SVADM FOR S/S DETECTION

The response  o f  t he  SVADM to a c o n s t a n t  input  i s  shown 

in f i g u r e  3 . 3 . 1 . 1 .  I t  i s  s e e n  t h a t  for  the  c o n s t a n t  input  

t he  De l t a  m o d ul a t o r ' s  out put  o s c i l l a t e s  in a . . . 1 1 0 0 1 1 0 0 . . .  

f a s h i o n .  For p e r i o d s  o f  s i l e n c e ,  t h i s  i s  t he  p a t t e r n  t h a t  

i s  generat ed  by the  DM.

3 . 3 . 2  CVSD FOR S/S DETECTION

As in the  SVADM a l g o r i t h m ,  the  CVSD a lg or i t hm  a l s o  has  

an o s c i l l a t i n g  p a t t e r n  for  a c o n s t a n t  i n p u t .  This  p a t t e r n  

i s  a . . . 1 0 1 0 1 0 . . .  p a t t e r n ,  as  shown in f i g u r e  3 . 3 . 2 . 1 .

3 . 4  SILENCE DETECTION ALGORITHMS

Two me th o ds  t o  d e t e c t  s / s  i n  a c o n v e r s a t i o n  were  

implemented as pa rt  o f  t he  PVNS. The encoded i n p u t  t o  t h e  

computer ' s  s e r i a l / p a r a l l e l  i n t e r f a c e  i s  s t o r e d  i n t o  a s h i f t  

word r e g i s t e r  (SWR), w h o s e . l e n g t h  i s  Lmax b y t e s .  The v a l u e  

Lmax i s  v a r i e d  w i t h  t h e  b i t  r a t e  o f  the  De l ta  Modulators .  

The SWR's l e n g t h  i s  d e t e r m i n e d  by p r e v i o u s  work,  in speech  

d e t e c t i o n ,  to  equal  approx i mat e l y  30msec o f  input  d a t a .

3 . 4 . 1  16 BIT SILENCE DETECTION SCHEME



56

F i g u r e  3 . 4 . 1 . 1  shows t h e  f l o w  d ia gram used  f o r  s / s  

d e t e c t i o n  f o r  t h i s  s c h e m e .  A 16 b i t  word i s  e n t e re d  and 

the  p r e s e n c e  o f  any s i l e n c e  p a t t e r n  i s  c h e c k e d .  I f  the  

word corres ponds  t o  any o f  the  p o s s i b l e  s i l e n c e  p a t t e r n s ,  

shown i n  f i g u r e s  3 . 4 . 1 . 2  and 3 , 4 . 1 . 3 ,  t he  s / s  co un ter  i s  

incremented ( w i t h  a maximum v a l u e  e q u a l  to  t h e  l e n g t h  o f  

the  SWR L „) . For a word t h a t  does  not  match t h e  p a t t e r n
Iu a X

t h e  c o u n t e r  i s  d e c r e m e n t e d .  To d e t e r m i n e  t h e  mode  

( s i l e n c e / s p e e c h )  o f  the  c o n v e r s t i o n  we use  t h r e s h o l d  v a l u e s  

V0 (speech)  and S 0 ( s i l e n c e ) ,  a s  shown in  f i g u r e  3 . 4 . 1 . 4 .  

Now t h a t  t he  v a l u e  o f  the  s / s  c o u n t e r  h a s  been  u p d a t e d  we 

c h e c k  i f  t h e  c o n v e r s a t i o n  was p r e v i o u s l y  in s i l e n c e  mode.  

I f  in s i l e n c e ,  i s  t he  s / s  count er  l e s s  than V0 . A p o s i t i v e  

response  i n d i c a t e s  t h a t  we have  s p e e c h  and p a c k e t i z a t i o n  

b e g i n s .  I f  n o t ,  we r e m a i n  i n  s i l e n c e  m o d e .  I f  t h e  

p r e v i o u s  mode was s p e e c h ,  i s  the  count er  g r e a t e r  than S0 . 

A p o s i t i v e  r e s p o n s e  e n d s  t h e  p a c k e t i z a t i o n  p r o c e s s  and a 

n e g a t i v e  r e s p o n s e  k e e p s  u s  i n  t h e  s p e e c h  m o d e  

( p a c k e t i z a t i o n  c o n t i n u e s )  .

When we i n i t i a t e  t h e  p a c k e t i z a t i o n  p r o c e s s ,  I t  i s  

i m p o r t a n t  t o  i n c l u d e  a l l  t h e  s p e e c h  s t o r e d  i n  t h e  SWR. 

Thus,  a few o f  t he  p r e v i o u s l y  s t o r e d  words from the  SWR are  

i nc luded a t  the  head o f  the  p a c k e t .  This  P r e - o f f s e t  e n a b l e s  

us t o  i n c l u d e  a l l  o f  t h e  i n i t i a l  s p e e c h  s e g m e n t  ( a v o i d s  

c l i p p i n g ) .

At t h e  end o f  p a c k e t i z a t i o n  ( o n s e t  o f  s i l e n c e )  a few
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words a r e  d e l e t e d  from t h e  t a i l  o f  t h e  l a s t  t r a n s m i t t e d  

packet  o f  t he  t a l k s p u r t .  T h i s  p o s t - o f f s e t  e n a b l e s  us t o  

r e m o v e  some o f  t h e  s i l e n c e  f rom t h e  end o f  t h e  l a s t  

t r a n s m i t t e d  p a ck e t .

. i g u re  3 . 4 . 1 . 5  shows t h e  r e s p o n s e  o f  t h i s  scheme to a 

t y p i c a l  p o r t i o n  o f  a t a l k s p u r t .  The numbers w i t h i n  e a c h  

s a m p l i n g  i n t e r v a l  i n d i c a t e  t h e  v a l u e  o f  the  s / s  c o u n t e r .  

V0 equal  to  6 and S0 e q u a l  t o  6 w ere  c h o s e n ,  and Lmax was 

s e t  equal  to  10.

3 . 4 . 2  WORD BY WORD (PATTERN MONITOR WORD)

S/S DETECTION SCHEME

This  scheme i s  i l l u s t r a t e d  in  f i g u r e s  3 . 4 . 2 . 1  t h r u  

3 . 4 . 2 . 3 .  The method f or  e n t e r i n g  and s t o r i n g  words in the  

computer i s  e s s e n t i a l l y  the same as  d i s c u s s e d  above f or  the  

16 b i t  s / s  d e t e c t i o n  scheme.

I f  t h e  p r e s e n t  word c o r r e s p o n d s  t o  a s i l e n c e  (or  

s p e e c h )  p a t t e r n ,  t h e n  i s  t h e  p r e v i o u s  word a l s o  s i l e n t  

( s p e e c h ) .  I f  t h e  r e s p o n s e  i s  a f f i r m a t i v e  t h e  p a t t e r n  

monitor  c o u n t e r  i s  i n c r e m e n t e d ,  o t h e r w i s e  i t  i s  r e s e t  to  

z e r o .  T h i s  scheme a l t h o u g h  u s i n g  16 b i t s  o f  d a t a  i s  

s i m i l a r  to  a b i t - b y - b i t  s / s  d e t e c t i o n  scheme.  For s i l e n c e  

( speech)  d e t e c t i o n ,  i f  t h e  c o u n t e r  i s  g r e a t e r  than S0 (V0 ) 

we have s i l e n c e  ( s p e e c h ) , o t h e r w i s e  we are  in t he  same mode 

as we were in p r e v i o u s l y .
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Figure  3 . 4 . 2 . 4  shows t h e  r e s p o n s e  o f  t h i s  scheme t o

the same t a l k s p u r t  as  shown f or  the  f i r s t  scheme.  The r e s t

o f  t h e  d i s c u s s i o n  ( e . g .  w i t h  r e g a r d s  t o  p r e  and

p o s t - o f f s e t )  a l s o  a p p l i e s  h e r e .  V a l u e s  o f  V0 equal  to 4

and S„ equal  to  4 were chosen for  t h i s  example .  L „ , i s  s e t  0 r max
equal  to 10.



-  (S+SO)

S+2S0

-  (S+2S0)
S+SO

F ig u re  3 . 3 . 1 . 1  R esponse o f  SVADM to  c o n s ta n t  in p u t
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+ 3 -S +S -S

F i gu r e  3 . 3 . 2 . 1  Response o f  CVSD t o  c o n s t a n t  i n p u t
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F ig u re  3 . 4 . 1 . 3  P o s s ib le  s i l e n c e  p a t te r n s  fo r  CVSD
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F ig u re  3 . 4 . 1 . 4  H y s t e r i s is  mode s / s  th r e sh o ld  d e t e c t io n
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Chapter 4 

Packet  Voice  Network Simulator  

R e s u l t s

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

v o i c e  network s im ul a to r  (PVNS) are p r e s e n t e d .

As d i s c u s s e d  in  c h a p t e r  3 ,  t h e  s i l e n c e / s p e e c h  ( s / s )  

d e t e c t i o n  s chemes  a r e  e x t r e m e l y  i m p o r t a n t  f o r  e f f i c i e n t  

u t i l i z a t i o n  o f  the  communications subnetwork' s  f a c i l i t i e s .  

To examine the  e f f i c i e n c y  o f  t h e  two s / s  d e t e c t i o n  schemes  

d i s c u s s e d  in chapter  3 ,  o n l y  one c h a n n e l  o f  t h e  PVNS was  

u t i l i z e d .  Two r e c o r d i n g s  w e r e  made f r o m  r a d i o  

t r a n s m i s s i o n s  o f  an a l l  t a l k  f o r ma t  s t a t i o n .  The f i r s t  

recordi ng  was o f  a male h o s t  i n t e r v i e w i n g  two male  g u e s t s .  

The s e c o n d  r e c o r d i n g  was o f  a male h o s t  co nv er s in g  over a 

t e l e p ho n e  wi th  v a r i o u s  male s p e ak er s .

To g e t  an a c c u r a t e  measurement  o f  t h e  p a c k e t i z a t i o n  

p r o c e s s ,  the  hardware d e l t a  modulator t h a t  was used (system  

used i s  as  shown in f i g u r e  2 . 3 . 1 )  was m o d i f i e d .  The u s u a l  

minimum s t e p  s i z e  was changed from 10mv t o  40mv. This  was 

due t o  t h e  f a c t  t h a t  t h e  r e c o r d i n g s  made from t h e  radio  

t r a n s m i s s i o n  were n o i s y  and to have a 4 v o l t  p-p s i g n a l  the  

s i l e n t  p e r i o d s  e x h i b i t e d  a 35mv n o i s e  m a r g i n .  S i n c e  t he
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10mv minimum s t e p  s i z e  would i n t e r p r e t  t h e  35mv n o i s e  

s i g n a l  ( s i l e n c e )  a s  s p e e c h ,  t h e  minimum s t e p  s i z e  was  

t h e r e f o r e  changed,  to avoid c o n s t a n t  p a c k e t i z a t i o n  o f  t h e  

input  waveform.

