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A 9 S T R A C T

The growth, in the m a n u f a c t u r e  of D u l s e  code m o d u l a t i o n  

i n t e g r a t e d  c i r c u i t  c o d e c s ,  in recent years, has b e e n  

p h e n o m e n a l .  This has m a i n l y  been due to the i n t r o d u c t i o n  of 

d i g i t a l  t e c h n o l o g i e s  into the present t e l e c o m m u n i c a t i o n s  

network, both in the fields of s w i t r h i n g  and t r a n s m i s s i o n .  

Larqe q u a n t i t i e s  of these d e v i c e s  are being f a b r i c a t e d  

daily, and as a result, a m e t h o d  is r e q ui red in order to 

e v a l u a t e  their p e r f o r m a n c e  with respec t to d e f i n e d  i n d u s t r y  

s p e c i f i c a t i o n s  laid d o w n  by the I n t e r n a t i o n a l  C o n s u l t i v e  

C o m m i t t e e  for T e l e p h o n e  and T e l e g r a p h  ( C C I T T ) .

In orde r to e v a l u a t e  the p e r f o r m a n c e  of a codec, a number of 

tests are called for by the CLITT. The work r e p o r t e d  here is 

c o n c e r n e d  with the two jjor tests r e q u i r e d  viz. 

q u a n t i z a t i o n  d i s t o r t i o n  and qain tracking. The two c r i t e r i a  

most important to any test s y s t e m  are test time and 

m e a s u r e m e n t  a c c u racy. Tn terms of these two c r i t e r i a ,  the 

above two tests are the rost d i f f i c u l t  to implement.

A test system, to c a r r y  out the two tests m e n t i o n e d  above, 

has been propo s e d ,  and in the orese nt work e x a m i n e d ,  in 

order to d e t e r m i n e  its f e a s i b i l i t y  in m e e t i n g  the two 

c r i t e r i a  m e n t i o n e d  e a r l i e r .  S i m u l a t i n q  the test s y s t e m  on a 

co m p u t e r  has r e s u l t e d  in m e a s u r e m e n t  a c c u r a c i e s  of + >1.5 dFn 

for q u a n t  i zat ion d i s t o r t i o n  and *_ 0*01 d3 for o a i n  t r a c k i n g .

In o r d e r  to limit the test time required, a test s t r a t e g y  

his been d e v e l o p e d  in order to c o ntrol the test s y s tem. The 

re s o l u t i o n  of the input signal used to s t i m u l a t e  the c o d e c  

er test, w h i c h  in the ores ent work is s i n u s o i d a l  in
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nature, is c o n t r o l l e d  by the test strategy. T h e  C C I T T  

s p e c i f i c a t i o n  d e f i n e s  a d e f i n i t e  lower limit for 

q u a n t i z a t i o n  d i s t o r t i o n  and q a i n  tr ackinq p e r f o r m a n c e .  T h u s  

for d e v i c e s  w h e r e  the p e r f o i m a n c e  c u r v e  falls well a b o v e  the 

C C I T T  lower limit, a muc h c o arser r e s o l u t i o n  is s e l e c t e d  by 

the test strateoy, as the p r o b a b i l i t y  of a d e v i c e  f a iling is 

very small. H o w e v e r ,  for d e v i c e s  where the p e r f o r m a n c e  curv e 

falls close to the C C I T T  limit, a m u c h  finer r e s o l u t i o n  is 

selected, at the e x p e n s e  of test tine, in order to p r e v e n t  

bad dev ices from b e i n n  cl issified as oa, and vice versus.

