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ABSTRACT 

The d e s i g n o f a n o v e l 32 p o i n t C o r r e l a t o r o r 

programmable f i l t e r based on a new t i m e d e l a y and 

i n t e g r a t i o n ( T D I ) s t r u c t u r e i s d e s c r i b e d . T h i s 

d e v i c e use's m u l t i p l y i n g i n p u t s t o g e t h e r w i t h 

c h a r g e s u i s m a t i o n w i t h i n t h e TDI i n c o n t r a s t t o 

more c o n v e n t i o n a l c r o s s c o r r e l a t o r s w h i c h employ 

t a p p e d CCD d e l a y l i n e s l i n k e d w i t h MOST a n a l o g u e 

m u l t i p l i e r s . 

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

c i e n t s and a d d r e s s i n g c i r c u i t r y f o r p e r i o d i c 

r e f r e s h a r e a d d i t i o n a l f e a t u r e s o f t h i s d e s i g n . 

A key a d v a n t a g e o f t h i s a r c h i t e c t u r e i s t h e speed 

o f m u l t i p l i c a t i o n ( 5 - 1 0 n s ) i n h e r e n t t o t h e i n p u t 

t e c h n i q u e . T h i s e n a b l e s h i g h speed b u r i e d 

c h a n n e l s t r u c t u r e s , t o be u t i l i s e d . 

INTRODUCTION 

Charge c o u p l e d d e v i c e t e c h n o l o g y has been 

w i d e l y used t o im p l e m e n t v a r i o u s t r a n s v e r s a l 

f i l t e r d e s i g n s ( l • 2 < 3 ) , due t o t h e s i m p l i c i t y w i t h 

w h i c h d e l a y and t a p w e i g h t i n g may be p r o v i d e d . 

Tap w e i g h t s may e i t h e r be mask programmable ( u s ­

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

n a l l y programmable by means o f MOST m u l t i p l i e r s 

on each t a p . I n a d d i t i o n t o t h e o b v i o u s economic 

a d v a n t a g e s o f a s i n g l e p r o grammable d e s i g n , t h e 

f l e x i b i l i t y and a d a p t a b i l i t y o f a pr o g r a m m a b l e 

d e v i c e , e x t e r n a l l y and i n t e l l i g e n t l y c o n t r o l l e d , 

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

A c o n v e n t i o n a l c o r r e l a t o r uses two t a p p e d 

CCD d e l a y l i n e s o r , more commonly one t a p p e d CCD 

and a r e f e r e n c e c a p a c i t o r a r r a y . The CCD t a p p e d 

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

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

c o r r e l a t i o n , o r w e i g h t i n g c o e f f i c i e n t s , s t o r e d 

as c h a r g e i n a bank o f MOS c a p a c i t o r s , a r e t h e n 

m u l t i p l i e d by t h e t i m e sequence o f s i g n a l samples 

and a l l t h e p r o d u c t s summed t o p r o d u c e t h e f i l t e r 

o u t p u t ( F i g . l a ) . M u l t i p l i c a t i o n s a r e p e r f o r m e d 

Input 

TDI 

Based Fi l ter 

Output 
F i g u r e 1 Conventional and TDI Based Tmnevevsal 

Filter Structures, 

RSRE, S t Andrews Rd, G r e a t M a l v e r n , Worcs, 

u s i n g a s i n g l e MOST m u l t i p l i e r a t each t a p p o i n t . 

N o n - d e s t r u c t i v e s i g n a l t a p p i n g i s u s u a l l y imp 1 l a ­
mented by a f l o a t i n g g a t e r e s e t s y s t e m i n w h i c h 

c h a r g e p a c k e t s a r e sensed c a p a c i t i v e l y v i a an 

i s o l a t e d o r f l o a t i n g CCD e l e c t r o d e , c o u p l e d t o a 

h i g h impedance MOST b u f f e r a m p l i f i e r . These 

d e v i c e s have f u n d a m e n t a l speed l i m i t a t i o n s a s s o ­

c i a t e d w i t h t h e n a t u r e o f t h i s t e c h n i q u e , t h o u g h 

f a s t e r o p e r a t i o n may be o b t a i n e d i n some s t r u c ­

t u r e s by u t i l i z i n g t h e p a r a l l e l c h a n n e l o r s p l i t 

c h a r g e t a p p i n g m e t h o d ^ ' . 