F ig ures  4 . 1  thru 4 . 8  show s t a t i s t i c a l  r e s u l t s  obt a ined  

f o r  b o t h  t h e  p a c k e t  s i z e  and p a c k e t  ra t e  t r a n s m i s s i o n  o f  

both s / s  a l g o r i t h m s ,  as  d i s c u s s e d  p r e v i o u s l y ,  by the  PVNS.

F i g u r e s  4 . 1  a and b s h o w  t h e  p e r c e n t a g e  o f  t h e  

t r a n s m i t t e d  p a c k e t s  s i z e  f o r  t he  16 b i t  s / s  d e t e c t i o n  

a l g o r i t h m  f o r  v a r i o u s  v a l u e s  o f  S 0 and V0 f o r  t h e  radio  

male /male  radio  i n t e r v i e w  w i t h  t h e  n o i s e  margin ( s i l e n c e )  

r e d u c e d  t o  2 0 m v .  F i g u r e s  4 . 2  a a n d  b s h o w  t h e  

corres ponding  t r a n s m i t t e d  packet  r a t e  which i s  a p er ce n ta g e  

o f  t h e  maximum p acket  r a t e  f or  the v a r i o u s  t h r e s h o l d s  t h a t  

were used.  For example a maximum packet  s i z e  o f  1024 b i t s ,  

t h a t  i s  e nc o d e d  a t  a 1 6 k bp s  r a t e ,  would y i e l d  a p a c k e t  

t r a n s m i s s i o n  r a t e  o f  1 5 .  625 p a c k e t s / s e c , .  I t  s h o u l d  be  

n o t e d  t h a t  f or  the  16 b i t  s / s  a lg o r i th m s 0 must be g r e a t e r  

than V0 .

F i g u r e s  4 . 3  a a n d  b a n d  f i g u r e  4 . 4 a r e t h e  

corresponding  f i g u r e s  t o  4 . 1  and 4 . 2 ,  h o w e v e r ,  f o r  t h e s e  

the n o i s e  margin was i n c r e a s e d  to 35mv. As a r e s u l t  o f  the  

i n c r e a s e  i n  t h e  n o i s e  m a r g i n  o f  t h e  i n p u t  s i g n a l  t h e  

p e r c e n t a g e  o f  t h e  maximum p a c k e t s  t r a n s m i t t e d  d e c r e a s e d  

s e v e r a l  pe rc en ta ge  p o i n t s ,  w h i l e  t h e  d i s t r i b u t i o n  o f  t h e  

p a c k e t  s i z e s  0 t h r u  127 b y t e s  i n c r e a s e d  s l i g h t l y .  There
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was an i n c r e a s e  o f  a p p r o x i m a t e l y  5% in  t h e  e q u i v a l e n t  

p acket  r a t e  t r a n s m i s s i o n ,  as  shown in f i g u r e  4 . 4 ,  o v e r  t h e  

lower n o i s e  margin o f  f i g u r e  4 . 2 .

F i g u r e s  4 . 5  a , b  and c and 4 . 6  a and b show the same 

s t a t i s t i c s  a s  t h e  p r e v i o u s  f i g u r e s  f o r  p a c k e t  s i z e  and 

e q u i v a l e n t  p a c k e t  r a t e  f o r  t h e  s e c o n d  r e c o r d i n g  ( o f  

m a l e / m a l e s  t e l e p h o n e  c o n v e r s a t i o n s ) . These f i g u r e s  show 

s i m i l a r i t y  t o  t h e  v a l u e s  gra ph ed  in  f i g u r e s  4 . 3  and 4 . 4 ,  

s i n c e  the  35mv n o i s e  margin was a l s o  used in t h i s  p a r t .

F i g u r e s  4 . 7  a a n d  b and 4 . 8  a a nd  b s h o w  t h e  

t r a n s m i t t e d  p a c k e t  s i z e  and e q u i v a l e n t  p a c k e t  r a t e  

s t a t i s t i c s  f o r  t h e  w o rd - b y - w o r d  s / s  d e t e c t i o n  a l g o r i t h m  

u si ng  35mv n o i s e  margin.  These show a marked i n c r e a s e  in  

t he  maximum p acket  s i z e  t r a n s m i t t e d  o f  as  much as  8 to 10%. 

There  i s  a l s o  an i n c r e a s e  in t he  e q u i v a l e n t  p acket  r a t e  o f  

appro xima te l y  5% f o r  t h i s  a l g o r i t h m .  The t h r e s h o l d s  used 

for  t h i s  s / s  a l g o r i t h m ,  u n l i k e  t h e  16 b i t  s / s  a l g o r i t h m ,  

can v a r y  r e l a t i v e  t o  e a c h  o t h e r ,  e . g .  can be s ma l le r  

t h a n  Vg , s i n c e  t h e  c o u n t e r  (PMW) used  i s  r e s e t  t o  z e ro  

a f t e r  a change in t he  i n p u t  i s  d i s c e r n e d  ( from s p e e c h  to  

s i l e n c e  p a t t e r n  and v i c e  v e r s a ) .

To show t h e  u s e f u l n e s s  o f  the  PVNS in  de termi ni ng  the  

opt imal  t h r e s h o l d s ,  v i s - a - v i s  t h e  p a c k e t  s i z e  and packet  

r a t e ,  cu rv es  o f  t he  q u a l i t y  o f  the  t r a n s m i t t e d  p a c k e t i z e d  

s p e e c h  i s  u s e d .  The graph o f  q u a l i t y  o f  the  p a c k e t i z a t i o n  

p r o c e s s  v e r s u s  the  t h r e s h o l d s  used  i s  shown in f i g u r e s  4 .9
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and 4 . 1 0 .  Using f i g u r e  4 . 9  as  an example [16 b i t  a lg or i t hm  

was used  f o r  t h e  m/m r a d i o  i n t e r v i e w  (and 35mv n o i s e  

m a r g i n ) ] .  The q u a l i t y  was rated from poor to e x c e l l e n t  as  

t h e  v a r i o u s  t h r e s h o l d s  w e r e  c h a n g e d  a n d  w i t h  t h e  

p r e - o f f s e t ,  p o s t - o f f s e t  and p acket  l o s s  a l l  equal  t o  z e r o .

For t he  16 b i t  s / s  d e t e c t i o n  a l g o r i t h m ,  t h e  o p t i m a l  

t h r e s h o l d  parameters  f o r  V0 and S0 were chosen to be 8 and 

30 r e s p e c t i v e l y .  T h e s e  v a l u e s  w e r e  e s t a b l i s h e d  u s i n g  

f i g u r e s  4 . 4  and 4 . 9 ,  f o r  minimum p a c k e t  r a t e  and o p t i m a l  

q u a l i t y .  The p r e - o f f s e t  was s e t  equal  to  8 b y t e s  (equal  to  

4msec o f  the  i n i t i a l  speech)  and the  p o s t o f f s e t  equal  to 0.
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Chapter 5

VOICEBAND MODEM/SPEECH WAVEFORM IDENTIFICATION 

USING DELTA MODULATION

In t h i s  s e c t i o n  we examine the  performance o f  a d ap t i v e  

d e l t a  m o d u l a t i o n  (ADM) e n c o d i n g  f o r  i d e n t i f i c a t i o n  o f  

voiceband data s i g n a l s  and s p e e c h .  The a p p l i c a t i o n  o f  the  

ADM codec in vo iceband data waveforms/speech i d e n t i f i c a t i o n  

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

s i g n a l s  o v e r  t e l e p h o n e  n e t s ,  w i t h  t h e  c o n s e r v a t i o n  o f  

bandwidth as  t he  g o a l .

S i g n a l  i d e n t i f i c a t i o n  o f  v o i c e b a n d  d a t a  or  s p e e c h  

e n t a i l s  t he  use o f  t h e  d i g i t a l  output  o f  the  ADM encoder to  

determine  the a u t o c o r r e l a t i o n  (or e q u i v a n t l y  t h e  s p e c t r a l  

c h a r a c t e r i s t i c s )  o f  v o i c e b a n d  modem s i g n a l s .  I t  has  been  

d e m o n s t r a t e d  by J a y a n t  [ 1 8 ]  t h a t  when a DM i s  used  t o  

encode s p e e c h ,  the spectrum o f  t he  d i g i t a l  out put  o f  the  DM 

approximated t h a t  o f  t he  input  speech waveform. I t  w i l l  be 

shown t h a t  t h i s  approximat ion a l s o  a p p l i e s  when t h e  i n p u t  

i s  a voiceband modem s i g n a l .

The a u t o c o r r e l a t i o n  o f  t he  ADM'S d i g i t a l  output  and the  

r e s p e c t i v e  s p e c t r a l  c h a r a c t e r i s t i c s  o f  v a r i o u s  modems (2400 

bps  4 - p h a s e ,  a 4800 bps  8 - p h a s e ,  a 9600 bps 16 p o i n t  QAM 

and a 2400 bps d u o b i n a r y )  a r e  d e t e r m i n e d  e x p e r i m e n t a l l y .  

M e a s u r e m e n t  t i m e  c o n s i d e r a t i o n s  a r e  a d d r e s s e d  and
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p r o b a b i l i t y  o f  e r r o r  in  s i g n a l  i d e n t i f i c a t i o n  w i l l  be 

d i s c u s s e d .

For t h i s  s tudy  t he  Song V o i c e  Ad ap t i ve  DM (SVADM) was 

used  a s  t h e  e n c o d i n g  a l g o r i t h m .  From h e r e  on DM w i l l  

d enot e  the SVADM a l g o r i t h m .

