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ABSTRACT 

This paper describes t he design and performance o f c h i r p c o r r e l a t o r s 
used i n a f e a s i b i l i t y study o f speech t r a n s f o r m coding. Two chips have 
been evaluated, a 50-point Block CZT processor and a 100-point s l i d i n g 
CZT processor. The r e l a t i v e m e r i t s of the two systems are compared i n 
the context of data-compression o f speech s i g n a l s using a n a l y s i s / 
synthesis coding techniques. P a r t i c u l a r emphasis i s placed on^ 
a l t e r n a t i v e methods o f o b t a i n i n g ±00% duty c y c l e , on m u l t i p l e x i n g the 
Block CZT processor, and on e s t a b l i s h i n g the f e a s i b i l i t y of the inverse 
s l i d i n g CZT. 

INTRODUCTION 

Transform Coding i s a technique f o r the data-compression o f speech 
s i g n a l s t 1 ) which promises t o provide a reasonable q u a l i t y o f transmission 
f o r a moderate data r a t e i n the k-lM k b i t s / s region i n t e r m e d i a t e between 
waveform coding and vocoder-based techniques. Much o f the work done so 
f a r has addressed fundamental t h e o r e t i c a l issues such as the design of 
e f f i c i e n t s p e c t r a l coding a l g o r i t h m s , and. has been a p p r o p r i a t e l y supported 
by slow-time computer s i m u l a t i o n s t u d i e s ^ 2 ) . The next stage would appear 
t o be t o examine the f e a s i b i l i t y o f r e a l - t i m e implementation. Despite the 
f a c t t h a t high-speed s i g n a l processing chips are under development which 
w i l l advance the s t a t e - o f - t h e - a r t o f d i g i t a l FFT hardware,UJ the_ 
e n t i r e l y d i g i t a l approach does not yet seem t o be f e a s i b l e . What i s 
r e q u i r e d i n the short term i s a single-board low-cost low-power 
processor, and i n the long term a s i n g l e - c h i p processor t o perform r e a l ­
time F o u r i e r a n a l y s i s . Present s t a t e - o f - t h e - a r t CCD's are already close 
t o p r o v i d i n g t h i s c a p a b i l i t y . The CCD Chirp-Z Transform CCZT) using 
d i s c r e t e c h i r p c o r r e l a t o r chips i s w e l l - e s t a b l i s h e d v**»'> i U and a single-
c h i p v e r s i o n has r e c e n t l y been reported.(°) 

The o b j e c t i v e o f t h i s study i s n e i t h e r the development o f t r a n s f o r m 
coding a l g o r i t h m s , nor the f a b r i c a t i o n o f an LSI CCD spectrum analyser 
c h i p . I n s t e a d , we have concentrated on an issue which supplements both 
these a c t i v i t i e s : t o determine whether current CCD technology i s adequate 
f o r a p p l i c a t i o n t o speech t r a n s f o r m coding. We have made extensive use 
of a n a l y t i c a l models and software s i m u l a t i o n , but f o r the purposes o f 
t h i s p r e s e n t a t i o n we s h a l l emphasise t h e r e s u l t s we have obtained by 
means of prototype hardware systems. 

Fi g . 1 depicts a speech communication l i n k employing t r a n s f o r m 
coding and decoding. Redundancy inherent i n the speech waveform i s more 
obviously manifest i n the frequency domain than the time^domain as 
vacancies i n the spectrum. Unimportant s p e c t r a l c o e f f i c i e n t can be 
d i g i t i s e d w i t h small word-lengths or omitted a l t o g e t h e r , reducing t he 
t o t a l number o f d i g i t s r e q u i r e d t o represent the o r i g i n a l s i g n a l . 
Various q u a n t i s a t i o n schemes have been suggested, and those based on 
R a t e - D i s t o r t i o n Theory (9) have the l e a s t d i s t o r t i o n f o r a p r e s c r i b e d 
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tlZXe^TZ1 ̂ Vfr a d d i t i ° n C O d i ^ algorithms which are 

are t o t a l l y d e c o l l a t e d and data-compression maximised, but has Se 
disadvantage of being too complicated to implement i n real-time The 
Discrete Cosine Transform (DCT) i s close to optimal and the Discrete 
Fourier Transform (DFT) somewhat less so. 

