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A b s t r a c t 

A c a s c a d a b l e 1 2 7 - t a p b i n a r y w e i g h t e d a n a l o g u e c o r r e l a t o r i s d e s c r i b e d . 
The d e v i c e has been cascaded and o p e r a t e d as a 2 5 4 - t a p c o r r e l a t o r f o r b o t h 
baseband and b i - p h a s e coded s i g n a l s a t c l o c k f r e q u e n c i e s f r o m 1 kHz t o 
2 MHz. The d e v i c e has a l s o been o p e r a t e d as a low pass f i l t e r and shows 
good l i n e a r i t y and dynamic r a n g e . O n - c h i p power d i s s i p a t i o n i s 20 mW. 

1 . I n t r o d u c t i o n 

I n s p r e a d s p e c t r u m c o m m u n i c a t i o n sys tems Pseudo Random N o i s e (PRN) 
codes a re used t o t r a d e o f f b a n d w i d t h a g a i n s t s i g n a l power . I n o r d e r t o 
r e c e i v e t h e d a t a i t i s n e c e s s a r y t o c o r r e l a t e t he r e c e i v e d s i g n a l , b u r i e d 
i n n o i s e , w i t h a r e f e r e n c e c o d e . Charge c o u p l e d d e v i c e s o f f e r an e f f i ­
c i e n t a p p r o a c h t o t h e r e a l i s a t i o n o f a b i n a r y w e i g h t e d a n a l o g u e c o r r e l a t o r 
due t o t h e i r i n h e r e n t a b i l i t y t o s t o r e and w e i g h t a n a l o g u e s a m p l e s 1 . The 
b i n a r y - a n a l o g u e c o r r e l a t o r i s s i m p l y a t r a n s v e r s a l f i l t e r w i t h c o e f f i c i e n t 
v a l u e s o f +1 o r - 1 . The i m p u l s e response o f t h e t r a n s v e r s a l f i l t e r i s t h e 
t i m e i n v e r s e o f t h e pseudo random sequence i t i s d e s i g n e d t o d e t e c t . Of 
more g e n e r a l i n t e r e s t i s a d e v i c e whose c o e f f i c i e n t s can be programmed 
e l e c t r i c a l l y so t h a t any number o f d i f f e r e n t codes can be u s e d . 

T h i s p a p e r d e s c r i b e s a 1 2 7 - t a p ( 6 4 - b i t d i g i t a l ) b i n a r y w e i g h t e d 
a n a l o g u e c o r r e l a t o r c h i p . I t i s f a b r i c a t e d on a d o u b l e p o l y N -channe l p r o ­
cess w h i c h has s u r f a c e and b u r i e d channe l CCD a v a i l a b l e . The c o r r e l a t o r i s 
d e s i g n e d so t h a t up t o 16 c h i p s can be cascaded and t h e r e f o r e PPJN codes o f 
up t o 1024 b i t s may be used ( w i t h 30 dBs o f p r o c e s s i n g g a i n ) . B o t h a n a ­
l o g u e and d i g i t a l s e c t i o n s a r e d e s i g n e d t o o p e r a t e a t c l o c k f r e q u e n c i e s i n 
t h e range 1 kHz t o 4 MHz. The d e v i c e i s i n t e n d e d t o be o p e r a t e d i n 2 modes. 

( 1 ) As a c o r r e l a t o r f o r baseband s i g n a l s . H e r e , each d i g i t a l b i t i s used 
t o w e i g h t 2 a n a l o g u e samples ( i . e . two samples p e r d i g i t a l b i t ) , 
t h e r e b y s a t i s f y i n g t h e s a m p l i n g t h e o r e m . 

( 2 ) As a c o r r e l a t o r f o r b i - p h a s e - c o d e d o r p h a s e - s h i f t - k e y e d (PSK) i n p u t 
s i g n a l s . I n t h i s case each d i g i t a l b i t and i t s complement a r e used 
t o ^ w e i g h t a p a i r o f t a p s . 