5 . 1  SYNCHRONOUS VOICEBAND MODEMS

To t r a n s m i t  d a t a  o v e r  v o i c e b a n d  c h a n n e l s  i t  i s  

n e c e s s a r y  t o  Modulate the input  data a t  t he  t r a n s m i t t e r  and 

DEModulate t h e  r e c e i v e d  a n a l o g  w av ef orm.  Thus t h e  term 

MODEM e v o l v ed  to d e s c r i b e  a data t r a n s c e i v e r .  The modem in  

a d d i t i o n  t o  t r a n s l a t i n g  d a t a  b e t w e e n  d a t a  t e r m i n a t i n g  

e q u i p m e n t  a l s o  p e r f o r m s  v a r i o u s  c o n t r o l  f u n c t i o n s  t o  

c o o r d i n a t e  t h e  f l o w  o f  d a t a  b e t w e e n  t h e  t r a n s m i t t i n g  and 

r e c e i v i n g  ends .

The c l a s s  o f  modems i s  d i v i d e d  i n t o  two g e n e r a l  

g r o u p s .  T he s e  a r e  t h e  a s y n c h r o n o u s  and t h e  synchronous  

modems.  The a s y n c h r o n o u s  modems a r e  o p e r a t e d  a t  l o wer  

spe eds  and a r e  used  o v e r  s w i t c h e d  t e l e p h o n e  l i n e s .  The 

s y n c h r o n o u s  modems o p e r a t e  to  speeds  o f  56000 bps and are  

used over p r i v a t e  l i n e s .

S y n c hr o n ou s  modems o f  i m p o r t a n c e  t o  t h i s  s t u d y  and 

t h a t  a r e  used  f o r  t h e  t r a n s m i s s i o n  o f  d a t a ,  o p e r a t e  a t  

s pe eds  g r e a t e r  than 1800 bps and l e s s  than 9600 bps .  These  

v o i c e b a n d  modems a r e  employed o v e r  p r i v a t e  v o i c e  gr ad e
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l i n e s  ( u s u a l l y  band l i m i t e d  t o  a p p r o x i m a t e l y  4Khz) and use  

v a r i o u s  forms o f  d i g i t a l  modulat ion t e c h n i q u e s  t o  t r a n s m i t  

t h e  i n p u t  d a t a  s t r e a m .  T a b l e  5 . 1 . 1  l i s t s  v a r i o u s  modems 

t h a t  a r e  c u r r e n t l y  a v a i l a b l e  a l o n g  w i t h  t h e  m o d u l a t i o n  

t e c h n i q u e s  t h a t  are  p r i m a r i l y  used.

Voiceband modems are  c o m p l i c a t e d  d e v i c e s  t h a t  employ  

s p e c t r a l  f i l t e r s ,  p u l s e  s h a p i n g  f i l t e r s  and c h a n n e l  

e q u a l i z a t i o n  t o  a c h i e v e  s y s t e m  r e q u i r e m e n t s  f o r  p r o p e r  

o p e r a t i o n .  Asynchronous modems, which use  s t a r t / s t o p  codes  

o p e r a t e  below 1800 bps r a t e  and use  Frequency S h i f t  Keyi ng  

( FSK) t y p e  m o d u l a t i o n .  FSK i s  t h e  p r e f e r r e d  m o d ul a t i o n  

s c h e m e  i n  t h e s e  c a s e s  b e c a u s e  o f  i t s  s i m p l i c i t y  o f  

o p e r a t i o n  and e a s e  o f  i m p l e m e n t a t i o n .  In FSK b an dwi dt h  

e f f i c i e n c y  i s  no t  an important  f a c t o r  and the  bandwidth ( in  

Hz. )  i s  u s u a l l y  t w i c e  t h e  maximum b i t  r a t e  o f  t h e  input  

d a t a  s t r e a m .  The t r a n s m i s s i o n  o f  d a t a  by a s y n c h r o n o u s  

modems i s  u s u a l l y  o f  one c h a r a c t e r  (a c o l l e c t i o n  o f  a few  

b i t s )  a t  a t i m e  and i s  used  i n t e r a c t i v e l y ,  s u c h  as  in a 

t ime shar ing  environment .

S y n c h r o n o u s  modems u s u a l l y  u s e  D i f f e r e n t i a l  Phase  

S h i f t  K e y i n g  (DPSK) m o d u l a t i o n  and c o m b i n e d  p h a s e  

ampl i tude  schemes such as  16 p o i n t  QAM. Fi gure  5 . 1 . 1  shows  

v a r i o u s  c o n s t e l l a t i o n s  t h a t  can be used to encode the  input  

d a t a  s t r e a m .  T he s e  c o n s t e l l a t i o n s  i n c l u d e  4-PSK ( o f f s e t  

QPSK), 8-PSK,  two forms  o f  8-QAM and 16-QAM. DPSK i s  a 

modulat ion t e ch ni qu e  t h a t  i s  commonly used  f o r  t h e  4 and
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8-PSK t y p e  modems.  F i g u r e  5 . 1 . 2  shows how a data stream 

( for  a 2400 bps modem) c o n v e r t s ,  by some e s t a b l i s h e d  r u l e ,  

the phase o f  t he  analog waveform from i t s  p r e s e n t  s t a t e  by 

a d i b i t  p a i r  t h a t  i s  p r e s e n t e d  t o  t h e  modem by t he  data  

t e r mi n at i ng  equipment .

DPSK a s  a f orm o f  m o d u l a t i o n  r e q u i r e s  m o d e r a t e  

b a n d w i d t h .  The term d i f f e r e n t i a l  i m p l i e s  t h a t  t h e  n e x t  

s ymbol  t h a t  i s  t o  be t r a n s m i t t e d  depends on the  change in 

phase from t h e  p r e v i o u s  s y m b o l .  T h i s  c ha n ge  i n  phase i s  

not  wi th r e s p e c t  to  an i n i t i a l l y  e s t a b l i s h e d  a b s o l u t e  phase  

r e f e r e n c e  and a l l o w s  f o r  l e s s  r e s t r i c t i o n s  on t h e  

s y n c h r o n i z a t i o n  a t  t h e  r e c e i v e r  to  the t r a n s m i t t e d  phase ,  

for  the  demodulat ion o f  the  s i g n a l .

AM i s  p r e s e n t l y  b e i n g  u s e d  t o  t r a n s m i t  m u l t i l e v e l  

s y m b o l s  by v e s t i g i a l  or  s i n g l e  s i d e b a n d  m o d u l a t i o n .  A 

c l a s s  o f  t h e s e  modems t r a ns m i t  4 or 8 l e v e l  VSB s i g n a l s  and 

a r e  l i m i t e d  t o  b i t  r a t e s  l e s s  t h a n  10000  bps  by channel  

impairments and power c o n s t r a i n t s .  Q ua d ra tu r e  AM, which 

combines  both phase and ampl i tude  f o r  t he  s i g n a l  s e t  a l l o w s  

for  g r e a t e r  packing o f  b i t s  per symbol .  The use  o f  QAM i s  

o f  i m p o r t a n c e  when t h e  s i g n a l l i n g  s e t  u se s  a l a r g e  number 

o f  s y m b o l s  and when t h e  a v e r a g e  s i g n a l  power i s  t o  be 

m i n i m i z e d  f o r  a.minimum s e p e r a t i o n  o f  t h e  s t a t e s .  For  

e x a m p l e ,  16-QAM w i l l  h ave  a b e t t e r  P r o b a b i l i t y  o f  Error  

p erf o rma n ce  t h an  16-PSK,  and i s  t h e r e f o r e  t h e  p r e f e r r e d  

encoding t e ch ni qu e  f or  9600 bps modems. An a l t e r n a t i v e  to
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t r a n s m i t t i n g  s i n g l e  s i d e  band i s  used by QAM. QAM i s  

t r a n s m i t t e d  u s i n g  t w o  d o u b l e  s i d e b a n d  s i g n a l s  i n  

q u a d r a t u r e .  S i n c e  d o u b l e  s i d e b a n d  s i g n a l s  h a v e  no  

quadrature  components ,  t h e r e  i s  no i n t e r f e r e n c e  between the  

two c h a n n e l s .

A m e t h o d  t o  t r a n s m i t  d a t a  a t  i n t e r m e d i a t e  s p e e d s ,

b e t w e e n  t h o s e  o b t a i n e d  by two and f o u r - l e v e l  s y s t e m s ,

i n v o l v e s  t r a n s m i s s i o n  o f  t h r e e - l e v e l  s i g n a l s .  This  type  o f

s i g n a l l i n g  i s  r e f e r r e d  t o  a s  d u o b i n a r y  [ 2 5 ] .  D u o b i n a r y ,

f o r  e x a m p l e ,  u s e s  two t h r e e - l e v e l  symbols to  p ro vi de  ni ne  
2s t a t e s  (3 = 9 ) .  Thus i t  i s  p o s s i b l e  to  e n c o d e  3 b i t s  o f  

data i n t o  e i g h t  o f  t he  n ine  s t a t e s  p ro vi ded .  In m u l t i l e v e l  

sys tems  s i g n a l s  can take on M v a l u e s .  M=2 c o r r e s p o n d s  t o  

b in ary  and M=3 to t e r n a r y  ( d uo b i n a r y ) . In b in a ry  sys t ems  M 

i s  a p o we r  o f  2 ,  e . g .  M=2 i m p l i e s  t h a t  e a c h  symbol  

r e p r e s e n t s  k b i t s  o f  i n f o r m a t i o n .  H i gh er  l e v e l  s y s t e m s  

a c h i e v e  data r a t e  packing o f  k b i t s / s e c / H z ,  or k t i m e s  t h e  

d a t a  r a t e  c a p a b i l i t y  o f  b in a ry  (a 2400 bps duobinary r a t e  

(over a 3 - l e v e l  system)  i s  e q u i v a l e n t  to  a 3600 bps b in a ry  

t r a n s m i s s i o n ,  t h e r e f o r e ,  p r o v i d i n g  3 / 2  (1 .5)  t i m e s  g r e a t e r  

packing o f  b i t s / s y m b o l ) .

5 . 1 . 1  TYPICAL MODEMS

The 2400 bps s y n c h r o n o u s  modem u s e s  2 b i t s  o f  d a t a  

from the  input  data s tream a t  one  t ime and a ccord ing  to an
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a r b i t r a r y  d e c i s i o n  making p r o c e s s  changes t he  p h a se  o f  t h e

c a r r i e r ,  a s  shown in f i g u r e  5 . 1 . 2 .  S ince  2 b i t s  o f  data

are t a k e n  a t  one  t i m e ,  t h e  d i b i t  p a i r s  a l l o w  4 p o s s i b l e  
2

c h o i c e s  ( e . g .  2 p o i n t s  or  t he  f o l l o w i n g  d i b i t  p a i r s  00 ,  

01 ,  1 0 ,  11) f o r  t h e  p ha se  t o  c ha ng e  by from t h e  p r es e n t  

p h a s e  o f  t h e  s i n u s o i d .  T h i s  e n c o d i n g  r e s u l t s  i n  a 

t r a n s m i s s i o n  r a t e  equal  t o  1200 bps and i s  r e f e r r e d  t o  as  

the  baud r a t e .

