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ABSTRACT 

A novel concept for electrically programmable tap weighting in 
surface charge-coupled device splitted-electrode transversal filters 
is presented. The analogue-progra?m?iable tap weighting is based on the 
redistribution of the charge packet^ prior to the splitted-electrode 
sense operation. The redistribution takes place underneath a lightly 
doped polysilicon gate and performs two-quadrant analogue tap-weight 
multiplication. The performance data of a prototype filter with 8 
electrically programmable taps demonstrate the appealing features of 
this concept for analogue tap weighting. 

INTRODUCTION 

During the l a s t decade new analogue sampled data c i r c u i t s have 
r a i s e d a growing i n t e r e s t i n i n t e g r a t e d - c i r c u i t f i l t e r implementations. 
Charge-transfer devices and switched-capacitor c i r c u i t s have shown to 
o f f e r an adequate s o l u t i o n to many f i l t e r i n g problems i n the f i e l d s of 
communication, i n s t r u m e n t a t i o n and other analogue s i g n a l processing 
n , 2] . P a r t i c u l a r l y the s p l i t t e d - e l e c t r o d e CCD concept has been 
s u c c e s s f u l l y applied i n the implementation of t r a n s v e r s a l f i l t e r functions,, 
e.g. the PCM low-pass f i l t e r and the chirp-Z transform f i l t e r [ 1 ] . 

Besides these mask-programmable f i l t e r s , t h e r e i s a demand f o r 
e l e c t r i c a l l y programmable f i l t e r s . These can be applied as adaptive 
f i l t e r s , c o r r e l a t o r s or as f i x e d f i l t e r s i n small volume a p p l i c a t i o n s . 
Most e l e c t r i c a l l y programmable CCD f i l t e r s t h a t have been reported [ 3 , 4, 
5 ] , use one or more f l o a t i n g - g a t e tapped delay l i n e s w i t h analogue or 
bina r y m u l t i p l i e r s . 

I n t h i s paper a new e l e c t r i c a l l y programmable s p l i t t e d - e l e c t r o d e 
f i l t e r (EPSEF) i s presented, which uses a CCD w i t h s p l i t t e d - e l e c t r o d e 
sensing and an in-channel tap-weight m u l t i p l i c a t i o n . The in-channel 
tap-weight m u l t i p l i c a t i o n i s achieved by the r e d i s t r i b u t i o n of the charge 
sample before i t i s p a r t i t i o n e d , t r a n s f e r r e d and sensed at the s p l i t t e d 
e l e c t r o d e s . The sensing and summing techniques f o r the p a r t i t i o n e d charge 
packets are the same as i n the conventional s p l i t t e d - e l e c t r o d e CCD's. 

The t h e o r e t i c a l background of the in-channel tap-weight m u l t i p l i c a t i o n 
p r i n c i p l e i s explained i n the next s e c t i o n . The design of an 8-tap 
implementation and some t e c h n o l o g i c a l d e t a i l s are discussed i n the t h i r d 
s e c t i o n . Performance data and examples of f i l t e r f u n c t i o n s , obtained by 
the EPSEF, are presented i n the f o u r t h s e c t i o n . F i n a l l y the main 
conclusions are summarized. 

* Twente U n i v e r s i t y of Technology, Solid-State E l e c t r o n i c s Group, Dept. 
of E l e c t r i c a l Engineering, P.O.Box 217, 7500 AE Enschede, Netherlands. 
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TAP WEIGHTING BY CHARGE REDISTRIBUTION 

I n CCD s p l i t t e d - e l e c t r o d e t r a n s v e r s a l f i l t e r s , the charge samples 
are sensed n o n d e s t r u c t i v e l y by constant-voltage sensing a t the s p l i t t e d 
sense e l e c t r o d e s . The tap-weight m u l t i p l i c a t i o n i s performed by 
measuring the d i f f e r e n c e between the charge samples under the two 
segments of a s p l i t t e d e l e c t r o d e . I n t h i s approach the charge underneath 
the segments of the sense electrode i s u n i f o r m l y d i s t r i b u t e d . The tap-
weight value i s determined by the d i f f e r e n c e between two segments areas 
of the s p l i t t e d e l e c t r o d e . 

The n o v e l t y of the EPSEF CCD concept i s the r e d i s t r i b u t i o n and the 
p a r t i t i o n i n g of the charge sample before i t i s t r a n s f e r r e d towards the 
s p l i t t e d sense e l e c t r o d e . Rather than by the geometry of the s p l i t t e d 
e l e c t r o d e , the tap-weight value i s now determined by the r e d i s t r i b u t i o n 
of the charge sample. The r e d i s t r i b u t i o n of the charge sample i n the 
transverse d i r e c t i o n i s c o n t r o l l e d by a p o t e n t i a l g r a d i e n t i n a r e s i s t i v e 
gate on top of a storage w e l l . A f t e r the r e d i s t r i b u t i o n has s e t t l e d , the 
charge packet i s p a r t i t i o n e d d uring the next charge t r a n s f e r , by means 
of a channel-stopper s p l i t i n the middle of the CCD channel. This s p l i t 
extends from the r e s i s t i v e gate upto and i n c l u d i n g the two eq u a l l y sized 
sense-electrode segments. 