2 . Genera l D e s c r i p t i o n o f 1 2 8 - S t a g e C o r r e l a t o r 

The d e v i c e d e s c r i b e d i s an a r r a y e d s t r u c t u r e where b o t h d i g i t a l and 
a n a l o g u e f u n c t i o n s a r e f i t t e d i n t o t h e CCD p i t c h o f 28pm, r e s u l t i n g i n a 
c h i p s i z e o f 166 x 108 t h o u . A c h i p p h o t o g r a p h i s g i v e n i n F i g u r e 1 . A 
s c h e m a t i c d i a g r a m o f t h e c h i p i s g i v e n i n F i g u r e 2 w h i c h shows t h a t t h e 
d e v i c e can be s p l i t i n t o t h e f o l l o w i n g s e c t i o n s . 
A. 1 2 8 - S t a g e Tapped CCD (127 Taps) I n o r d e r t o o b t a i n good l i n e a r i t y a 
f l o a t i n g g a t e t a p p e d s u r f a c e channe l CCD w i t h d i o d e c u t - o f f i n p u t m e t e r i n g 
i s u s e d . The 128 th t a p i s m i s s e d o u t so t h a t t h e s u r f a c e c h a n n e l s can be 
cascaded i f n e c e s s a r y . A 4 - e l e c t r o d e p e r b i t s t r u c t u r e i s used ( F i g u r e 
3) c o n s i s t i n g o f two c l o c k e d e l e c t r o d e s (<f>-| and <f> 2), a DC p h a s e , and a 
f l o a t i n g g a t e t a p . T h i s s t r u c t u r e i s chosen t o m i n i m i s e c l o c k c o u p l i n g 
t o t h e t a p . 
B. Tap W e i g h t S w i t c h e s and C o r r e l a t i o n Busses The t a p s a r e w e i g h t e d by 
c o n n e c t i n g them t o e i t h e r a p o s i t i v e o r n e g a t i v e c o r r e l a t i o n buss by 

P l e s s e y Research ( C a s w e l l ) L i m i t e d , A l l e n C l a r k Research C e n t r e , C a s w e l l , 
T o w c e s t e r , N o r t h a m p t o n s h i r e NN12 8EQ, E n g l a n d . 
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means of 127 pairs of tap-switches. A 1-bi t (2-tap) section is shown in 
Figure 4 (a) . The bi-phase and baseband modes of operation require d i f ­
ferent tap-switch connection. A universal s t ructure using 4 cor re la t ion 
busses (Figure 4(a)) i s used which, by appropriate external connections, 
can form a bi-phase cor re la to r (Figure 4(b)) or a baseband cor re la to r 
(Figure 4 ( c ) ) . 

The tap-switch st ructure also contains the storage capacitors C 
(Figure 4(a)) which are used to store the reference d i g i t a l code. H 

The storage capacitors are connected between the tap electrode arid the 
tap-switch gate. This minimises the e f f ec t of any voltage transients on 
the tap-switch resistance. The reference code is cont inual ly w r i t t en 
inot the d i g i t a l reg is te r and t ransferred onto the hold capacitors once 
per code per iod. The st ructure has been designed so that there is no 
s i g n i f i c a n t change in the stored log ic levels a f t e r 20 mS. 
C D ig i ta l Reference S h i f t Register The funct ion of the d i g i t a l s h i f t 
reg is te r is to accept the reference code s e r i a l l y and present the data at 
pa ra l le l outputs. This data is then t ransferred onto the hold capacitors 
at the appropriate time by a set of pa ra l le l t ransfer switches. I t i s 
necessary f o r the d i g i t a l reg is ter to be cascadable so an output bu f fe r 
stage is included. Since on-chip power d iss ipat ion requirements rule out 
s t a t i c s h i f t r eg i s te rs , a f u l l y dynamic 2-phase MOS s h i f t reg is te r has 
been developed. This has to meet the para l le l output drive requirements 
over a frequency range of 1 kHz to 4 MHz. 