BIT RATE = BAUD RATE * NO. OF BITS/SYMBOL

In the  4800 bps and h i gher  speed synchronous  modems i t  

i s  a l s o  p o s s i b l e  to  u s e  a c o m b i n a t i o n  o f  a m p l i t u d e  and 

phase modulat ion or j u s t  PSK as  shown in f i g u r e  5 . 1 . 1 .  The 

4800 bps modem uses  8 d i f f e r e n t  p o i n t s  to  phase encode the  

c a r r i e r .  This  r e s u l t s  from u s i ng  3 b i t s  o f  data  t o  e n c od e  

( e . g .  2 3 p o i n t s  or  t h e  f o l l o w i n g  t r i b i t  combinat ions  000,  

0 0 1 ,  . . . ,  1 1 0 ,  1 1 1 )  t h e  p h a s e .  In  t h i s  c a s e  t h e

t r a n s m i s s i o n  r a t e  i s  reduced by 1 /3  ( s y m b o l s / b i t )  t o  1600  

baud.

The t y p i c a l  9600 bps modems use combined ampl i tude and 

phase modulat ion t ech ni qu e  known as  16 p o in t  QAM. These 16
4

p o i n t s  r e s u l t  from c o mb in i ng  4 b i t s  a t  one t ime ( e . g .  2 

p o i n t s  or the f o l l o w i n g  4 - b i t  combinat ions  0000,  0001,  . . . ,  

1110,  1 1 1 1 ) .  The c o m b i n a t i o n  o f  4 b i t s  t o  t r a n s m i t  one 

phase change o f  the  c a r r i e r  r e s u l t  in  a baud r a t e  o f  2400
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b p s .

Other  modems o p e r a t i n g  a t  3600 bps and 7200 bps are  

a v a i l a b l e ,  a l t h o u g h  t h e s e  a r e  g e n e r a l l y  no t  u s e d .  There 

are a l s o  modems o p e r a t i n g  t o  56 Kbps,  t h e s e  a r e  known as  

w i d e b a n d  o r  g r o u p  modems.  The wideband a n a l o g  modems 

r eq u i r e  a w i d e r  b an d wi d th  t h a n  t h a t  a v a i l a b l e  on a v o i c e  

g r a d e  t e l e p h o n e  l i n e ,  and a r e  n o t  o f  i n t e r e s t  i n  t h i s  

s tu d y .

5 . 1 . 2  SIGNAL FILTERING AND SHAPING

F i l t e r i n g  i s  used  i n  modems s i m p l y  t o  c o n f i n e  t h e  

s i g n a l  to  a s p e c i f i c  f r e q u e n c y  b an d ,  i n o r d e r  t o  minimize  

t h e  i n f l u e n c e  o f  n o i s e .  A l o n g  w i t h  f i l t e r i n g  s i g n a l  

s h a p i n g  i s  a l s o  u s e d  t o  h e l p  c o n t r o l  i n t e r s y m b o l  

i n t e r f e r e n c e .

A l t h o u g h  t h e  l o n g  h a u l  t e l e p h o n e  p a t h  i s  f i l t e r e d ,  

l o c a l  pat hs  to  and from t he  l o c a l  s w i t c h i n g  c e n t e r s  hav e  a 

wide and u n r e s t r i c t e d  bandwidth a l l o w i n g  c r o s s t a l k  to  occur  

over a wide f requency  range;  This  c r o s s t a l k  i s  d e t r i m e n t a l  

to the  t r a n s m i s s i o n  o f  data and must be overcome.

N y q u i s t  d e s c r i b e d  a type  o f  s p e c t r a l  shaping to avoid  

i ntersymbol  i n t e r f e r e n c e .  F i g u r e  5 . 1 . 2 . 1  shows a baseband 

s i g n a l ,  having a r e c t a n g u l a r  s p e c t r a l  s h a p e  l i m i t e d  t o  W 

Hz.  T h i s  r e c t a n g u l a r  p u l s e  w i l l  have  a c o r r e s p o n d i n g  

( s i n x ) / x  t ime f u n c t i o n  w i t h  z e r o  c r o s s i n g s  a t  T=1/2W t ime
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i n t e r v a l s .  Thus i t  i s  p o s s i b l e  to  t r a ns mi t  p u l s e s  a t  a 2W

r a t e  w i t h o u t  the  peaks  o f  a d j ac e n t  p u l s e s  i n t e r f e r i n g  with

e a c h  o t h e r .  S i n c e  i t  i s  i m p o s s i b l e  t o  t o  g e n e r a t e

f u n c t i o n s  w i t h  i n f i n i t e  c u t o f f ,  N y q u i s t  and o t h e r s

d e v e l o p e d  o t h e r  p r a c t i c a l  forms  o f  s p e c t r a l  shaping t h a t

w o u l d  h a v e  t h e  s a m e  z e r o  c r o s s i n g  p o i n t s .  The

m o d i f i c a t i o n s  t o  t h e  s q u a r e  p u l s e  i s  s how n i n  f i g u r e

5 . 1 . 2 . 2 .  These s p e c t r a l  shapes  have odd symmetry about the

c u t o f f  f r e q u e n c y  a s  i n d i c a t e d  i n  t h e  f i g u r e .  The

a d d i t i o n a l  bandwidth r e q u i r e d  t o  t r a n s m i t  the  s i g n a l s  with

t h e s e ,  s p e c t r a l  s h a p e s  i s  e x p r e s s e d  i n  t e r m s  o f  t h e

o r i g i n a l l y  d i s c u s s e d  bandwidth W. The t ime res ponse  t h a t
2c o r r e s p o n d s  t o  100% r o l l o f f  ( f u l l  c o s  r o l l o f f )  h as  a 

p r o pe r t y  t h a t  in a d d i t i o n  t o  t h e  T=n/2W c r o s s o v e r  p o i n t s  

( w h e r e  n - 1 , 2 , . . . )  t h e r e  i s  no i n t e r f e r e n c e  a t  t h e  h a l f  

ampl i tude  p o i n t s .  The t i m e  r e s p o n s e  a l s o  d i e s  away more 

r a p i d l y  than the 0% and the  50% r o l l o f f  s l o p e s .

Modems used in t e l e p h o n y  a r e  d e s i g n e d  w i t h  a r a i s e d  

c o s i n e  shaping o f  the  s p e c t r a l  d e n s i t y  (SD) . The SD can be 

d e s c r i b e d  m a t h e m a t i c a l l y  a t  baseband as  f o l l o w s  [ 2 2 ] .

T,

S(w)= 4

0 * w <  ('H/T) (1-of )

( 1 )

c T / 2 * [ l - s i n ( T / 2 0 0 * ( w - 1 ^ T ) ]  , (tf/T) ( H ) i w  — (^Vt ) (l+<*)
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Where T in  t h e  above f o r m u l a  r e p r e s e n t s  t i m e .  &=1  

c o r r e s p o n d s  t o  a f u l l  r a i s e d  c o s i n e  s pe c t r u m  w h i l e  & K 1 

r e s u l t s  i n  a s p e c t r u m  w i t h  a f l a t  p o r t i o n  a t  l o w  

f r e q u e n c i e s  and r a i s e d  c o s i n e  s h a p i n g  a t  t h e  e d g e s .  The 

m u l t i p l i c a t i o n  o f  t he  above d i s c u s s e d  baseband spectrum,  by 

a c a r r i e r ,  s h i f t s  t h e  waveform t o  t h e  f r e q u e n c y  o f  t h e  

c a r r r i e r .  T y p i c a l  s p e c t r a l  c h a r a c t e r i s t i c s  o f  modems are  

shown in f i g u r e  5 . 1 . 2 . 3 .  I t  s h o u l d  be noted t h a t  s p e c t r a l  

s h a p i n g  o f  t h e  v o i c e b a n d  d a t a  s i g n a l  c a n  be  d o n e  a t  

baseband b e f or e  modulat ion or a f t e r  modulat ion  and can a l s o  

be accompl ished as  a combinat ion o f  t he  two.

5 . 2  EXPERIMENTAL PROCEDURE

The e x p e r i m e n t a l  p r o c e d u r e  used  t o  c a l c u l a t e  t h e  

A u t o c o r r e l a t i o n  (or  s p e c t r a l  d e n s i t y )  c h a r a c t e r i s t i c s  o f  

v a r i o u s  modems i s  as  f o l l o w s :

The data a p p l i e d  to the d i g i t a l  input  o f  the modem was 

a b i n a r y  PN s e q u e n c e  g e n e r a t e d  by an HP 3 7 2 2 - A  n o i s e  

g e n e r a t o r .  The n o i s e  g e n e r a t o r  was c l o c k e d  by a s i g n a l  

p r o v i d e d  by t h e  modem, w h i c h  i s  a t  t h e  b i t  r a t e  o f  t h e  

modem t h a t  i s  used.  The analog  v o i c e b a n d  modem s i g n a l  i s  

s a m p l e d  by  t h e  DM e n c o d e r  w h i c h  i s  c l o c k e d  by  an 

i n d e p e n d e n t  c l o c k  s o u r c e .  The d i g i t a l  o u t p u t  o f  t h e  DM
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encoder was then input  i n to  a PDP 11/34  m in i - c o m p u t e r  by a 

DR11-K p a r a l l e l  i n t e r f a c e  b i t - b y - b i t  and i s  shown in f i g u r e

5 . 2 . 1 .

The a u t o c o r r e l a t i o n  (R) o f  the  d i g i t a l  out put  was then  

c a l c u l a t e d  u s i n g  e n s e m b l e  a v e r a g i n g  t e c h n i q u e s .  The 

a u t o c o r e l l a t i o n  was a v e r a g e d  o v e r  (N = ) 6 5 , 5 3 5  independent  

measurement i n t e r v a l s .  Each measurement i n t e r v a l  i n c l u d e d  

(n=)  1 0 0  b i t s .  The a u t o c o r r e l a t i o n  was c a l c u l a t e d  as

f o l l o w s :

N

R (m) = — IEZ e. (0)e .  (m) m = l , 2 , . . . , n  (2)
N m=l K

Where e k ( j )  i s  t h e  j t h  b i t  o f  t h e  k th  m easu remen t  

i n t e r v a l .

