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1. INTRODUCTION 

CCD f i l t e r s are of inc r e a s i n g p r a c t i c a l i n t e r e s t f o r 
s i g n a l processing, i n p a r t i c u l a r v a r i a b l e or adaptive f i l t e r 
s t r u c t u r e s t h a t are r e q u i r e d f o r many s i g n a l processing 
a p p l i c a t i o n s , such as e q u a l i z a t i o n , adaptive r e c e i v e r s , and 
t r a c k i n g , are f e a s i b l e . A problem t h a t a r i s e s i n using CCD 
s t r u c t u r e s f o r these a p p l i c a t i o n s i s t h a t of "charge t r a n s f e r 
l o s s " , v/hich degrades performance. 

I n t h i s paper some s t r u c t u r e s of v a r i a b l e CCD f i l t e r s 
are f i r s t considered and then a technique i s described f o r 
compensation of the charge t r a n s f e r l oss phenomenon. 

2» TïüCIINïQÜ̂ S F OH ViiRYIMG COEFFICIENT EIGHTS HI A CCD 
FILTDk 

Several d i f f e r e n t techniques can be applied i n order to 
o b t a i n a u t o m a t i c a l l y varying c o e f f i c i e n t weights i n a CCD 
f i l t e r . 

Trie f i r s t c o n s i s t s of employing v a r i a b l e transconductan­
ce devices i n the weighting networks at the CCD's taps. Tn 
such a way c o e f f i c i e n t weight values can be c o n t r o l l e d by 
s u i t a b l e c u r r e n t or vo l t a g e s i g n a l s [ l ] . 

A second method i s to use c o e f f i c i e n t weights implement­
ed by m u l t i p l y i n g d i g i t a l - t o - a n a l o g converters (DACS). Dach 
DAC output i s p r o p o r t i o n a l t o the product of the value of a 
bin a r y word at the d i g i t a l i n p u t and a reference v o l t a g e . 
C o e f f i c i e n t weights can be represented d i g i t a l l y and the 
analog v o l t a g e samples at the CCD's taps d r i v e the reference 
in p u t s of the DACs [2] . This method can be modified by r e ­
c i r c u l a t i o n so t h a t a s i n g l e DAC can serve t o implement 
n u l t i - c o e f f i c i e n t f i l t e r s . 

i M u l t i p l y i n g DAC-based methods are obviously eminently 
s u i t a b l e f o r the i n t e r f a c i n g of the f i l t e r t o a d i g i t a l 
c o n t r o l l e r whose j o b i s t o compute or at l e a s t t o generate 
the f i l t e r c o e f f i c i e n t weights. A block diagram of the 
s t r u c t u r e described i s shown i n Figure 1. 

Obviously, the f l e x i b i l i t y of the f i l t e r w i t h d i g i t a l l y 
implemented c o e f f i c i e n t s can be enormously enhanced by 
employing a microprocessor as a c o n t r o l l i n g u n i t . 

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

s iown i n Figure 2, The v a r i a b l e f i l t e r of Figure 1 i s i n t e r ¬
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f a c e d by m u l t i p l e x e r s and l a t c h e s w i t h a m i c r o p r o c e s s o r 

w h i c h has t h e t a s k o f c o n t r o l l i n g t h e f i l t e r t r a n s f e r 

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

employed i n o r d e r t o s y n c h r o n i z e t h e t r a n s f e r o f t h e c o e f f i ­

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

l a t c h e s . 

Such a system can be o f g r e a t i n t e r e s t i n e x p e r i m e n t a l 

a p p l i c a t i o n s where a number o f d i f f e r e n t t r a n s v e r s a l f i l t e r s 

w i t h d i f f e r e n t t r a n s f e r f u n c t i o n s are t o be implemented; 

each f i l t e r c h a r a c t e r i s t i c can o f course be w h o l l y s o f t w a r e 

c o n t r o l l e d . 
U t i l i z a t i o n o f an " i n t e l l i g e n t " c o n t r o l u n i t p e r m i t s 

t h e f i l t e r s t r u c t u r e t o be used, i n a r o l e more demanding 
t h a n s i m p l e v a r i a b i l i t y , i . e . f o r a d a p t i v e f i l t e r i n g . The 
m i c r o p r o c e s s o r can, i n f a c t , be programmed so t h a t t h e c o e f ­
f i c i e n t computing s t r a t e g y i s determined on t h e b a s i s o f 
i n f o r m a t i o n f r o m t h e f i l t e r o p e r a t i n g e n v i r o n m e n t . I n t h e 
s i m p l e s t case t h e m i c r o p r o c e s s o r can be equipped w i t h an 
i n p u t a n a l o g - t o - d i g i t a l c o n v e r t e r by means o f w h i c h i t can 
r e c e i v e t h e f i l t e r o u t p u t samples f r o m some e x t e r n a l adapta­
t i o n r e f e r e n c e source (see F i g . 3 ) . A s u i t a b l e a d a p t i v e 
a l g o r i t h m can t h e n compute ( i n r e a l t i m e f o r many a p p l i c a ­
t i o n s ) t h e c o e f f i c i e n t w e i g h t s depending upon t h e r e f e r e n c e 
s i g n a l and/or t h e f i l t e r o u t p u t s i g n a l [ 3 ] . 