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

ence i s s t a t i o n a r y o r q u a s i - s t a t i o n a r y . T h i s 

means t h a t t h e d e l a y e l e m e n t s ( s u i t a b l y m o d i f i e d ) 

and m u l t i p l i e r s may be i n t e r c h a n g e d ( F i g . l b ) . 

I m p l e m e n t a t i o n s d e s i g n e d on t h i s b a s t s have n o t 

p r e v i o u s l y been p a r t i c u l a r l y a t t r a c t i v e s i n c e a 

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

a r e r e q u i r e d . To overcome t h e p r o b l e m o f t h e 

l a r g e number o f . m u l t i p l i e r s s e v e r a l s e p a r a t e 

a p p r o a c h e s have been d e v e l o p e d . One employs a 

s i n g l e m u l t i p l i e r e f f e c t i v e l y m u l t i p l e x o d between 

c h a n n e l s ' - * ) . F o r b i n a r y - a n a l o g u e c o r r e l a t i o n , 

a n o t h e r t e c h n i q u e uses a d i g i t a l s w i t c h whereby 

t h e w e i g h t i n g , 1 o r 0, m u l t i p l i e s t h e d a t a 

i n p u t ^ ' . A l t e r n a t i v e l y , i n a q u a s i a n a l o g u e t o 

d i g i t a l manner, a number ( d e p e n d i n g on t h e 

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

p a c k e t s a r e summed t o g e t h e r i n a common i n p u t 

s t o r a g e w e l l ( ^ ) . Due t o t h e m u l t i p l e x i n g n a t u r e 

o f b o t h t h e s e s t r u c t u r e s t h e b a n d w i d t h i s c o n ­

s i d e r a b l y r e d u c e d . 

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

uses t h e c o n f i g u r a t i o n o f F i g . l b i n a new way. 

P r e v i o u s l i m i t a t i o n s on t h e number o f m u l t i p l i e r s 

and t h e i r speed o f o p e r a t i o n a r e overcome by 

u t i l i z i n g m u l t i p l i c a t i o n d i r e c t l y i n t h e i n p u t 

s t r u c t u r e o f a TDI r e g i s t e r t o p r o v i d e f a s t f o r m ­

a t i o n and summation o f c o r r e l a t i o n p r o d u c t s . On-

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

t o r s a d d r e s s e d and r e f r e s h e d v i a d i g i t a l r e g i s t e r s 

Thus h i g h speed and b a n d w i d t h w i t h s i m p l i c i t y o f 

d e s i g n i s a c h i e v e d . 

MULTIPLYING INPUT TECHNIQUE 

P r e v i o u s t e c h n i q u e s f o r c h a r g e i n j e c t i o n i n t o 

CCDs have been c o n c e r n e d p r i n c i p a l l y w i t h l i n e a ­

r i s i n g t h e CCD t r a n s f e r f u n c t i o n " > ̂  • The most 

commonly used methods i n v o l v e s e t t i n g t h e s u r f a c e 

p o t e n t i a l u n d e r an i n p u t e l e c t r o d e t o e q u a l t h a t 

u n d e r an a d j a c e n t e l e c t r o d e a t a d i f f e r e n t v o l t a g e 

by i n j e c t i n g an a p p r o p r i a t e amount o f c l i a r g e u n d e r 

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

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

t l i e two e l e c t r o d e s , one o f w h i c h c a r r i e s t h e i n p u t 

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

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

p r o p e r t i e s a s s o c i a t e d w i t h t r a n s i e n t dynamic 

c h a r g e i n j e c t i o n . 

The o p e r a t i o n o f t h e m u l t i p l y i n g i n p u t has 

been p r e v i o u s l y r e p o r t e d i n t h e 1 i t e r a t u r e 

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

a t w i n i n p u t g a t e CCD s t r u c t u r e as shown i n F i g . 2 

The v o l t a g e s V n and V t o g e t h e r w i t h t h e d u r a t i o n 

o f t h e s t r o b e p u l s e a r e a r r a n g e d so t h a t c h a r g e 

237 , 



c o l l e c t e d i n the storage w e l l , does not come 
to e q u i l i b r i u m . 