The S p e c t r a l  D e n s i t y  (SD) was c a l c u l a t e d  u s i n g  t h e  

f o l l o w i n g  formula d e r i v e d  by Bennet t  [ 1 9 ] .

n
W(f) = ^IG ( f )  | 2 * { R ( 0 ) - m . 2+ 2 * 2 1 [ R ( k ) - m 1 ] 2cos(2TfkfT)}  

T k=l
(3)

Where i s  t h e  mean and R (0) i s  t h e  c o r r e l a t i o n  o f  

every  b i t  wi th  i t s e l f .  In t h i s  s t u d y  t h i s  f o r mu l a  a bove



1 02

reduces  t o :

n

W(f) = - | G  ( f )  | 2 * ( l - 2 ^ - R ( k ) C o s ( 2 r i f k f T )  ) (4)
T k=l

Where f = l / T  i s  t h e  DM sampl ing r a t e ,  and G(f)  i s  the  

Fourier  transform o f  a u n i t  p u l s e  o f  width T.

5 . 3  DIGITAL TRANSMISSION VIA TELEPHONE LINES

With t h e  p r e s e n t  mix  o f  Ana 1 o g / D i g i t a l  t e l e p h o n e  

t r a n s m i s s i o n  f a c i l i t i e s ,  t he  f u t u r e  c h a l l e n g e  i s  t he  use o f  

d i g i t a l  t r a n s m i s s i o n  e x c l u s i v e l y  in  d a t a  c o m m u n i c a t i o n s .  

P r e s e n t l y  d a t a  and v o i c e  c o m m u n i c a t i o n s  a r e  a c h e i v e d  as  

shown in f i g u r e  5 . 3 . 1 .

Figure  5 . 3 . 1 a  shows how v o i c e  c h a n n e l s  are  con ver t ed  

t o  d i g i t a l  format ,  f or  t r a n s m i s s i o n  over d i g i t a l  t e l e p h o n e  

l i n e s .  A 4Khz (=W) a n a l o g  v o i c e  s i g n a l  i s  PCM encoded as  

f o l l o w s .  The i n p ut  s i g n a l  i s  sampl ed  a t  t he  Ny qu is t  r a t e  

( = 2W) , r e s u l t i n g  in  8Ksps ( s a m p l e s  per  s e c o n d )  s i g n a l .
7

These samples  are  then encoded us i ng  a 7 b i t  A/D (=128 (2 )

G ( f ) = s i n  ( Tf fT) / 7 f  fT) (5)
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l e v e l s ) .  To e a c h  7 b i t  encoded sample an a d d i t i o n a l  b i t ,  

used for  t iming  c o n t r o l ,  i s  a d d e d .  The r e s u l t i n g  d i g i t a l  

s t r e a m  w h i c h  i s  a t  a 6 4 Kb ps  r a t e  i s  t i m e  d i v i s i o n  

m u l t i p l e x e d  (TDM) a l o n g  wi th  23 o ther  such v o i c e  c ha nn e l s  

and t r a n s m i t t e d  o v e r  a T - l  l i n e  a t  a 1 . 5 4 4  Mbps r a t e ,  

f i g u r e  5 . 3 . 1 b  shows t h a t  vo iceband modem s i g n a l s  a r e  a l s o  

PCM e nc od ed  and t ime d i v i s i o n  m u l t i p l e x e d  for  t r a n s m i s s i o n  

over a T - l  l i n e  in e x a c t l y  t he  same way as  d e s c r i b e d  above.  

Figure  5 . 3 . 2  shows t he  format used for  TDM frame o f  data on 

a T - l  l i n e .  7 b i t s  o f  d a t a  o r  v o i c e  p e r  c h a n n e l  i s  

m u l t i p l e x e d  a long wi th  an a d d i t i o n a l  b i t  for  t imi ng  c o n t r o l  

wi th  o t h e r  encoded s a m p l e s .  The r e s u l t i n g  frame used  i s  

193 b i t s  l o n g  and e q u a l s  125 msec o f  t i m e  per  frame o f  

d i g i t a l  data t r a n s m i t t e d  on the T - l  l i n e .

The h e i r a r c h y  o f  t h e  t e l e p h o n e  d i g i t a l  t r a n s m i s s i o n  

system used in the  U.S.  i s  shown in f i g .  5 . 3 . 3 .  T - l  l i n e s  

a t  1 . 5 4 4  Mbps a r e  c r o s s  c o n n e c t e d  w i t h  o t h e r  T - l  l i n e s ,  

a l s o  4 T - l  l i n e s  can be m u l t i p l e x e d  (Ml-2)  r e s u l t i n g  in a 

T-2 l i n e  ( 6 . 3 1 2  Mbps r a t e ) .  S i m i l a r l y  T - 2  l i n e s  a r e  

m u l t i p l e x e d  (M2-3) r e s u l t i n g  in a T-3 l i n e  which t r a n s m i t s  

a t  a 44 . 736  Mbps r a t e .

5 . 4  EXPERIMENTAL RESULTS

The m e a s u r e d  a u t o c o r r e l a t i o n  and t h e  c a l c u l a t e d  

s p e c t r a  o f  four modems are  examined,  t h e y  i n c l u d e :
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Racal /Vad i c 2400 bps 4-PSK

GTE-Lenkurt 4800 bps 8-PSK

Western E l e c t r i c  9600 bps 16-QAM

GTE-Lenkurt 2400 bps DUOBINARY

The mea su red  a u t o c o r r e l a t i o n  t h a t  r e s u l t e d  f rom  

e n s e m b l e  a v e r a g i n g  t e c h n i q u e s ,  as  o u t l i n e d  above,  i s  shown 

in f i g u r e s  5 . 4 . 1  and 5 . 4 . 2 .  F i g u r e  5 . 4 . 1  c omp ares  t h e  

measured a u t o c o r r e l a t i o n  o f  the  2400 bps and t h e  4800  bps  

m o d e m s .  The  DM b i t  s a m p l i n g  r a t e  u s e d  i n  t h e s e  

m e a s u r e m e n t s  was 32 K b p s .  The u s e  o f  t h i s  p a r t i c u l a r  

sampl ing s p e e d  was p u r e l y  a r b i t r a r y ,  a l t h o u g h  a maximum 

s a m p l i n g  s p e e d  o f  o n l y  38 Kbps was  p o s s i b l e  d u e  t o  

l i m i t a t i o n s  o f  t h e  P D P - 1 1 / 3 4 .  F i g u r e  5 . 4 . 2  shows  t h e  

measured a u t o c o r r e l a t i o n  o f  t h e  4 8 00  b ps  and 9 6 0 0  b ps  

modems a l s o  measured a t  a 32 Kbps sampl ing r a t e .

I t  i s  s e e n  from f i g u r e  5 . 4 . 2 ,  whi ch  i s  p l o t t e d  f o r  

s e v e r a l  i n d e p e n d e n t  m e a s u r e m e n t s ,  t h a t  t h e r e  i s  some  

s c a t t e r  in  t h e  i n d i v i d u a l  v a l u e s  o f  R(n) a t  a l l  n.  The 

s c a t t e r  i s  s m a l l  and d o e s  not  a f f e c t  t h e  g e n e r a l  shape o f  

t h e  c u r v e .  F i g u r e  5 . 4 . 3  s h o w s  t h e  c a l c u l a t e d  s p e c t r a l  

d e n s i t y  o f  t h e  2400 bps  and t h e  4800  bps  modems.  I t  i s  

o b v i o u s  t h a t  the  spectrum has a bandpass  shaping s i n c e  the  

a u t o c o r r e l a t i o n  i s  s i m i l a r  t o  an e x p o n e n t i a l l y  d e c a y i n g  

s i n u s o i d .  The 6dB b an d wi d th  o f  t h e  p l o t t e d  s p e c t r a  a r e
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a p p r o x i m a t e l y  1160 Hz f o r  t h e  2400 bps modem and 1625 Hz 

for  the 4800 bps modem. T h i s  compares  w i t h  t h e  expected  

v a l u e s  o f  1200 Hz and 1600 Hz r e s p e c t i v e l y .

F i g u r e  5 . 4 . 4  and 5 . 4 . 5  show t h e  c a l c u l a t e d  and  

measured power s p e c t r a l  d e n s i t y  (201og ampli tude)  for  the  

4800 bps  and 9 6 0 0  bps  modems .  T h e s e  c u r v e s  show t h e  

c a l c u l a t e d  s p e c t r a  f o r  t h r e e  d i f f e r e n t  and i n d e p e n d e n t  

me as ur em en ts  o f  a u t o c o r r r e l a t i o n  u s i n g  n=75 b i t s  o f  data  

over 65 ,535 independent  measurement i n t e r v a l s .

F i g u r e s  5 . 4 . 6  and 5 . 4 . 7  s h o w ,  r e s p e c t i v e l y ,  t h e  

measured a u t o c o r r e l a t i o n  f u n c t i o n  and c a l c u l a t e d  s p e c t r a  o f  

the 2400 bps duobinary modem.

Ensemble a ve ra g in g  t e c h n i q u e s  used  t o  c a l c u l a t e  t h e  

a u t o c o r r e l a t i o n  f u n c t i o n ,  as  d i s c u s s e d  above,  n e c e s s i t a t e s  

long measurement t ime ( s e v e r a l  m i n u t e s ) . I f  the  input  data  

to the modem i s  assumed to be random and e r g o d i c ,  then t ime  

a v e r a g i n g  t e c h n i q u e s  s h o u l d  y i e l d  r e s u l t s  e q u i v a l e n t  to  

ensemble averagi ng  t e c h n i q u e s .

For t i m e  a v e r a g i n g  o f  t h e  a u t o c o r r e l a t i o n ,  a l o n g  

s e q u e n c e  o f  c o n s e c u t i v e  b i t s  output  from the DM i s  entered  

i n t  t he  memory o f  t h e  PDP- 11 /3 4  computer  in  t h e  same way 

d e s c r i b e d  p r e v i o u s l y .  The a u t o c o r r e l a t i o n  i s  t h e n  

c a l c u l a t e d  as f o l l o w s :

N

R(m) = rr ^ - e  (k) e (k+m) m = l , 2 , . . . , n  (6)
N k=l



106

H er e  t h e  s e q u e n c e  o f  i n p u t  b i t s  must  h a ve  a t o t a l  

l e n g t h  equal  to  NT=N+n b i t s .