A 1-bi t section of the s h i f t reg is te r is shown in Figure 5, together 
wi th the associated clock and node voltage waveforms. I t consists of a 
basic dynamic inver te r stage Tl to T3, d r i v ing a self-bootstrapped push-
pul l stage T4, T5, which has a low output impedance in both log ic s ta tes. 
Since the Q (node G) and Q (node D) outputs are va l id during 'L and <j>9 

high periods respect ively two para l le l t ransfer clocks L and 0 1 

are required. The las t stage of the d i g i t a l s h i f t T R 1 T R 2 

reg is te r is modified to reduce i t s output impedance so that an o f f - ch i p 
capacitance of 10 pFs can be dr iven. 
D - 128-stage Cascading CCD I t i s intended to cascade up to 16 chips 
(1024-bit pseudo random code) which resul ts in a maximum of 4096 CCD 
t rans fers . To reduce the loss in processing gain to less than 1 dB a 
t rans fer i ne f f i c i ency per stage of <4 x 10" g is necessary. The tapped 
delay l ine uses a surface channel CCD in order to obtain good l i n e a r i t y 
but surface channel t ransfer i ne f f i c i ency is too high fo r cascading pur­
poses. Therefore, a special 128-bit buried channel CCD is included on 
the chip (Figure 2 ) . This CCD operates wi th a single t ransfer clock («K) 
and uses a ' f i l l and s p i l l ' input f o r optimum ser ia l l i n e a r i t y . I t i s 1 

designed fo r a gain of 1.2 and incorporates a low output impedance bu f fe r . 

3. Output Sensing C i rcu i t 

The output signal is obtained by means of a d i f f e r e n t i a l charge 
amp l i f i e r (Figure 6 ) . Switches SI and S2 reset the two cor re la t ion bus­
ses to the tap reference voltage Vnp F , which is normally equal to the DC 
phase p o t e n t i a l . Switches S3 and §4 reset the in tegra tors . When <j, goes 
low the signal charge is t ransferred under the f l oa t i ng gate taps, 1 

resu l t i ng in an image charge appearing on the feedback capaci tors. This 
is equal to the sum of a l l the charge packets which l i e beneath the tap 
electrodes connected to each in tegra to r . The di f ference between these 
two output voltages is proport ional to the cor re la t ion coe f f i c i en t of 
the reference code and the s igna l . 

4. Experimental Results 

A. Tapped CCD The tapped CCD has been operated at clock frequencies 
in the range 1 kHz to 2 MHz. L inear i t y from input to tap was measured 
by operating the device as a low pass f i l t e r ( a l l ' T s d i g i t a l re fer -
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ence code) . The harmonic content o f the ou tpu t was measured f o r a pure 
s ine wave i n p u t s i gna l w e l l w i t h i n the f i l t e r passbantt. For a 3V p-p 
ou tpu t s igna l (^S0% o f f u l l range) the 2nd and 3rd harmonics; were 40 dB 
and 48 dB r e s p e c t i v e l y below the fundamenta l . F igure 7 shows the har ­
monic performance o f the tap and s e r i a l ou tpu ts as a f u n c t i o n o f i n p u t 
b ias vo l tage f o r a tap ou tpu t o f IV p -p . 