The test s y s t e m  layout is such that all sianal g e n e r a t i o n  

and signal p r o c e s s i n a  is done in software, .in a d d i t i o n ,  all 

tests are c o n d u c t e d  in the half channel c o n f i g u r a t i o n ,  so 

that the e n c o d e r  and decoder s e c t i o n s  of the c o d e c  c i r c u i t  

can be tested s e p a r a t ? l y .
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1

1 I N T R O D U C T I O N

1.1 B a c k g r o u n d

P u l s e  code m o d u l a t i o n  (PCM) was i n v e n t e d  in 1937 by A l e c  

R e e v e s  [1965], but b e c a u s e  of the c o m p l e x i t y  of the 

e q u i p m e n t  required to implement the idea, it was not until 

the i n t r o d u c t i o n  of the t r a n s i s t o r  in the early 1950's that 

P C M  b e c a m e  feasible from an e c o n o m i c  as well as p r a c t i c a l  

a s p e c t .  S y s t e m s  of this p eriod w e r e  c u m b e r s o m e  o c c u p y i n g  a 

m u l t i t u d e  of printed c i r c u i t  boards. W i t h  the i n t r o d u c t i o n  

of integr a t e d  c i r c u i t s  in the e a r l y  1 9 6 0’s and the 

s u b s e q u e n t  a d v a n c e m e n t  on this t e c h n o l o g y  leading to large 

s c a l e  and very large scale i n t e g r a t e d  d e v i c e s  in the late 

19 7 0 ' s ,  the p o s s i b i l i t y  of p l a c i n g  the e n coder and d e c o d e r  

f unctions, required in the p ulse c o d e  m o d u l a t i o n  process, on 

a s i n g l e  chip, b e c a m e  a reality. T h e  term cod ec was 

a d o p t e d ,  an a c r o n y m  made up from the w ords coder and 

d e c o d e r .

Until recently pulse code m o d u l a t i o n  has m a i n l y  been used as 

a t r a n s m i s s i o n  m e d i u m  to p r o v i d e  incre ased c a p a c i t y  on 

e x i s t i n g  physical junction links b e t w e e n  e x c h a n g e s  in 

d e n s e l y  p o p u l a t e d  areas. W i t h  the i n trod uction of

e l e c t r o n i c  e xchanges, w h i c h  are based on PCM techniques, the 

g r o w t h  of PCM in the t e l e c o m m u n i c a t i o n s  network is 

i n c r e a s i n g  rapidly. This will be further a u g m e n t e d  w i t h  the 

i n t r o d u c t i o n  of digital s u b s c r i b e r  loops in the future. The 

s i z e  of the installed t e 1e c o m m u n i c a t i o n s  network and c u r r e n t



g r o w t h  rates will make the c o d e r  c i r c u i t  on; of the w o r l d ' s  

l a r g e s t  v o l u m e  c o m p o n e n t s .  C o n s e q u e n t 1y , a need for a 

c o m p r e h e n s i v e  test strati }y lc r the p r o d u c t i o n  t e sting of 

c o d e c s  exists.

* • ^ P u r p o s e  and s c o p '

T h e  aim of the present work is to e x a m i n e  a p r o p o s e d  test 

s y s t e m  layout and to e s t a b l i s h  a test strategy, in order to 

p e r f o r m  t r a n s m i s s i o n  tests on c o d e c  i n t e g r a t e d  c i r c uits, so 

as to e n s u r e  the proper p e r f o r m a n c e  of these c o m p o n e n t s  in 

P C M  s ystem a p p l i c a t i o n s .  The p r e s e n t  work e n c o m p a s s e s  the 

f o l 1owi n g :

(a) the c o m put er s i m u l a t i o n  of 3 c o m m e r c i a l l y  

a v a i l a b l e  integrated c i r c u i t  c od ec

(b) the study of the o p e r a t i o n  of a codec with v a r i o u s  

f a b r i c a t i o n  i m p e r f e c t i o n s  of both U'.e encoder 

s e cti on and decoder  s e c t i o n

(c) d e f i n i n g  the r e q u i r e m e n t s  of the test s y s t e m  and 

st r a t e g y  including a s t u d y  of the C C I T T  half 

channel m e a s u r e m e n t  s p e c i f i c a t i o n s  r e c e n t l y  

p r o p o s e d

and

(d) the s i m u l a t i o n  of the p r o p o s e d  test s y s t e m  on a 

c o m p u t e r .