F i g u r e  5 . 4 . 8  and 5 . 4 . 9  s h o w  t h e  r e s u l t s  o f  t h e  

measurement o f  t h e  a u t o c o r r e l a t i o n  u s i n g  t i m e  a v e r a g i n g .  

V a l u e s  o f  N = 1 0 , 0 0 0  and N=5,000 are  shown for  t he  4800 bps  

and the 9600 bps modems. The f i g u r e s  were p l o t t e d  for  f i v e  

independent  m e a s ur em e nt s  o f  t h e  v o i c e b a n d  d a t a  waveform.  

F i r s t  i t  i s  s e e n  t h a t  t h e  g e n e r a l  s h a p e  o f  t h e s e  t i m e  

averaged measurements i s  v ery  s i m i l a r  to  the  curve  o bt a ined  

by e n s e m b l e  a v e r a g i n g  t e c h n i q u e s .  Further i t  i s  observed  

t h a t  the  s c a t t e r  a t  any s p e c i f i c  v a l u e  o f  n i n c r e a s e s  as  N 

i s  d e c r e a s e d .

5 . 5  DISCUSSION

The o b s e r v e d  s i m i l a r i t y  o f  t h e  t i m e  a v e r a g e d  and  

e n s e m b l e  a v e r a g e d  a u t o c o r r e l a t i o n  makes t h e  p r e v i o u s  a 

v i a b l e  c h o i c e  f o r  r e a l  t i m e  a p p l i c a t i o n s .  T h i s  i s  t rue  

because  t ime averaged measurements take o rd e r s  o f  magnitude  

l e s s  t ime than ensemble  a v e r a g e d  m e a s u r e m e n t s .  The t i me  

i n v o l v e d  in  t h e s e  m e a su r e m e n t s  ( a t  32 Kbps) v a r i e s  from 

s e v e r a l  s e c o n d s  t o  f r a c t i o n s ' o f  a s e c o n d .  T h i s  v a l u e  o f  

t he  measurement t ime deopends on b o t h  N and t h e  number o f  

n ' s  t h a t  are  to be c a l c u l a t e d .
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I t  i s  t h e  p u r p o s e  o f  t h i s  s t u d y  t o  e x a m i n e  t h e  

p o s s i b i l i t y  o f  d i s c r i m i n a t i n g  b e t w e e n  v a r i o u s  modems. To 

s t u d y  t h e  c a p a b i l i t y  o f  d i s t i n g u i s h i n g  b e t w e e n  v a r i o u s  

modems,  u s i n g  the measured (t ime averaged)  a u t o c o r r e l a t i o n  

f u n c t i o n ,  an e x p e r i m e n t  was p e r f o r m e d .  I t  was d e s i r e d  to  

d i s t i n g u i s h  between the 4800 bps and t h e  9600 bps  modems.  

N=10,000 b i t s  was used and f i v e  a u t o c o r r e l a t i o n  v a l u e s  were  

n e e d e d .  T h i s  n e c e s s i t a t e d  a measurement o f  NT=10,005  b i t s  

o f  DM d i g i t a l  o u t p u t .  The a u t o c o r r e l a t i o n  b i t s  t h a t  were 

used were the  1 6 t h -1 9 th  and 2 3 r d - 2 4 t h .  The v a l u e  o f  ea ch  

R(n) was added in t he  f o l l o w i n g  way:

T h ={ - [n 17+ni g +ni g ] + [ n 23+n2 4] - n l g }

A v a l u e  o f  Th e q u a l  t o  2 8 0 0  was  u s e d .  I f  t h e

t h r e s h o l d  (Th) was g r e a t e r  t h an  2800 i t  was dec i ded  t h a t  a

9600 bps modem h a s  b e en  d e t e c t e d ,  and a v a l u e  l e s s  than  

2800 r e s u l t e d  in a d e c i s i o n  t h a t  4800 bps modem i s  on l i n e .

The experiment  was performed 10^ t im es  and the  r e s u l t s

are shown in t a b l e  5 . 5 . 1 .  A p r o b a b i l i t y  o f  er ro r  l e s s  than
- 5  - 4  -410 was  d e s i r e d  and v a l u e s  o f  4 . 4  10 and 2 . 7  10

r e s u l t e d  from t h e  m e a s u r e m e n t s  p e r f or me d  on t h e  modems.

Th es e  r e s u l t s  a r e  e n c o u r a g i n g  b e c a u s e  i f  t h e  v o i c e b a n d

modem w a v e f o r m s  a r e  s a m p l e d  a t  s p e e d s  o f  64 Kbps and

g r e a t e r ,  s m a l l e r  v a l u e s  o f  N can be u s e d ,  t h e r e f o r e  l e s s

t ime i s  needed to  c o m p l e t e  t h e  m e a s u r e m e n t s .  I t  i s  a l s o
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t rue  because  the f a s t e r  the  sampling r a t e  the  b e t t e r  the  DM 

c a n  f o l l o w  t h e  w a v e f o r m s .  F i g u r e  5 . 5 . 1  s h o w s  t h e  

a u t o c o r r e l a t i o n  o f  t h e  9600 bps modem sampl ed  a t  25 Kbps 

and 35 Kbps. I t  i s  seen  t h a t  t h ere  i s  j u s t  a s h r i n k i n g  in  

the  waveform, t h i s  o b s e r v a t i o n  aga in  i m p l i e s  t h a t  a t  h i gh er  

s a m p l i n g  r a t e s  (64  Kbps and g r e a t e r )  would r e s u l t  i n  

s i m i l a r  c u r v e s  and would a c h i e v e  e r r o r  r a t e s  l e s s  t h an

An experiment  to d i s t i n g u i s h  the 4800 bps and 9600 bps 

modems f ro m t h e  2 4 0 0  b p s  d u o b i n a r y  modem w a s  a l s o  

p e r f o r m e d .  For t h i s  exper iment  n2g and n40 were added and 

compared to a t h r e s h o l d  v a l u e .  Error  r a t e s  o f  l e s s  than  

10~^,  in  d i s t i n g u i s h i n g  t h e  2400 bps  d u o b i n a r y  from t h e  

4800 bps and t he  9600 bps modems were measured.

5 . 6  CHARACTERISTIC DIFFERENCES OF

SPEECH AND VOICEBAND MODEM WAVEFORMS

S p e e c h  and V o i c e b a n d  modem d a t a  wavef orms  d i f f e r  

r a d i c a l l y  from e a c h  o t h e r ,  a s  shown in  f i g u r e s  5 . 6 . 1  and

5 . 6 . 2 .

Speech waveforms are  an amalgm o f  d i f f e r e n t  wave f orms  

l i n k e d  t o g e t h e r  a n d ,  a s  m e n t i o n e d  in  p r e v i o u s  c h a p t e r s ,  

speech i n c l u d e s  l o n g  p e r i o d s  o f  s i l e n c e .  Voiceband modem 

w a v e f o r m s ,  on t h e  o t h e r  hand a r e  i r r e g u l a r l y  s h a p e d  

s i n u s o i d a l  s i g n a l s  wi th  approx imat e l y  equal  am pl i t ud e .
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D u e  t o  t h e  l o n g  s i l e n c e  p e r i o d s  f o u n d  i n  

c o n v e r s a t i o n a l  s p e e c h ,  t h e  e n e r g y  a s s o c i a t e d  w i t h  i t  i s  

b u r s t y  and has i t s  s p e c t r a l  energy  c o n c e n t r a t e d  b e l o w  800  

Hz. The e n e r g y  f l o w  o f  data i s  g e n e r a l l y  smooth wi th  i t s  

s p e c t r a l  energy s p r e a d  e v e n l y  a b o ut  t h e  c a r r i e r  f requency  

(approx imat e l y  1800 H z ) .

To d i s t i n g u i s h  b e t w e e n  s p e e c h  and v o i c e b a n d  modem 

w a v e f o r m s ,  t h e  l o n g  s i l e n c e  p e r i o d s  o f  c o n v e r s a t i o n a l  

speech  are e x p l o i t e d .  I t  was n o t e d  t h a t  the  DM o u t pu t s  a 

s t e a d y  s t a t e  p a t t e r n  when t h e r e  i s  s i l e n c e .  T h e r e f o r e ,  t o  

e s t a b l i s h  t h a t  t h e r e  i s  speech on the  l i n e ,  the p r e s en c e  o f  

the  s t e a d y  s t a t e  p a t t e r n  i s  moni t ored .

5 . 7  APPLICATION-AUTOMATIC ROUTING

USING DELTA MODULATION

In t r a n s m i t t i n g  data s i g n a l s  over a t e l e p h o n e  network,  

i t  i s  p o s s i b l e  f o r  d a t a  s i g n a l s  t o  undergo a t  l e a s t  four  

format  c o n v e r s i o n s ,  as  shown in f i g u r e  5 . 7 . 1 .  This  i s  t rue  

b e c a u s e ,  a l t h o u g h  d i g i t a l  t r a n s m i s s i o n  f a c i l i t i e s  e x i s t ,  

c o n v e n t i o n a l  ana l og  modems are used when a network can no t  

be d i r e c t l y  a c c e s s e d  us ing d i g i t a l  s i g n a l s .

To m a xi mi ze  t h e  c h a n n e l  u t i l i z a t i o n  o f  p r e s e n t  and 

f u t u r e  d i g i t a l  t r a n s m i s s i o n  f a c i l i t i e s ,  an a l t e r n a t i v e  

u si ng  automat i c  r ou t i n g  i s  p ro po se d.  The ADM can be  used  

a s  a t o o l  t o  a u t o m a t i c a l l y  route  voiceband modem or speech
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s i g n a l s  by examining the c o r r e l a t i o n  f u n c t i o n  (or spectrum)  

o f  t h e  ADM's d i g i t a l  o u t p u t .  The s y s t e m  t o  be used  i s  

shown in f i g u r e  5 . 7 . 2 .  There  a r e  v a r i o u s  i n p u t s  t o  t h e  

a u t o - r o u t e r ,  t h e s e  i np uts  i n c l u d e  both speech and voiceband  

modem s i g n a l s .  T h e  o u t p u t  o f  t h e  a u t o - r o u t e r  i s  

m u l t i p l e x e d  b e t w e e n  a v o i c e  o r  d a t a  c o n c e n t r a t o r .  The 

s i g n a l s  from t h e  data and v o i c e  c o n c e n t r a t o r s  a r e  t h e n  TD 

m u l t i p l e x e d  f or  t r a n s m i s s i o n  over  T - l  l i n e s .  The s p e c i f i c  

e l e m en ts  o f  the proposed system are  d i s c u s s e d  below.