Tap weight u n i f o r m i t y was demonstrated by r e p l a c i n g the. s ine wave 
w i t h a square wave o f pe r i od equal t o the t ime leng th o f the c o r r e l a t o r . 
The r e s u l t i n g t r i a n g u l a r ou tpu t i s shown i n F igure 8 f o r a two-ch ip co r ­
r e l a t o r . The two d i s c o n t i n u i t i e s are caused by the miss ing 128th taps . 
B. D i g i t a l Reference S h i f t Reg is te r The d i g i t a l s h i f t r e g i s t e r has 
been operated i n a 2 -ch ip c o r r e l a t o r a t c lock f requenc ies f rom 1 kHz to 
5 MHz. A photograph o f the s h i f t r e g i s t e r ou tpu t i s g iven i n F igure 9 
( f = 4 MHz). 
C. c 1 2 8 - b i t Cascading CCD The b u r i e d channel cascading CCD has been 
operated at c lock f requenc ies i n the range 1 kHz to 2 MHz (2 MHz i s the 
l i m i t o f the t e s t board used) w i t h o u t any d i s c e r n i b l e degrada t ion due t o 
t r a n s f e r e f f i c i e n c y . L i n e a r i t y was measured us ing a c lock f requency o f 
100 kHz and an i n p u t s i g n a l f requency o f 110 Hz. For an ou tpu t o f 1.5V 
p-p (-90% o f f u l l sca le ) the 2nd and 3rd harmonics were 40 dB and 49 dB 
r e s p e c t i v e l y below the fundamenta l . A graph o f harmonic d i s t o r t i o n 
aga ins t i n p u t DC b ias i s shown i n F igure 10. 
D. Performance as a B ina ry Weighted C o r r e l a t o r To eva lua te the devices 
the t e s t c i r c u i t shown i n F igure 11 was used w'hTch a l lows two ch ips to be 
cascaded t o produce e i t h e r baseband o r b i -phase c o r r e l a t o r s w i t h 254 t aps . 
A code genera to r produces a 1 2 7 - b i t pseudo random code. The code i s 
w r i t t e n d i r e c t l y i n t o the d i g i t a l re fe rence r e g i s t e r and a delayed v e r ­
s ion i s used as the analogue i n p u t . This a l lows the a u t o - c o r r e l a t i o n 
peak t o be s h i f t e d i n t ime w i t h respect t o the p a r a l l e l t r a n s f e r pu l ses . 

F igure 12 shows the a u t o - c o r r e l a t i o n response f o r a b i -phase co r ­
r e l a t o r a t a c lock f requency o f 200 kHz. Abnormal ly poor t r a n s f e r 
i n e f f i c i e n c y ( ^ 1 0 " 3 per t r a n s f e r ) has r e s u l t e d i n }b% r educ t i on i n the 
peak t o s ide lobe r a t i o compared w i t h the t h e o r e t i c a l va l ue . Fu r the r 
samples are expected be fo re the Conference. The two-ch ip c o r r e l a t o r 
has been run a t c lock f requenc ies down t o 500 Hz and up t o 2 MHz w i t h o u t 
v i s i b l e changes i n the a u t o - c o r r e l a t i o n f u n c t i o n . The peak t o s i de lobe 
r a t i o can a l so be ma in ta ined f o r an i n p u t s i g n a l range o f 34 dB. 

F igure 13 shows a baseband a u t o - c o r r e l a t i o n response where the r e f ­
erence code i s a l t e r n a t e l y compl imented. This r e s u l t s i n a l t e r n a t e 
p o s i t i v e and nega t i ve c o r r e l a t i o n peaks. 

5. Other A p p l i c a t i o n s 

The c o r r e l a t o r ch ip can be operated as a t r a n s v e r s a l f i l t e r w i t h tap 
we ights o f +1 o r - 1 . An example o f t h i s i s the low pass f i l t e r connect ion 
used i n Sec t ion 4A. However, by us ing n ch ips i n p a r a l l e l (as shown i n F i g ­
ure 14 f o r n - 4) and app l y i ng a b i n a r y w e i g h t i n g t o the i n p u t , a 64- tap 
t r a n s v e r s a l f i l t e r w i t h c o e f f i c i e n t s o f n b i t r e s o l u t i o n cou ld be o b t a i n e d . 

6 . Conclusions 

A cascadable b i n a r y we igh ted analogue c o r r e l a t o r ch ip has been 
des igned , f a b r i c a t e d and t e s t e d over a c lock f requency range o f 1 kHz t o 
2 MHz. The d i g i t a l re fe rence code can be changed i n 80 nS (<f>TR pu lse 
w i d t h ) . The dev ice has e x h i b i t e d good l i n e a r i t y and dynamic range. The 
concept o f us ing a cascadable dev ice t o produce longer c o r r e l a t o r s , than 
are p r a c t i c a l on a s i n g l e c h i p , has been p roved . The p o s s i b i l i t y o f us ing 
t h i s dev ice t o r e a l i s e a h igh speed programmable t r a n s v e r s a l f i l t e r has 
been d i scussed . Such a f i l t e r would o f f e r a compact low power a l t e r n a t i v e 
approach t o d i g i t a l s i g n a l p r o c e s s i n g . 
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