P 1 se code m o d u l a t i o n  s y s t e m s  ire designs! to c o n f e r ^  to one 

of two i n t e r n a t i o n a l l y  r e c o g n i z e d  standar i. Th ■ a.r ■:

(a) The E u r o p e a n  c o m m u n i c a t i o n  s t a n d a r d  known as <" PT 

(the regio n a l  F n r o p e a n  T e l e c o m m u n i c a t i o n  

C o n f e r e n c e  C ommit t e e )

or

(b) The North  A m e r i c a n  or Pell s t a n d a r d

T h e  d i f f e r e n c e  b e t w e e n  the two s t a n d a r d s  lies m a i n l y  in tne 

type of n o n - l i n e a r  c o m p a n d i n g  law used and in the 

t r a n s m i s s i o n  rate used. The Furo r m  CEPT s t a n d a r d  uses 

A - l a w  c o m p a n d i n g  and a 2.^48 v b/s t . a n s m i s s i o n  rjte. The 

Bell standard uses M - l a w  c o rroanding and a 1 . 544 Mb/s 

t r a n s m i s s i o n  rate. In a d d i t i o n  the "EPT s y s t e m  a c c o m m o d a t e *

30 a u d i o  speech c h a n n e l s  w h e r e a s  the Beil s y s t e m  

a c c o m m o d a t e s  24 audio speech c h a n n e l s .  The o r e s e n t  worK 

d e a l s  only with the C E P T  standard.

In pulse code m o d u l a t i o n  a tr;-*ns~it filter is p r o v i d e d  at 

the input to the c o d e c  to o r e v e n t  aliasing by f r e q u e n c y  

l i m i t i n g  the inout s peech signal to 4 k i l o h e r t z  i.e. half 

the s a m p l i m  fre: . In a d d i t i o n  the t r a n s m i t

filter a t t e n u a t e s  any D o w e r  line f r e q u e n c y  c o m o o n e n t s  

T r e s e n t  at the input to the code'.

A receive filter is D r o v i d e d  *t the c u t o u t  from the code*'. 

T h e  receive filter is a low oass 'ilter that r e c o n s t r u c t s  

the a n a l o g u e  speech w a v e f o r m  and p r o v i d e s  Sin x/x 

c o r r e c t i o n .

T h e  physical c o n s t r u c t i o n  of the i n t e g r a t e d  oir. uits 

im p l e m e n t i n g  th ? trans m i t  filt r, r icoive filter, e n c o d e r  

t



!■ ise -rode m o d u l a t i o n  s y s t e m s  nr d e s i g n e d  to con for .'•i to one 

of two i n t e r n a t i o n a l l y  r e c o g n i z e d  standa r is.

(a) The E u r o p e a n  c o m m u n i c a t i o n  s t a n d a r d  kn own as C E P T  

(the regional E u r o p e a n  T e l e c o m m u n i c a t i o n  

C o n f e r e n c e  Commi ttee)

or

(b) The North A m e r i c a n  or ’lell s t a ndard

The d i f f e r e n c e  b e t w e e n  the two s t a n d a r d s  lies m a i n l y  in the 

type of n o n - l i n e a r  c o m p a n d i n g  law used and in the 

t r a n s m i s s i o n  rc»te used. The Eu roo ^n C E P T  s t a n d a r d  uses 

A - l o w  c o m p a n d i n g  and a 2.948 v b/s t m s m i s s i o n  rate.

Bell s t a n d a r d  uses *:-law c o m o a n d i n q  and a 1.544 M b / s  

t r a n s m i s s i o n  rate. In a d d i t i o n  the C E P T  s ystem a c c o m m o d a t e s  

313 audio speech c h a n n e l s  w h e r e a s  the Bell sys'-em 

a c c o m m o d a t e s  24 audio speech c h a n n e l s .  The o r e s e n t  work 

d eals only with the CEPT standard*

In oulse  code m o d u l a t i o n  a t r a n s m i t  filter is p r o v i d e d  at 

the input to the c o d e c  to p r e v e n t  aliasing by f r e q u e n c y  

l i m i ting the input s peech signal to 4 k i l o h e r t z  i.e. half 

the sampl i n g  fre qu e n c y  used. In a d d i t i o n  the t r a n s m i t  

filter a t t e n u a t e s  any Dower h n e  fre quency c o m o o n e n t s  

p r e s e n t  at the input to the codec.