The CCD CZT i s , of course, an implementation of the DFT. Although 
we have considered the use of a CCD DCT employing the Chirp-Z a r c h i t e f 

^LT^Ti TeaST5
 t h a t W U l e m e r g e ' concentrated on the sub-optimal DFT, for ease of implementation. 

A complete analyser/synthesiser system u t i l i s e s two CZT processors 
m cascade one for forward and one for inverse transformation. 
Usefully the design of the inverse processor i s only t r i v i a l l y d i f f e r e n t 
from that of i t s forward transform counterpart. In addition, t h e r e a 
useful s i m p l i f i c a t i o n m that the chirp postmultiplication i n the 
forward transform and chirp p r e m u l t i p l i c a t i o n i n the inverse may be 
omitted since - being unit-modulus complex conjugate operations - they 
would only cancel out i f they were included. The analyser/synthesiser 
subsystem is shown m Fig.2. 

BLOCK CZT PROCESSOR 

The f i r s t processor we examined was a 50-point Block CZT processor 
based on the GEC MA3kk chip shown i n Fig.3. Although we assessed t h i s 
system m some d e t a i l space l i m i t a t i o n s preclude a l l but a b r i e f mention 

? n # ° ^ / l n d \ n g S ' T h e m ° S t o b v i o u s d e f e c t o f a Block CZT processor i s the 
I duty cycle. I f a single-chip processor were available, i t would be 
l e a s i b l e W to overcome t h i s by duplication, working two p a r a l l e l 
Processors a l t e r n a t i v e l y ( i . e . two i n the forward and two i n the inverse 
transform). We, however, have examined what may be a more economical 
solution. A CCD delay l i n e double-buffering system using GEC CD 256 
delay li n e s was constructed, and worked much as expected: see Fig k. 
The use of time-compression techniques of t h i s type i s not new l1®) but 
there i s one feature of our version that i s i n t e r e s t i n g . We used o f f - t h e -
shelf 256 element delay l i n e s (50-element devices were not available) 
which are somewhat more than twice as long as is necessary t o restore' 
the 100% duty cycle. As a res u l t we were able to u t i l i s e the CZT 
processor i d l e time to process an extra signal channel. Fig.5 shows the 
processor working i n the multiplex mode. I f four double length buffer 
delay l i n e s were to be integrated onto the CCD chip t h i s technique would 
permit a single-chip processor to be used i n the 100% duty cycle mode for 
both forward and inverse processing. P o t e n t i a l l y of some i n t e r e s t , t h i s 
technique was not pursued. Our assessment of the prototype was that the 
technique i s not viable using discrete CZT f i l t e r s with o f f - c h i p output 
c i r c u i t r y . The dynamic range would be inadequate due to the accumulation 
of noise and d i s t o r t i o n i n the cascade of input buffer, forward CZT 
inverse CZT and output buffer. 