To a f i r s t order the input s t r u c t u r e may be 
analysed as a HOS t r a n s i s t o r . The charge 
c o l l e c t e d i n the storage w e l l w i l l be the 
i n t e g r a l of the current c o l l e c t e d during the 
strobe pulse, and w i l l c o n tain a charge component 
representing the product VnXVc, plus a d d i t i o n a l 
l i n e a r and squared terms. The desired m u l t i p l i ­
c a t i o n term may be ex t r a c t e d by employing a time 
d i v i s i o n m u l t i p l e x i n g technique s i m i l a r to t h a t 
used f o r MOST m u l t i p l i e r s . 

cct> 

Figure 2 Sohematio Layout of a Multiplying 
Input CCD 

I n t h i s technique a succession of charge 
packets i s produced by s w i t c h i n g the input diode 
and second input gate t o the p o t e n t i a l s shown i n 
f i g u r e 2. The diode may be set to a reference 
voltage V r e f T , or to the reference voltage 
superimposed on a s i g n a l Vn . S i m i l a r l y the 
second inp u t gate may be set to V y e f j , or to t h i s 
reference superimposed on a s i g n a l v o l t a g e Vrj. 
I n i t i a l l y both switches are set as shown i n the 
diagram, w i t h V r e f 2 + Vp on the diode and 
V r e f l + V con the gate. This produces, on 
s t r o b i n g , a charge packet QM, c o n t a i n i n g a term 
p r o p o r t i o n a l to VQXVJ) w i t h others c o n t a i n i n g V c 

or Vn only, and some independent terms. During 
the next clock pulse, a f t e r Q̂ j has been clocked 
forward, two charge packets are produced, by 
s t r o b i n g twice d u r i n g the same clock pulse, and 
summed i n the same w e l l t o form a c o r r e c t i o n 
term, Qg. The f i r s t of these, Qrji> i f i produced 
w i t h switch Ŝ  set at V r e f i , and S£ set at i t s 
i n i t i a l p o s i t i o n , and the second, Qrj2» w i t h S£, 
set at reference l e v e l V r e£2 w i t h Sj at i t s 
i n i t i a l p o s i t i o n . Thus, Q^j and Qc2« "hen summed, 
contain a l l the undesired l i n e a r and squared terms 
of the f i r s t charge packet Qtf. 

Therefore i n a normal l i n e a r CCD, p a i r s of 
charge packets a r r i v e i n sequence at the output-
As shown i n f i g u r e 2, the output may be switched 
to a l t e r n a t e inputs of a d i f f e r e n t i a l a m p l i f i e r 
(on or o f f chip) r e s u l t i n g i n s u b t r a c t i o n of 
QQ from Q[.j, g i v i n g the desired product output. 
Figure 3 i l l u s t r a t e s i n p u t , output and pulse 
sequences f o r a l i n e a r CCD operated i n t h i s 
mode. A dynamic range of 60dB w i t h undesired 
harmonics less than 35dB may be e a s i l y achieved. 

Figure 3 Strobe, Timing and Input and Output 
Waveforms for a Multiplying Input CCD 

I n our c o r r e l a t o r the m u l t i p l y i n g inputs t o the 
TDI s e c t i o n operate i n a manner i d e n t i c a l t o 
t h i s d e s c r i p t i o n , f o l l owed by sequen t i a l a d d i t i o n 
of the product terms through the TDI. 

TECHNOLOGY 

. The chip has been designed i n a 3 phase, 
3 l e v e l p o l y s i l i c o n technology which permits the 
f a b r i c a t i o n of analogue (CCD and a m p l i f i e r ) 
components, together w i t h d i g i t a l r e g i s t e r s on 
the same chip. Minimum dimensions of 3 pm are 
used, w i t h < 1 um alignment tolerances. The 
CCD gate electrodes are 7 um i n the main 
s t r u c t u r e , g i v i n g a b i t p i t c h of 21 um w i t h 5 pm 
input strobe gates f o r optimum performance. The 
s h i f t r e g i s t e r t r a n s i s t o r s are threshold s h i f t e d , 
by appropriate i o n implants f o r optimum operation 
and the TDI r e g i s t e r i s constructed i n buried 
channel technology, but w i t h surface channel 
inputs. A si n g l e s e l f - a l i g n e d arsenic implant 
produces a l l sources, drains and CCD diodes. 
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Figure 4 Blook Diagram of Multiplying Input 
Correlator 

F i n a l m e t a l l i z a t i o n over a phosphorus doped 
flow-glass gives high m e t a l l i z a t i o n i n t e g r i t y . 
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CHIP ARCHITECTURE 