A receive flit : .3 o r o v i d e d  at the outpu t from the c od ec. 

The recei ve filter is a low oass filter that r e c o n s t r u c t s  

the a r a l o g u e  speech w a v e f o r m  and p r o v i d e s  Sin x/x 

c orrec t i o n .

The physical c o n s t r u c t i o n  of the inte gr a t e d  c i r c u i t s  

i m p l e m e n t i n g  the transmit filter, receive filter, e n c o d e r  

and d e c o d e r  i t w e l l  d e f i n e d ,  : t • « at



A

v a r i o u s  PCM component  m a n u f a c t u r e r ' s  (Hayes ot al., 1981} 

one these four f u n c t i o n s  i m p l e m e n t e d  as follows :

(a) i n d ividually on four chips

(b) both filters on one c h i p

(c) the encoding and d e c o d i n g  f u n c t i o n s  on one chip

(d) all four f u n c t i o n s  on one chip

In addit i o n ,  in order to m i n i m i z e  c r o s s t a l k ,  fi lter/encode r 

and d e c o d e r / f i 1 ter c o m b i n a t i o n s  have b e e n  desi gned.

In the p r e s e n t  work, o n l y  codec i n t e g r a t e d  circuits w i t h o u t

f i l t e r i n g ,  whether o n - c h i p  or sep arate, are consid e r e d .

T h u s  c i r c u i t s  following the a r c h i t e c t u r e  of (a) and (c) 

a b o v e  are considered.

In order to ensure that a c o d e c  i n t e g r a t e d  circuit is 

f u n c t i o n i n g  c o r r e c t l y  a number of tests are required (CCITT, 

1976b], Among them are the gain t r a c k i n g  test, w h i c h  

m e a s u r e s  the ability of the c o d e c ' s  o utput levels to 

l i n e a r l y  track its input levels, the signal to q u a n t i z a t i o n  

d i s t o r t i o n  ratio test to m e a s u r e  s p u r i o u s  signals that are 

a d d e d  by the device, and the h a r m o n i c  d i s t o r t i o n  test which 

c h e c k s  for th. p r e s ence of the second and third harmoni cs of 

an input signal. In addition , the idle c h a n n e l  noise test 

c h e c k s  tor a signal at the c o d e c ' s  o u t p u t  with no input 

signal, ar.d the c r o s s t a l k  test c h e c k s  for noise on a channel 

w i t h  no input signal w h e n  there are s i g n a l s  present in the 

other channels.  Codecs, like other i n t e g r a t e d  devices, must 

a l s o  be c h e c k e d  for their pow> :- s u p p l y  r e j e c t i o n  ratio and 

f requericy rt:,po ist .



T h e  two mo^t critical tests to p e r f o r m  on a c o d e c  are gain 

t r a c k i n g  and signal to q u a n t i z a t i o n  d i s t o r t i o n .  In terms of 

a c c u r a c y  and test time r e q u i r e d  these are the two most 

d i f f i c u l t  tests to make. C o n s e q u e n t l y  the test system  and 

s t r a t e g y  p r o p o s e d  in the p r esent work d e a l s  p r i m a r i l y  w i t h  

i m p l e m e n t i n g  these t.^o tests.

In order to p e r f o r m  gain t r a c k i n g  and q u a n t i z a t i o n  

d i s t o r t i o n  tests, two input s igna l stimuli are recomm e n d e d  

by the C C I T T  [1975b]. T h e s e  are band limited p se udo random 

n o i s e  and s ingle f r e q uency s i n u s o i d a l  signals. The 

a d v a n t a g e s  and d i s a d v a n t a g e s  of the use of one sti mulus over 

the other aie not a concern of the p r e s e n t  work and this is 

c o v e r e d  a d e q u a t e l y  by Rolls and W e b s t e r  [1974]. In the 

p r e s e n t  work use is made of s i n u s o i d a l  input signal stimuli.