SLIDING CZT PROCESSOR 

The i n f e a s i b i l i t y of the Block CZT approach was due to the extra 
processing required to restore 100% duty cycle. The Sliding CZT (SCZT) 
overcomes t h i s problem i n a d i f f e r e n t way. No block structure i s 
imposed, and for 100-element transversal f i l t e r s , 100 spectral components 
are obtained. There are, however, some penalties attached t o t h i s 
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: b e n e f i t . Unless the s i g n a l i s p e r i o d i c or s t a t i o n a r y the SCZT phase 
spectrum i s i n a c c u r a t e , so t h a t i n an ana l y s i s / s y n t h e s i s system severe 
phase d i s t o r t i o n would r e s u l t . Furthermore, Quatieri*- ; has i n d i c a t e d 
t h a t the inverse SCZT i s not a t r u e inverse but only an approximation, 
i m p l y i n g f u r t h e r d i s t o r t i o n . He has proposed a number o f remedies, but 
we have not attempted t o implement them. I n s t e a d , guided by the observa­
t i o n t h a t phase i n f o r m a t i o n i s o f t e n discarded w i t h impunity i n speech 
processing, we have simply constructed a forward/inverse SCZT^system and 
have performed o b j e c t i v e and s u b j e c t i v e assessments t o determine the 
degree o f d i s t o r t i o n i n v o l v e d . The o b j e c t i v e o f t r a n s f o r m coding i s t o 
s e l e c t i v e l y degrade the speech q u a l i t y t o achieve a r e q u i r e d data r a t e , 
and we b e l i e v e t h a t the analyser/synthesiser performance i s s u f f i c i e n t l y 
good t o ensure t h a t the o v e r a l l performance o f the data-compression scheme 
we i n t e n d t o implement w i l l be determined not by the CCD analyser/ 
s y n t h e s i s e r , but by the d i g i t a l encoding/decoding. 

An unwindowed 100-point SCZT chip (GEC shown i n Fig.6 has 
been f a b r i c a t e d f o r t h i s study, and has been used t o implement t he 
demonstration system described i n the next s e c t i o n . This c h i p has t a p 
weights designed t o al l o w i t t o f u n c t i o n also as a Block DCT processor 
but i n view of the inadequacy o f our 100% duty cycle r e s t o r a t i o n c i r c u i t r y , 
we have not pursued i t s e v a l u a t i o n . 

DEMONSTRATION SYSTEM 

The demonstration system c o n s i s t s of forward and inverse SCZT 
processors i n cascade. Fig.T shows a 1 kHz input sinewave, i t s r e a l and 
imaginary s p e c t r a l components, and the resynthesised output s i g n a l 
Notice the considerable l o s s o f s i g n a l energy xn the forward transforma­
t i o n process. The in p u t sinewave amplitude i s a t the l a r g e s t value 
c o b b l e w i t h acceptable d i s t o r t i o n , and the peak o f the output spectrum 
i s a t r o u g h t l y the same l e v e l , despite s i g n a l compression. Unity gain i s 
a necessary design f e a t u r e , as the s p e c t r a l components have t o be t r a n s 
m i t t e d over the same channel as the o r i g i n a l s i g n a l samples would have 
been To make a f a i r comparison between coded and uncoded systems (as 
regards the e f f e c t o f d i g i t a l t r a n s m i s s i o n e r r o r s . f o r i nstance) i t i s 
necessary t h a t the same channel peak amplitude c o n s t r a i n t be a p p l i e d t o 
both systems. This equal peak amplitude c r i t e r i o n r e s u l t s m a se a l 
down o f the spectrum which v i o l a t e s the c l a s s i c a l Parseval e q u a l i t y f o i 
the F o u r i e r t r a n s f o r m : compare the sparse output spectrum w i t h the 
u b i q u i t o u s i n p u t sinewave. This has an important r a m i f i c a t i o n . lo s s o f 
dynamic rangewhen the s i g n a l i s r e c o n s t r u c t e d from i t s s p e c t r a l c o e f f i 
c i e n t s . The observed dynamic range o f the spectrum i s about kO dB 
and i t i s only t h i s l a r g e by v i r t u e of the forward CZT f i l t e r s being 
" f u l l up" w i t h sinewave samples. When the s p e c t r a l s i g n a l which i s 
v i r t u a l l y "empty", i s retransformed the output s i g n a l l e v e l , w i t h respect 
t o the oLkground noise i n the output c i r c u i t r y i s lower^by a f a c t o r 
corresponding t o the s p e c t r a l occupancy. I t i s not p o s s i b l e t o overcome 
t S r ^ b l e m V a m p l i f y i n g the spectrum before ̂ ^ * £ ^ * X S " 
t h i s would cause the s i g n a l - h a n d l i n g capacity o f the CCD i n p u t * ^ o b e 
exceeded. I n the case shown the s p e c t r a l occupancy f a c t o r i s about 50.1 
im p l y i n g a loss o f IT dB i n dynamic range. The resynthesised s i g n a l s 
a m p l i f i e d back up t o a l e v e l comparable t o t h a t o f the o r i g i n a l s i g n a l , 
but t h i s o f course does not r e s t o r e the dynamic range. This l o s s 
mechanism appears t o be fundamental, and app l i e s e q u a l l y t o any 
" p Ï r e n t a u L analogue or d i g i t a l or whatever. I t would • * « to imply 
t h a t i f a resynthesised output SNR o f h0 dB were r e q u i r e d then the 
dynamic range o f the forward processor would have t o be about 2 0 d B 
b e t t e r than t h i s , r e q u i r i n g a more s t r i n g e n t design o f the o f f chip 
sense c i r c u i t r y . Fortunately...aa s u b j e c t i v e t e s t s show, a requirement _of 
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hO dB o u t p u t SNR i s e x c e s s i v e . 