3 . TECHNIQUE TO COMPLJNSATK CHARGE TEAHSFSK LOSS 
Je are i n v o l v e d i n i m p l e m e n t a t i o n o f an i n t e r a c t i v e 

m i c r o p r o c e s s o r programmable system w h i c h a l l o w s an o p e r a t o r 

t o d e f i n e a f i l t e r w i t h d e s i r e d c h a r a c t e r i s t i c s by s p e c i f y ­

i n g o n l y a few p a r a m e t e r s , computes t h e f i l t e r c o e f f i c i e n t 

w e i g h t s and t r a n s m i t s them t o t h e f i l t e r . The o p e r a t o r has 

o n l y t o s e l e c t a f i l t e r s t r u c t u r e f r o m a g i v e n s e t ( e . g . 

low-pass f i l t e r , band-pass f i l t e r , h i l b e r t t r a n s f o r m e r , 

d i f f e r e n t i a t o r and so on) and t h e n s u p p l y t h e a p p r o p r i a t e 

parameters needed f o r t h e c o e f f i c i e n t computing a l g o r i t h m . 

An e a r l y v e r s i o n o f t h i s v a r i a b l e f i l t e r system has been 

p r e s e n t e d i n [ 2 ] ; more r e c e n t l y g r e a t e r f l e x i b i l i t y was 

a f f o r d e d by using a minicomputer programmed i n FORTRAN t o 

c o n t r o l a 3 4 - t a p d e v i c e . Efficient o p e r a t o r command d i a l o g , 

couDled w i t h i n t e r a c t i v e f e a t u r e s l i k e j o y s t i c k c o n t r o l o f 

such f i l t e r p a r a m e t e r s as f i l t e r passband w i d t h s and c e n t r e 

f r e c u e n c i e s / have demonstrated t h e d e s i r a b i l i t y o f r a p i d 

and "convenient means o f communication w i t h t h e f i l t e r system 

-hen i n a v a r i a b l e , b u t n o n - a d a p t i v e , mode o f o p e r a t i o n . 

Th- e v e n t u a l system i s t o be t o t a l l y m i c r o p r o c e s s o r basea. 

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

t h e window a l g o r i t h m [ l i ] , are underway. 
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The c o e f f i c i e n t computation can be performed by anyone 
of the techniques well-known i n d i g i t a l f i l t e r i n g l i t e r a t u r e . 
The most s u i t a b l e technique seems to be the use of the 
method, of windows [4] , [5] , due to i t s simple a l g o r i t h m i c 
implementation. As a f u r t h e r degree of freedom the operator 
i s able to s e l e c t , i n a predefined set, the desired window. 

The degree to which window-designed f i l t e r s f a l l below 
the performance of those produced by various optimal design 
s t r a t e g i e s i s o f t e n n e g l i g i b l e (and can, i n any event, be 
p r e d i c t e d [4] ) and i s f r e q u e n t l y o f f s e t by the o p e r a t i o n a l 
ease, a l g o r i t h m s i m p l i c i t y , and c a l c u l a t i o n speed characte­
r i s t i c of windowing approaches. Unfortunately the design 
problem does not s o l e l y centre upon the best design of 
p e r f e c t f i l t e r s ; r e c o g n i t i o n of the p r a c t i c a l l i m i t a t i o n s 
of the f i n a l f i l t e r must colour our design approach. 

As i s well-known i n the l i t e r a t u r e [J] , [7] , [o] , [§} 
COO t r a n s v e r s a l f i l t e r performance can be degraded due t o 
the loss i n charge packet t r a n s f e r s between contiguous c e l l s 
(Cliarge Transfer I n e f f i c i e n c y ) . Such e f f e c t s , under reasona­
ble s i m p l i f y i n g assumptions, can be compensated by s u i t a b l e 
stops at f i l t e r design time [ó] , [s] , [io] . 