A point of c o n c e r n  at this stage is w h e t h e r  the a r g u m e n t s  

put forwa rd by Rolls and W e b s t e r ,  w h i c h  are based on the use 

of a n a l o g u e  signal stimuli, are v alid w h e n  using digital 

signal stimuli in half channel test m e a s u r e m e n t s .  As the 

p r e s e n t  work is conce r n e d  w i t N  e v a l u a t i n g  a p r o posed test 

s y s t e m  and strategy, it is felt that this is of no immediate 

i m p o r t a n c e .  However, it should be s t u d i e d  in future work.

1.3 l e v )ew of theory

1.3.1 Funct i on of the c o d e c  i n a p u 1se code m o d u l a t i o n  

s y s t e m

To e n a b l e  voice frequ encies to be c o n v e r t e d  to b i nary di gits 

and the b i n a r y  digits to be r e c o n v e r t e d  back to voice 

f r e q u e n c i e s  a d evice  known as a c o d e c  if; used. The codec  

c o m p r i s e s  a non- linear a n a l o g u e  to d i g i t a l  c o n v erter in the 

t r a n s m i t  path and a non-l i n e a r  dig i t al to a n a l o g u e  converter



in the r e c eive \ itb. The l o c a t i o n  of the c o d e c  in a p u l s e  

c o d e  .nowul at 1 ;> system is shown in s i m p l i f i e d  1 <>rn in figure 

1 .

JUNCTION

JUNCTION

FIGURE : S IN G LE CHANNEL CODEC IN PCM SYSTEM

In a d d i t i o n  to p erforming a n a l o g u e  to digital and digital to 

a n a l o g u e  c o n v e r s i o n  the co dec c i r c u i t  also p e r f o r m s  sampling 

on the i ncoming speech w a v e f o r m .  As s tated p r e v i o u s l y  an 

input filter is pro vided in order to prever.t aliasing as a 

r e s u l t  of the high freq uency c o m p o n e n t s  present in the input 

s p e e c h  signal and an output filter is p r o v i d e d  to give Sin 

x/x c o r r e c t i o n .

1.3.2 Op- r t i on o_f a typ i ca 1 c o d e c

In order to de ~ribe the o p e r a t i o n  of a typical codec, use 

is m a d e  of the c o m p a n d i n g  d i g i t a l  to a n a l o g u e   

m a n u f a c t u r e d  by P r e c ision M o n o l i t h i c *  I n c o r p o r a t e d  (PMI) 

(Pastorino, 1982). The c o m p a n d i n g  digital to a n a l o g u e  

conver tei (DAC) forms the key c o m p o n e n t  in the PM) codec. 

The DAC is used or both e n c o d i n g  and d e c o d i n g .  The PMI



c o d e c  s y s t e m  is p a r t i c u l a r l y  suitable* for the prese nt work 

b e c a u s e  its internal a rchitecture is p u b l i s h e d  in data 

s h e e t s  in great detail. Using the PM1 c o d e c  ar a s i m u l a t i o n  

b a s i s  for the present work does not r e s t r i c t  the results 

o b t a i n e d .  The p r i n c i p l e s  on w hich the PMI c o d e c  is base d a n  

used by many other codec m a n u f a c t u r e r s ,  such as Intel and 

M o s t e k .

F i g u r e  2 shows the c o m p a n d i n g  DAC used in the encod e mode 

and F i g u r e  3 shows the c o m p a n d i n q  D AC used in the d e c o d e  

m o d e .