5 . 7 . 1  AUTOMATIC ROUTER

The schemat i c  f o r  t h e  a u t o - r o u t e r  i s  shown in f i g u r e

5 . 7 . 1 . 1 .  The i n p u t  t o  t h e  a u t o - r o u t e r  can be e i t h e r  a 

s p e e c h  waveform or a voiceband modem s i g n a l .  The input  i s  

d e l t a  modulated by t h e  A D M / C o n t r o l l e r  (ADM/C). The ADM/C 

e x a m i n e s  t h e  i n p u t  waveform and d e c i d e s  on w h e t h e r  t h e  

i n p u t  i s  s p e e c h  or  d a t a .  The c o n t r o l l e r  t h e n  r o u t s  the  

input  to  a speech c o n c e n t r a t o r  or to a data c o n c e n t r a t o r .

5 . 7 . 2  SPEECH CONCENTRATOR

The schemat ic  f or  t he  s p e e c h  c o n c e n t r a t o r  i s  shown in  

f i g u r e  5 . 7 . 2 . 1 .  The s i g n a l s  t h a t  are  routed to  t h e  s p e e c h  

c o n c e n t r a t o r  by t h e  a u t o - r o u t e r  can be handled in  v a r i o u s  

ways .  The s p e e c h  waveform can be e n co ded  by ADM or  PCM
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c o d e c s .

I f  ADM c od e c s  are to be used,  the  speech s i g n a l  can be 

encoded a t  16Kbps or  a t  a 32Kbps r a t e ,  t h i s  e f f e c t i v e l y  

i n c r e a s e d  t h e  c h a n n e l  u t i l i z a t i o n  by f a c t o r s  o f  4 and 2,  

r e s p e c t i v e l y  (PCM i s  e ncod ed  a t  64Kbps per c h a n n e l ) .  The 

d i g i t i z e d  s i g n a l s  are  then m u l t i p l e x e d  and routed t o  a TDM 

system for  t r a n s m i s s i o n  over T - l  l i n e s .

5 . 7 . 3  DATA CONCENTRATOR

The s c h e m a t i c  o f  t h e  d a t a  c o n c e n t r a t o r  i s  shown in 

f i g u r e  5 . 7 . 3 . 1 .  The v o i c e b a n d  modem s i g n a l s  are  routed to  

t he  data c o n c e n t r a t o r  i n  a s p e c i f i c  manner .  W i t h i n  t h e  

c o n c e n t r a t o r  t h e re  are  banks o f  s p e c i f i c  demodulators  ( e . g .  

2400 bps QPSK modem, 4800 bps  8-PSK modem, e t c . ) .  These 

banks o f  v a r i o u s  d emo d ul a to rs  d e c o d e  s i g n a l s  from s p e c i f i c  

modems.

The d i g i t a l  (demodulated) s i g n a l s  are  then m u l t i p l e x e d  

a t  much lower b i t  r a t e s  then the  PCM system p r e s e n t l y  used  

( e . g .  t h e  m o d e m ' s  b i t  r a t e  v s .  6 4 Kb p s  PCM).  The  

demodulated b i t s  are then routed to a TDM system where t he y  

are m u l t i p l e x e d  wi th  speech s i g n a l s  and o t h er  modem s i g n a l s  

for  t r a n s m i s s i o n  over T - l  l i n e s .
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DATA RATE (bps)

110 -  1800 
2000 -  2400

3600

4800

7200

9600

MODULATION TECHNIQUES

FSK
4-PSK
V e s t i g i a l  Sideband  
Duobinary

4-Phase  + AM

4- Phase  + AM 
V e s t i g i a l  Sideband  
8-PSK

Phase and Amplitude  
Modulat ion

Phase and Amplitude  
Modulat ion

Table 5.1.1 Voiceband Modem C h a r a c t e r i s t i c s
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«

©

F igu re

4-PSK 
[2 bits/baud)

9

8-PSK 
(3 bits/baud)

0
0 e

0

0
e 9

o

8 point QAM 
(3 bits/baud)

0 0

0 0

0 0

• e

9 9

> 16 point QAM 
(4 bits/baud)

i . 1 . 1  Var ious  c o n s t e l a t i o n s  used i n  
vo i ceband modems
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PHASE CHANGE TO 
BE GENERATED

BITS TO 
BE SENT

2400

2400bps

45 135
JL

- 45  135 - 135  135
 1 1 1-------------

I 2 i5 0 s e c
1200bps

Fi gu re  5 . 1 . 2  Example o f  DPSK used  i n  2400 bps  4phase  
modem
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frequency

a

T=5:

2TC-2T

-3T

Fi gure  5.1.2.1 a) baseband s i g n a l  w i t h  r e c t a n g u l a r  spectrum
b ) t i m e  r e s p o n s e  o f  a
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50%

1 0 0%

frequency
(a)

1 0 0 %

time
- 2 r

o%(b) 50%‘

F ig ure  5 . 1 . 2 . 2  a) m o d i f i e d  baseband r es p o n s e  and 
b ) c o r r e s p o n d i n g  t ime r es p o n s e
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MARK SPACE P 
•P
• r l

FSK: f 1=1200Hz 
f^=2200Hz

1200 t o  1800 
bps

•H

•1600-\Hz
^JHz /  !
3000 600 f

V Hz 
3000600 f

2400
Hz

3000 — 2400-

PSK suppressed  
c a r r i e r  
@ 1800Hz

PSK suppressed  
c a r r i e r  
@ 1800Hz

QAM suppressed  
c a r r i e r  
@ 1650Hz

SSB c a r r i e r  
0 2800Hz

1200 baud 
4-Phase  
2400 bps

1600 baud 
8-phase  
4800 bps

2400 baud 
16 p o i n t s  
9600 bps

4800 baud 
4 l e v e l s  "in"
7 l e v e l s  "out" 
9600 bps

Figure  5.1.2.3 S p e c t r a l  D e n s i t i e s  f o r  f i v e  ty p e s  o f  modems
from Kretzmer [23] 117
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c o r r e la t io n  o f  vo iceb an d  d ata



64Kbps 14KHZ
TIME

DIVISION
MULTIPLEX
SYSTEM

64Kbps 24 KHz
T-l 1.544Mbps

4KHZ 64Kbps ^

PCM
codec

PCM
codec.

PCM
codec

a) Voice concentrator

64 Kbps

64 Kbps TDMS T-l

64 KbpsDATA
SET

PCM
codec

DATA
SET

DATA
SET

Voiceband
data

PCM
codec

PCM
codec

b) Data Concentrator

F igu re  5 . 3 . 1  P r e se n t  s t r a t e g y  fo r  d i g i t a l  tr a n sm iss io n



193 b i t s  (125 llsec)

PCM'd speech  
or d ata

tim in g
c o n tr o l

frame
c o n tr o l

F igu re  5 .3 .2  Format used  fo r  d i g i t a l  te lep h o n y  (1 frame)
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VOICE
CONCENTRATOR T-l

24 vf channels 
______ ^  1.544 MbpsT-l

conc.
DATA

CONCENTRATOR

Ml-2
MUX T-2

96 vf channels 
 ^6.312 MbpsT-2

conc.

T-3

672 vfT-3
conc

4032 vf
274.176 MbpsM3-4

MUX

M2-3
MUX

F igu re  5 .3 .3  H ierarchy o f  d i g i t a l  te le p h o n e  tr a n sm iss io n  
in  th e  USA



! ffa=32Kbps' |
'8 phase modem . 
(GTE-LENKURT 262a )
: 4 phase modojji  __ __

1 (r a c a l/vadic)
40

Fijgure 5 .4 .1  A u to c o r r e la tio n  o f  DM d i g i t a l  ou tp u t sam pling  
i : : 4phase and an 8p h a se:modems ; ; I



123

R(n)

a) 4800 bps 8-PSK modem
B(n)

25

F ig u re  - 5 .4 .2  Autocorrelation function o f 4800 bps (a) 
and 9600 bps (b) modems sampled a t 32Kbps 
using ensemble averaging techniques
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F ig u re  5 . 4 . 5  C a lc u la te d  PSD o f  9600bps QAM modem
fOo>



F igu re 5 . 4 . 6  Measured a u t o c o r e l la t io n  o f  2400bps duobinary modem 
u sin g  tim e a v era g in g  te c h n iq u es
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F ig u re  5 . 4 . 7  C a lc u la te d  PSD o f  2400 bps duobinary modem 128
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S,(n)

.......

... 

■“' ■
. . .

. . .

;... •S •
. 1... r ! i

a) using 10,000 b its

f

I

,000 b itsb) using
F igu re  5 .4 .8  Autocorellation of 4800 bps GTE-Lenkurt modem

sampled a t  32 Kbps using time averaging techniques 
with a )10,000 b its  and b) 5,000 b its
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Figure 5 . 4 . 9  Autocorellation of 9600 bps WESTERN ELECTRIC modem 
sampled a t  32 Kbps using time averaging techniques 
with a) 10,000 b its  and b) 5,0tt0 b its
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Total

Total

NO. o f  TRIALS NO. o f  ERRORS e rro r

45 ,184
2,494

18,089
2 0 , 0 0 0
23,000

108,767

23
0

11
4

10

48.

5 . 09*10  
< 10 " 

6.08*10'  
2 . 0 0 * 10 ' 
4.34*10'

4.40X10'

a) th re sh h o ld  "C 2800

2 0 , 0 0 0
22,080
30,000

3,776
27,500

103,356

2
4

14
0
8

28

1 . 00*10
1.80*10"
4. 67*10

< 101
2.91*10

2.70X10 -4

b) t h r e s h h o l d > 2 8 0 0

Threshhold  = ( - (n i 7 +ni 8 +n19  ̂+ n̂ 23+n24^"n 1 6 *

T able 5.5.1 R e su lts  o f  Modem d is c r im in a t io n  exp erim en ts  
a) 4800 bps modem b) 9600 bps modem

cn 
 ̂

ui
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f:>25Kb'
D r

F ig u re  5 . 5 . 1  A u to c o r r e la t io n  o f  DM o u tp u t o f  9600bps  
modem fo r  v a r io u s  sam pling r a t e s
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F igu re  5 . 6 . 2  Waveform o f  PSK d ata  s ig n a lfr o m  O'Neal  [21]
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DATA DATAMODEM
{A/D-

MODEM
(D/ASOURCE SINK

analodigital

F igu re  5 . 7 . 1 Format conversion for digital transmission of 
data signals
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ADM
CONTROLLER

VOICE
CHANNELS

INPUT 
SPEECH 

OR / SWITCH
DATA

DATA CHANNEL 
TYPE A

DATA CHANNEL 
TYPE B

F ig u re  5 . 7 . 1 . 1  A utom atic r o u te r
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TO/FROM TDMS
CONTROLLER

DEMOD. 
TYPE B

DEMOD. 
TYPE B

DEMOD. 
TYPE A

DEMOD. 
TYPE C
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CHAPTER 6 

DISCUSSION AND CONCLUSIONS

This  d i s s e r t a t i o n  i n c l u d e s  two areas  o f  r e s e a r c h .  One 

was t h e  d e v e l o p m e n t  o f  a r e a l - t i m e  p a c k e t  v o i c e  network  

s i m u l a t o r ,  t h e  s e c o n d  w a s  v o i c e b a n d  m o d e m / s p e e c h  

d i s c r i m i n a t i o n  and i d e n t i f i c a t i o n .