The l o s s mechanism i s m a n i f e s t e d i n t h e f o l l o w i n g way. For t h e case 

o f a sinewave i n p u t t h e u n a m p l i f i e d r e c o n s t r u c t e d o u t p u t s i g n a l i s even 

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

p u l s e e x p e n s i o n r a t h e r t h a n sinewave co m p r e s s i o n . At t h e i n v e r s e SCZT CCD 

o u t p u t s t h e s i g n a l l e v e l i s about 0.15 V superimposed upon a 5 V dc o f f s e t . 

T h i s i s p r o c e s s e d t o remove t h e dc o f f s e t and t h e s i g n a l a m p l i f i e d t o 

25 V w i t h a r e s i d u a l dc o f f s e t o f 1.5 V. 

These c o m p o s i t e s i g n a l s a r e p r e s e n t e d t o t h e MDACs f o r m u l t i p l i c a t i o n by 

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

r e p l i c a o f t h e p o s t c h i r p waveform w h i c h i s o n l y 25 dB down. Thus t h e 

dynamic range o f o u r system i s l i m i t e d a t t h e s m a l l s i g n a l end n o t by 

n o i s e b u t by c h i r p b r e a k t h r o u g h . T h i s can be seen i n F i g . 8 , w h i c h shows 

t h e s p e c t r u m o f a 1kHz i n p u t sinewave ( l o w e r t r a c e ) and t h a t o f t h e r e ­

s y n t h e s i s e d o u t p u t . Note t h e s t r u c t u r e d n a t u r e o f t h e b a c k g r o u n d 

unwanted s i g n a l . T h i s i s c h i r p b r e a k t h r o u g h , a t w o r s t 25 dB down on t h e 

main s i g n a l . 

A second f e a t u r e i s n o t i c a b l e i n F i g . 7 : t h e r e c o n s t r u c t e d sinewave 

i s d e t e r i o r a t e d by about 3 dB a m p l i t u d e m o d u l a t i o n h a v i n g a r i p p l e 

f r e q u e n c y e q u a l t o t h e b a t c h l e n g t h (100 s a m p l e s ) . Though n o t e x t r e m e l y 

d e l e t e r i o u s i n a speech system t h i s i s l a r g e enough t o r e q u i r e e x p l a n a t i o n . 

I t s o r i g i n can be t r a c e d i n p a r t , a t l e a s t , t o charge t r a n s f e r i n e f f i c i e n c y 

( C T I ) . T h i s g i v e s r i s e t o a t r a i l i n g c harge p a c k e t a d j a c e n t t o t h e main 

peaks (u p p e r and l o w e r s i d e b a n d s ) i n t h e o u t p u t o f t h e f o r w a r d SCZT 

p r o c e s s o r , h a v i n g a measured a m p l i t u d e o f about 6%. T h i s i m p l i e s a v a l u e 

f o r CTI o f 2 x 10" , w h i c h i s t y p i c a l f o r t h e s e 3~phase s u r f a c e - c h a n n e l 

p o l y s i l i c o n CCD t r a n s v e r s a l f i l t e r s . As f a r as s p e c t r a l a n a l y s i s i s 

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

and dynamic range i n o n l y a m i n o r way. But t h e "echoes" i n t h e f r e q u e n c y 

domain show up as a r i p p l e i n t h e t i m e domain o f t h e r e c o n s t r u c t e d s i g n a l . 