FlGJHt 5 DfcCODt H USING COMPANDING OAC



V o i c e  signals in t elephony require  a s y s t e m  with a very wid e 

d y n a m i c  range, typ ically 62 dB [Hanrahan, 1982, p . 63). If a 

linear a n a l o g u e  to digital c o n v e r t e r  was used to d i g i t i z e  

the v o i c e  signal in a PCM system, it would r e q u i r e  a 

r e s o l u t i o n  of 12 bits. This w o u l d  not be s a t i s f a c t o r y  

b e c a u s e  of its e x c e s s i v e  b a n d w i d t h  requir e m e n t s .  With 

pr e s e n t  day PCM s y stem s a 64 kb/s d a t a  rate is req uired to 

t r a n s m i t  each voice channel. T h e  use of a 12 bit linear 

a n a l o g u e  to digital c o n v e r t e r  w o u l d  inc rease this bit rate 

to 96 kb/s. This would p r o v i d e  a better a c c u r a c y  at the 

e x p e n s e  of e x c e s s i v e  bandwidth.

Signal to noise ratio is the most i m p o rtant  c r i t e r i o n  in a 

vo i c e  c o m m u n i c a t i o n  s y s t e m  and in PCM noise is due almost 

e n t i r e l y  to q u a n t i z a t i o n  d i s t o r t i o n .  F u r t h e r m o r e ,  a voice 

c o m m u n i c a t i o n  s ystem  r e q u i r e s  a u n i f o r m  signal to noise 

ratio over its d y n a m i c  range. In order to achieve this a 

c o m p a n d i n g  (compression - expansion ) t e c h n i q u e  is r e q u i r e d  

s i m i l a r  to that used in a n a l o g u e  c o m m u n i c a t i o n  systems.

In PCM systems this can be done by m a k i n g  use of a c o d e c  

using a l o g a r i t h m i c  c o m p r e s s i o n  law. However, a truly 

l o g a r i t h m i c  a s s i g n m e n t  of code w o r d s  is not p h y s i c a l l y  

p o s s i b’e since this implies an i n f i n i t e  number of codes.

Two m e t h o d s  for g e n e r a t i n g  p r a c t i c a l  i m p l e m e n t a t i o n s  of 

l o g a r i t h m i c  transfer fu nctions h a v e  b e e n  d e r i v e d  and these 

have b e c o m e  international s t a n d a r d s  [CCITT, 1976a). These 

m e t h o d s  are g e n e r a l l y  known by their transfer f u n c tio ns 

wh i c h  are c alled n - l a w  and A - l a w  r e s p e c t i v e l y .  O n l y  the 

law method is d e s c r i b e d  here.

T h e  A - l a w  transfer function is d e s c r i b e d  by the following 

e quat i o n s :
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for 0 < x < 1/A (1.1)

Y 1 ■* 11) 1 (Ax)/1 + log (A) for 1/A < x < 1 (1.2)

• i' t r a nsfe r law g i v e s  a u n i q u e  s i g n a l - t o - d i s t o r t i o n  

r ctt.ristic for a p a r t i c u l a r  val ue of A. At present the

. s p e c i f i e s  A to be equal to 87.6.

« . .i . j i.e. u n f i l t e r e d  signal to d i s t o r t i o n  ratio

. y >n ideal q u a n t i z e r  over the d y n a m i c  range of a PCM

sy t i: shown in fiqure 4. This f i g u r e  is taKen from

! .v.t-ru! 11982) .

a

■c

O 4 Q -
f-
«3

sr

!N ' '■■ 1 ‘ I r W M RELA T IVE TO FULL LOAD SINUSOIO <*61 

FIG' 4 ,S 1 DISTORTION RATIO FOR AN 101 AL QUANTIZER

f ta *i | ;o m e n t a t  ion o 1 the A - l a w  transfer function

i i m p l i e h e d  by m a k i n g  use of a p i e c e - w i s e  linear 

a p p r o x i m a t i o n .  The ttansfer f u n ction is implemented in 

ch- r r»t segment : were the transfer f u n c t i o n  w it hin any one 

ch-rd is a linear Ktairrflsi . The A - l a w  transfer function



for the e n c o d e r  section is shown in fiqurt and M g u r <  & 

gives, in finer resolution, th* transfer c h a r a c t e r  1 s t i r- 

a bout the o r i g i n  showing t he lin<*r staircas* function 

w i t h i n  a c h o r d .

FIGURE 5 A - L * *  TRANSFER FUNCTION FOR ENCODE1
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