I t has been proven that compensation of CTI e f f e c t s on 
f i l t e r t r a n s f e r f u n c t i o n s may be obtained by modifying the 
nominal c o e f f i c i e n t weights. The new value h» of a generic 
c o e f f i c i e n t f o r the compensated, f i l t e r can, i n f a c t , be 
i t e r a t i v e l y derived as a f u n c t i o n of the c o e f f i c i e n t s h\ 
( w i t h j 1, . k - l ) and of the nominal value h v

 J 

H i [ 1 0 ] . 
A simpler expression has Deen derived i n |_o] under tl i e 

assumption t h a t the r e l a t i o n H 1

£« 1, where N
1 i s the number 

of CCD c e l l s and E i s the CTI value, holds. I n such a case 
the compensated value h* can be obtained as a f u n c t i o n of the 
preceding c o e f f i c i e n t h| • and of the nominal value h v : 

h- 1 

1 1 - ^ J C £ 

\ - £(k - 1) !'A.i (1) 

The e f f e c t s of compensation on amplitude t r a n s f e r 
f u n c t i o n e r r o r s of t y p i c a l low-pass f i l t e r s are shown i n 
Figure 4. The r e s u l t s shown have been obtained by d i g i t a l 
computer s i m u l a t i o n . 

I n order to perform the described CTI compensation i n 
a c t u a l f i l t e r i n g a p p l i c a t i o n s the c o e f f i c i e n t computation 
a l g o r i t h m implemented on the microprocessor i s designed i n 
order to apply the c o e f f i c i e n t compensation formula ( l ) as 
a f o l l o w - o n to window design of the i n i t i a l c o e f f i c i e n t set. 
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I n t he d e s i g n o f t h e m i c r o p r o c e s s o r c o n t r o l l e d f i l t e r 
t h e need kas been r e c o g n i z e e f o r a c o n t r o l u n i t y i t h F l o a t ­
i n g - p o i n t a r i t h m e t i c . f a c i l i t i e s and a computing speed w h i c h 
would be c o m p a t i b l e w i t h r e a l t i m e o p e r a t i o n i n a d a p t i v e 

.-..)plications. 
The i m p l e m e n t a t i o n o f a t r a n s p o r t a b l e s o f t w a r e ( o r 

f i r m - a r e ) f l o a t i n g - p o i n t l i b r a r y would have e n t a i l e d , a 
c o n s i d e r a b l e programming e f f o r t , s i n c e subprogram l i b r a r i e s 
meeting our s p e c i f i c r e q u i r e m e n t s are n o t r e a d i l y a v a i l a b l e 
and, on the o t h e r s i d e , t h e system needed t o employ a f a s t 
and p r e c i s e CPU, e.g. a s i x t e e n b i t u n i t . Because o f these 
and o t h e r c o n s i d e r a t i o n s i t has been decided t o use a 
normal e i g h t b i t m i c r o p r o c e s s o r equipped w i t h a f a s t e x t e r ­
n a l a r i t h m e t i c u n i t f o r extended p r e c i s i o n and f l o a t i n g ­
p o i n t o p e r a t i o n . I n such a way b o t h s o f t w a r e i m p l e m e n t a t i o n 
and computing speed problems have been c o s t - e f f e c t i v e l y 
s o l v e d . 

I n F i c u r e 3 t h e g l o b a l f i l t e r c o n t r o l u n i t b l o c k 
diagram i s shown. The system i n c l u d e s a I o c k w e l l O$0'd CPU 
w i t h 4 Kbytes o f KAK, a ROM r e s i d e n t m o n i t o r , a keyboard, 
alphanumeric d i s p l a y and a s m a l l t h e r m a l p r i n t e r f o r i n t e r ­
a c t i v e I/O. One of the CPU l/O p o r t s i s employer! f o r the 
advanced Micro Devices AH 9 5 1 1 a r i t h m e t i c u n i t and a 
second o o r t c o n t r o l s t he CCD f i l t e r i n t e r f a c e . 

A f u r t h e r i / o p o r t i s p r o v i d e d as d a t a i n p u t channel 
f o r a d a p t i v e s t r u c t u r e i m p l e m e n t a t i o n . 

I t i s b e l i e v e d t h a t t h e i n i t i a l hardware c o n f i g u r a t i o n 

w i l l p r o v i d e s u f f i c i e n t o p e r a t i o n a l c a p a b i l i t i e s and f l e x i ­

b i l i t y f o r g e n e r a l purpose use and w i l l serve as a b a s i s 

f o r performance e v a l u a t i o n of a v a r i e t y o f a d a p t i v e f i l t e r ­

i n g approaches aimed a t s e l e c t e d s i g n a l p r o c e s s i n g a p p l i c a ­

t i o n s . 
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