A n a l y s i n g a s i m p l e model f o r t h i s d e t e r i o r a t i o n p r e d i c t s about 1 dB 

r i p p l e a t t h e b a t c h f r e q u e n c y , so t h a t t h e r e i s a s u b s t a n t i a l component o f 

t h e r i p p l e t h a t i s un a c c o u n t e d f o r . I t may be t h a t we a r e s e e i n g h e r e a 

m a n i f e s t a t i o n o f t h e a p p r o x i m a t e n a t u r e o f t h e i n v e r s e SCZT. 

CONCLUSIONS 

The p e r f o r m a n c e o f o u r p r o t o t y p e SCZT a n a l y s e r / s y n t h e s i s e r system i s 

l i m i t e d i n s e v e r a l ways: by a f u n d a m e n t a l l o s s mechanism imposed by t h e 

c h a n n e l peak a m p l i t u d e c o n s t r a i n t , b y s i g n a l f l u c t u a t i o n s caused b y CTI 

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

c h i r p waveform b r e a k t h r o u g h a t t h e o u t p u t o f t h e MDACs i n t h e i n v e r s e 

p r o c e s s o r . A l l t h e s e mechanisms c o n t r i b u t e t o a measured SNR w h i c h i s 

r a t h e r p o o r , and y e t s u b j e c t i v e l y t h e r e c o n s t r u c t e d speech q u a l i t y i s 

j u d g e d t o be good enough f o r t r a n s f o r m c o d i n g p u r p o s e s . 

The f e a s i b i l i t y o f t h e S i d i n g CZT a p p r o a c h and t h e s u p e r i o r i t y o f 

t h e Cosine T r a n s f o r m f o r speech c o d i n g l e a d s us t o v e n t r u e t h a t a combin­

a t i o n o f t h e two c o n c e p t s w o u l d be w o r t h e x p l o r i n g . As f a r as we can 

j u d g e by t h e p u b l i s h e d l i t e r a t u r e t h e f e a s i b i l i t y o f a S l i d i n g Cosine 

T r a n s f o r m has n o t y e t been examined. 

Other t o p i c s t h a n t h o s e r e p o r t e d h e r e have been s t u d i e d , n o t a b l y t h e 

improvement o f o f f - c h i p sense c i r c u i t r y , use o f 2g-phase c l o c k i n g , t h e 

r o l e o f s i g n a l w i n d o w i n g t e c h n i q u e s and t h e i m p l e m e n t a t i o n o f e n c o d i n g 

and d e c o d i n g : b u t space l i m i t a t i o n p r e c l u d e s t h e i r d i s c u s s i o n h e r e . 

The work r e p o r t e d i s a l s o b e i n g c o n t i n u e d , p a r t i c u l a r l y w i t h a v i e w t o 

e s t a b l i s h i n g a more t h o r o u g h u n d e r s t a n d i n g o f t h e d e t e r i o r a t i o n mechanisms 

and t h e i r a m e l i o r a t i o n . 
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Fig.2. Analysis/Synthesis Subsystem 
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Fig.**. 100^ Duty Cycle (a) 1kHz Sinewave Input (b) Time Compressed 
Buffer Output (c) Block CZT Spectral Output 
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100-point Sliding CZT Chip GEC MA 3^C3 

Analyser/Synthesiser Performance (a) 1kHz- Sinewave Input 

Spectrum of Resynthesised Output (HP3580A) 
(a) 1kHz Sinewave Input (b) Resynthesised Signal 

369. 