A f u n c t i o n a l diagram of the c o r r e l a t o r chip 
i s given i n f i g u r e 4. I n i t i a l l y the reference 
s i g n a l i s fed, on a common metal bus, to a serie s 
of p o l y s i l i c o n storage c a p a c i t o r s , which are 
addressed s e q u e n t i a l l y by a d i g i t a l s h i f t 
r e g i s t e r . This r e g i s t e r has a design maximum 
cl o c k i n g r a t e of 2 MHz enabling the 32 b i t s to be 
f i l l e d i n 16 usee. The storage capacitors are 
constructed i n two le v e l s of p o l y s i l i c o n to give 
maximum time between r e f r e s h cycles. The r e f e r ­
ence signals are fed from these capacitors to the 
second in p u t gate of each TDI inpu t v i a b u f f e r 
a m p l i f i e r s and m u l t i p l e x i n g gates. These l a t t e r 
are r e quired to implement the m u l t i p l i c a t i o n 
c o r r e c t i o n s described p r e v i o u s l y . Since the 
si g n a l i s represented by two charge packets, one 
representing the product plus e r r o r s , the other 
representing the e r r o r s alone, the inputs are 
necessarily spaced at twice the b i t p i t c h of 
21 um.. The running data input i s fed to the 
input d i f f u s i o n s of the i n d i v i d u a l TDI elements. 
I f 4 quadrant, r a t h e r than 2 quadrant, m u l t i p l i ­
c a t i o n i s desired the diode switching process, 
discussed e a r l i e r , may be performed o f f - c h i p . 

For elegance of design and economy of space, 
the TDI sec t i o n has been d i v i d e d such t h a t 
s ignals fed i n t o opposite halves approach a 
common output node i n the centre. An a d d i t i o n a l -
b e n e f i t i a the concomitant r e d u c t i o n i n electrode 
width over a normal t r i a n g u l a r TDI s t r u c t u r e , 
which i n t u r n reduces associated RC time constant 
e f f e c t s . 

At the output o f the TDI, the sum of the 
c o r r e c t i o n terms and the sum of the m u l t i p l i c a ­
t i o n products w i l l appear i n a l t e r n a t e c l o c k i n g 
time s l o t s . I t i s necessary, t h e r e f o r e , to 
stor e the values of one and subtract them from 
the other. This operation i s performed using a 
time d i v i s i o n e d d i f f e r e n t i a l a m p l i f i e r which 
employs a simple c a p a c i t i v e i n p u t d i f f e r e n t i a l 
c i r c u i t ( H ) . Thus the output from the chip i s 
the desired sum of products, emerging at h a l f 
the TDI clock frequency. 

A d d i t i o n a l to the TDI r e g i s t e r i s a f u r t h e r 
64 b i t delay l i n e which may be used f o r cascading 
these chips together, 

Figure 5 Devi'oe Layout 

Figure 5 gives the chip l a y o u t , At A and 
A' i s the s h i f t r e g i s t e r and addressing m a t r i x 
w i t h storage c a p a c i t o r s . These r e g i s t e r s are 

necessarily d i v i d e d i n t o two sections due to the 
s p l i t t i n g i n h a l f of the TDI s t r u c t u r e . The TDI 
i s shown at B, B' , and B" . B and B"- are 32 
b i t , 16 input sections wherein the signals 
t r a v e l from l e f t to r i g h t and r i g h t to l e f t 
r e s p e c t i v e l y . B'1 i s an a d d i t i o n a l 32 delay 
s e c t i o n to give the c o r r e c t t o t a l TDI f u n c t i o n . 
F i n a l a d d i t i o n occurs i n the c e n t r a l node defined 
by the boundary between B and B' . The output 
from the TDI i s fed to the d i f f e r e n t i a l ampli­
f i e r C. At D i s the 6 4 - b i t independently clocked 
delay l i n e , provided f o r cascading purposes. 
Tota l a c t i v e chip area i s 2,5 mm x 3 mm. 

Simulations i n d i c a t e t h a t the maximum oper­
a t i n g speed of the prototype system i s l i m i t e d 
p r i m a r i l y by the output a m p l i f i e r , which however 
should operate a t speeds i n excess of 20 MHz. 
In c o n t r a s t to conventional s t r u c t u r e s , wherein 
the speed of the t r a n s f e r r e g i s t e r s i s dominated 
by t h e i r f l o a t i n g gate reset tap s t r u c t u r e s 
(surface channel) and by the on-chip MOST m u l t i ­
p l i e r s , thus device can be f a b r i c a t e d i n buried 
channel technology f o r r a p i d , h i g h - e f f i c i e n c y 
t r a n s f e r and a d d i t i o n . The m u l t i p l y i n g inputs 
have already been demonstrated at speeds i n 
excess of 100 MHz. 