Chapters  1 thru 4 are  concerned wi th the  f i r s t  part  o f  

the  d i s s e r t a t i o n .  In chapt er  1 t h e  p a c k e t i z a t i o n  p r o c e s s  

i s  i n t r o d u c e d .  A d i s c u s s i o n ,  a s  t o  t h e  a m e n a b i l i t y ,  o f  

speech  fo r  i n c l u s i o n  i n t o  t h e  p a c k e t i z a t i o n  environment  i s  

p r e s e n t e d .

In c h a p t e r s  2 and 3 t h e  s p e c i f i c s  o f  a r e a l - t i m e  

p a c k e t  v o i c e  s i m u l a t o r  a r e  p r e s e n t e d .  In t h e s e  c h a p t e r s  

t h e  s o f t w a r e  ( e . g .  t h e  p h i l o s o p h y  o f  o p e r a t i o n )  and 

e x t e r n a l  hardware c o n n e c t i o n  are  d i s c u s s e d .  The importance  

o f  the  s i l e n c e / s p e e c h  d e t e c t i o n  s chemes  was f o l l o w e d  by a 

d i s c u s s i o n  o f  two s p e c i f i c  a l g o r i t h m s  (us ing  the ADM) to 

e x e r c i s e  the packet  v o i c e  s i m u l a t o r .  For the s i m u l a t o r  th e  

Song V o i c e  A d a p t i v e  D e l t a  Mod (SVADM) was c h o s e n  a s  the  

encoding scheme.  This  a l g o r i th m was used in  t h i s  r e s e a r c h  

f o r  two r e a s o n s .  The f i r s t  was the  a v a i l a b i l i t y  o f  th DM 

hardware  and t h e  a b i l i t y  t o  m o d i f y  t h e  e n c o . d e r / d e c o d e r  

p a i r .  The s eco nd ,  was due to  p a s t  work whi ch  showed t h a t  

t h e  SVADM was  t h e  p r e f e r r e d  e n c o d i n g  scheme a t  16Kbps
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sampling r a t e .  I t  should be noted t h a t  v a r i o u s  o t her  ty p e s  

o f  encoding schem es can e a s i l y  be used wi th t he  s i m u l a t o r .

Chapter 4 p r e s e n t s  t h e  r e s u l t s  o f  t e s t s  performed on 

the  s i m u l a t o r  w i t h  DM e n c o d i n g  o f  t h e  i n p u t  f o r  t h e  two 

a l g o r i t h m s  d i s c u s s e d  in  c h a p t e r  3.  I t  i s  s e e n  t h a t  the  

p a c k e t  s i z e  s t a t i s t i c s  f o r  t h e  two a l g o r i t h m s  d i f f e r  

s l i g h t l y .  The word-by-word s / s  a l gor i th m has a h i g h e r  ( as  

much as  10%) r a t e  o f  maximum p a c k e t  t r a n s m i t t e d  ( g r e a te r  

than 90%) than t he  16 b i t  s / s  a l g o r i t h m .  Packet s  ranging  

in s i z e  from 1 thru 127 b y te s  are  a p p r o x i m a t e l y  u n i f o r m l y  

d i s t r i b u t e d  w i t h  v a l u e s  l e s s  t h a n  2.5% o f  t h e  t o t a l  

t r a n s m i t t e d  p a c k e t s .  T o t a l  p a c k e t  t r a n s m i s s i o n  r a t e  

s t a t i s t i c s  and q u a l i t y  c u r v e s  s h o w  t h a t  a t  p a c k e t  

t r a n sm i t t e d  r a t e s  o f  75% (of  maximum) t h e r e  i s  good q u a l i t y  

o f  the  t r a n s m i s s i o n .

In c h a p t e r  5 t h e  s e c o n d  p a r t  o f  t h e  d i s s e r t a t i o n  i s

p r e s e n t e d .  I t  i s  s e e n  t h a t  v a r i o u s  modems e x h i b i t

d i f f e r e n t  a u t o c o r r e l a t i o n  f u n c t i o n s  ( o r  e q u i v a l e n t l y

s p e c t r a l  d e n s i t y )  . The a u t o c o r r e l a t i o n  f u n c t i o n  measured

was o f  t he  d i g i t a l  o u t p u t  o f  t h e  DM. T h i s  was done with

t h e  aim o f  d i s t i n g u i s h i n g  v a r i o u s  modems,  one from t h e

o t h e r .  I t  i s  n e c e s s a r y  t h a t  t h e  p r o c e s s  o f  modem

i d e n t i f i c a t i o n  be done a t  a f a s t  a r a t e  a s  p o s s i b l e  wi th

p r o b a b i l i t y  o f  error  l e s s  than 10 T e s ts  were p er f or me d

on v a r i o u s  modems a t  DM s a m p l i n g  r a t e  o f  32Kbps.  Error
-4r a t e s  o f  approx i mat e l y  10 were measured.  The p r o c e s s  per
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each t r i a l  was reduced t o  2 50 - 50 0ms e c  us ing t ime averaging  

t e c h n i q u e s .  I t  i s  p o s s i b l e  a t  h i g h e r  s a m p l i n g  r a t e s  to  

re du ce  t h e  p r o b a b i l i t y  o f  e r r o r  and the t ime i nvo l ved  in 

the  measurement.

The aim o f  the f i r s t  part  o f  the res earch  pres en ted  in 

t h i s  d i s s e r t a t i o n  was t o  d e v e l o p  a r e a l - t i m e  packet  v o i c e  

network s i m u l a t o r ,  as  o u t l i n e d  in s e c t i o n  1 . 5 .  S t a t i s t i c a l  

r e s u l t s  o f  two schem es for  s i l e n c e / s p e e c h  d e t e c t i o n ,  u s i n g  

ADM e n c o d i n g ,  w e r e  p r e s e n t e d .  I t  was shown t h a t  w i t h  

e f f i c i e n t  s / s  e t e c t i o n  s c h e m e s ,  t h e  p e r c e n t a g e  o f  maximum 

s i z e  pa cket s  t r a n s m i t t e d  can e x c e e d  v a l u e s  o f  90% o f  t h e  

t o t a l  p a c k e t s  t r a n s m i t t e d .  This  compares wi th  a p re v i ou s  

s tudy  [ 5 ] ,  where o n l y  50% o f  t h e  t r a n s m i t t e d  p ack et s  were 

o f  maximum s i z e .  The s i m u l at o r  a l s o  al lowed f o r  t h e  s t u d y  

o f  a two way c o n v e r s a t i o n .  The random number g e n e r a t o r  was 

used to examine the p h y s i o l o g i c a l  e f f e c t s  on a c o n v e r s a t i o n  

c a u s e d  by p a c k e t  l o s s  and random de l ay  exp er i en ced  by the  

p a c k e t s .  This i s  o f  i mp ort an ce  in e s t a b l i s h i n g  v a l u e s  for  

maximum a l l o w a b l e  d e l a y  f o r  b u f f e r i n g  t h e  r e c e i v e d  v o i c e  

pa cket s  a t  the r e c e i v e r .

In t he  s e c on d  p a r t  o f  t h e  d i s s e r t a t i o n  i t  was shown 

th at  the ADM can be used t o  d i s c r i m i n a t e  v a r i o u s  voiceband  

modems,  one from t h e  o t h e r .  I t  i s  c o n c l u d e d  from t h e  

r e s u l t s  p r e s e n t e d  i n  c h a p t e r  5 t h a t  v a r i o u s  modems can be 

d i s t i g u i s h e d  one from t h e  o t h e r  a t  e r r o r  r a t e s  l e s s  than  

10  ̂ and a t  t imes  much f a s t e r  than t h at  o f  the s t u d y ,  which
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was due to t he  l i m i t a t i o n s  o f  t he  c omputer  u s e d .  T h i s  i s  

e n c o u r a g i n g  s i n c e  a s t u d y  p e r f o rm ed  by Y a t su zu k a  [ 1 4 ] ,  

using s i g n a l  energy  and z e r o  c r o s s i n g  r a t e s  to  d i s t i n g u i s h  

v a r i o u s  modems did not a c h i e v e  good r e s u l t s

6 .1  SUGGESTIONS FOR FUTURE WORK

Further r es e a r c h  could e a s i l y  be a p p l i e d  a s  a r e s u l t  

o f  t h i s  d i s s e r a t i o n .  The program f o r  t h e  p a c k e t  v o i c e  

s i m u l a t o r  can e a s i l y  be a d a p t e d  t o  do s t u d i e s  i n  p a c k e t  

v o i c e / d a t a  i n t e g r a t i o n  and developm ent o f  t e l e c o n f e r e n c i n g  

p r o t o c o l s ,  a l l  i n  r e a l  t i m e .  V a r i o u s  o t h e r  e n c o d i n g  

s c h e m e s  c a n  e a s i l y  be  a p p l i e d  and s t u d i e d  u s i n g  t h e  

v e r s a t i l i t y  o f  the  s i m u l a t o r .  Other  a p p l i c a t i o n s  o f  t h e  

s i m u l a t o r  can be found in l o c a l  area networking as  w e l l  as  

l a r g e  i n terne twork  p ack et  s y s t e m s .  Voiceband modem/speech 

waveform i d e n t i f i c a t i o n  and d i s c r i m i n a t i o n  c a n  f i n d  

a p p l i c a t i o n s  i n  l o c a l  a r e a  n e t w o r k s  and o v e r  l a r g e  n e t s  

where the modems used can be r e s t r i c t e d .
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