CONCLUSIONS 

We have designed a new type of programmable 
f i l t e r or c o r r e l a t o r s t r u c t u r e , which i s i n h e r ­
e n t l y capable of very high speed operation. 
Previous attempts a t the design of c o r r e l a t o r s 
or programmable f i l t e r s using f l o a t i n g gate 
tapped CCD r e g i s t e r s w i t h on-chip m u l t i p l i e r s , 
w h i l e s a t i s f a c t o r y f o r audio f i l t e r s are inher­
e n t l y incapable of f a s t , high e f f i c i e n c y opera­
t i o n . Our s t r u c t u r e avoids these l i m i t a t i o n s 
through the use of buried channel TDI f o r the 
summation, and high speed CCD inpu t m u l t i p l i c a ­
t i o n r e p l a c i n g the MOST m u l t i p l i e r s . Since the 
analogue m u l t i p l i c a t i o n terms are generated i n 
the CCD inputs, considerable s i l i c o n r e a l e state 
savings and s i m p l i c i t y of design r e s u l t . 

BIBLIOGRAPHY 

1 Ibrahim, A.A., Hupe, G.J., F o x a l l , T.G. 
"Double-split Electrode Transversal F i l t e r f o r 
Telecommunication A p p l i c a t i o n s " IEEE J r n l of 
Sol-State C i r c u i t s , Vol SC-14, No 1, Feb 1979 
pp 380-384. 

2 Denyer, P.B., Mavor, J., A r t h u r , J.W., 
Gowan, C.F.N. "A Programmable.CCD Transversal 
F i l t e r ; Design and A p p l i c a t i o n " Proc CCD 1978 
pp 38-11-22. 

3 Gooding, J.N., C u r t i s , T.E., P r i t c h a r d , W.D., 
Rehman, M.A., "Programmable Transversal 
F i l t e r using CCD Components" Proc CCD 1978 
pp 3B-23-30. 

4 H i l l , J.R., McCaughan, D.V., Keen, J.M., 
White, J.C., "Charge S p l i t t i n g CCD Tapped 
Delay Lines" E l e c t r o n i c s L e t t e r s 29 March 1979 
Vol 15, No 7, pp 204-6. 

5 Chen, P.C.Y., Dyck, R.H., M a g i l l , E.G., 
"Design, Operation and A p p l i c a t i o n of High 
Speed Charge Coupled Programmable Transversal 
F i l t e r " Proc CCD 1978, pp 3-Bl-lO. 

6 Knauer, K., P f l e i d e r , J.J., " D i g i t a l l y Con­
t r o l l e d Adaptive CCD F i l t e r " Proc CCD 1978, 
pp 3A-25-32. 

239. 



7 Sequin, C.H., Mohsen, A.M., " L i n e a r i t y o f 
E l e c t r i c a l Charge I n j e c t i o n i n t o Charge 
Coupled Devices" IEEE J r n l , Sol-State C i r ­
c u i t s , Vol SC-10, No 2, A p r i l 1975, pp 81-92. 

8 Baba, T., Sakishuma, T., K i t a n i , T., 
Sasaki, R., "Transient Analysis of E l e c t r i c a l 
and Linear Charge Preset on the Input Stage 
of Surface CCD's" IEE Trans, on Elect-Dev. 
Vol ED-25, No 9, Sept 1978, pp 1101-1108. 

9 McCaughan, D.V., White, J.C., H i l l , J.R., 
"A Novel CCD M u l t i p l y i n g Input Technique" 
E l e c t r o n i c s L e t t e r s , 16 March 1978, Vol 4, 
No 6, pp 165-6. 

10 H i l l , J.R., White, J.C., M e r r i f i e l d , D.C., 
McCaughan, D.V., "Analysis of the M u l t i ­
p l i c a t i o n and Linear I n t e g r a t i o n I n p u t 
Techniques to a CCD" To be presented 
CCD 1979., Edinburgh. 

11 Denyer, P.B., Havor, J., "Novel MOS 
D i f f e r e n t i a l A m p l i f i e r For Sampled-Data 
A p p l i c a t i o n s " E l e c t r o n i c s L e t t e r s , 
5 January 1978, Vol 14, No 1, pp 1-2. 

Copyright © Contro l ler HMSO London 

240. 