Figure I . Crosssection through a r e s i s t i v e gate, w i t h surface p o t e n t i a l 

p l o t . 

Figure I shows a cr o s s s e c t i o n of the r e s i s t i v e gate. The r e s i s t i v e 
gate has 3 contact areas: one i n the middle and one at each end. I n an 
n-channel device, the middle contact i s connected to the highest p o t e n t i a l 
V , which i s kept a t a constant dc l e v e l . The l e f t and r i g h t hand voltages 
V*1 and V c o n t r o l the charge r e d i s t r i b u t i o n process. The wedge-shaped 
surface p o t e n t i a l of an empty w e l l i s shown i n the lower p a r t of f i g u r e 1. 
Also the p o t e n t i a l i n the presence of a charge packet i s shown. The' 
product of the p o t e n t i a l d i f f e r e n c e and the ! ,well-capacitance" per u n i t 
area equals the i n v e r s i o n charge d e n s i t y . The charge p o r t i o n s QL and Q] 

of the t o t a l charge packet Qg are c a l c u l a t e d as: 

V -V 

Q - M — Q 
^ 2VV VR s 

(0 
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V -v 

Q * = 2V -VT -V D

 QS (2) 
M L R 

I n s u r f a c e CCD's t h i s r e s u l t i s in d e p e n d e n t on t h e f u n c t i o n t h a t d e s c r i b e s 

t h e r e l a t i o n s h i p between t h e s u r f a c e p o t e n t i a l and t h e g a t e p o t e n t i a l , i f 

t h i s f u n c t i o n i s m o n o t o n i c a l l y i n c r e a s i n g and n o t an e x p l i c i t f u n c t i o n 

o f t he l o c a t i o n . The r e s u l t s ( 1 ) and (2) i n d i c a t e t h a t t h e r e d i s t r i b u t i o n 

i s c o n t r o l l e d by t h e p o t e n t i a l s a p p l i e d t o t h e r e s i s t i v e g a t e . The 

r e l a t i o n s (1) and (2) a r e s i m p l i f i e d by s u b s t i t u t i o n o f : 

V = V +V 
L B TW 

V = V -V 
R B TW 

(3) 

(4) 

i s a b i a s p o t e n t i a l and V i s t h e v a r i a t i o n around t h e b i a s . The 
d i f f e r e n t i a l charge i s f o u n d as: 

M B 

The m u l t i p l i c a t i o n f a c t o r r e p r e s e n t s the t a p - w e i g h t c o e f f i c i e n t h , hence 
f o r the k t a p : k 

V 
TW,k 

X - m 
O b v i o u s l y an i d e a l m u l t i p l i c a t i o n i s o b t a i n e d i f t h e o u t e r t e r m i n a l s a r e 

c o n t r o l l e d by a d i f f e r e n t i a l v o l t a g e V superposed on a b i a s v o l t a g e V . 

T h i s concept o f charge p a r t i t i o n i n g by means o f c o n t r o l l e d charge B 

r e d i s t r i b u t i o n i s a n o v e l method f o r p e r f o r m i n g a m u l t i p l i c a t i o n 

o p e r a t i o n on sampled d a t a , r e p r e s e n t e d by charge p a c k e t s . Analogue c o n t r o l 

v o l t a g e s and t h e symmetry o f t h e c o n s t r u c t i o n p r o v i d e f o r an analogue t w o -

q u a d r a n t m u l t i p l i c a t i o n . I f t h e s i g n a l charge i s m o d u l a t e d on a background 

charge p a c k e t and a l t e r n a t i v e l y a background charge p a c k e t and a background 

+ s i g n a l charge p a c k e t i s sensed, f o u r - q u a d r a n t m u l t i p l i c a t i o n may be 

o b t a i n e d T 4 ] . An a d d i t i o n a l advantage o f t h e symmetry o f t h e sense 

e l e c t r o d e s i s i t s decreased s e n s i t i v i t y f o r c l o c k f e e d t h r o u g h . 

THE EPSEF DESIGN 

The d e s i g n of the e l e c t r i c a l l y programmable s p l i t t e d - e l e c t r o d e f i l t e r 

i s f o r t h e m a j o r p a r i s i m i l a r t o t h a t o f a s p l i t t e d - e l e c t r o d e CCD f i l t e r 

w i t h f i x e d t a p w e i g h t s . I n t h e i n p u t s e c t i o n a f i l l and s p i l l method i s 

used. A d e l a y s e c t i o n i n t h e CCD d e s i g n c o n s i s t s o f two t r a n s f e r g a t e s and 

two s t o r a g e g a t e s . The EPSEF i s c l o c k e d i n t h e 1| phase mode, t h u s a l l o w i n g 

c o n s t a n t v o l t a g e s a t t h e sense e l e c t r o d e s and t h e r e s i s t i v e g a t e s . The 

a m p l i t u d e o f t h e c l o c k p u l s e s i s 10 V . The f i l t e r i s o p e r a t e d w i t h a 

background charge t h a t f i l l s h a l f a P ? u l l s t o r a g e w e l l . The CCD d e l a y l i n e 

o u t p u t s t a g e i s p q u i p e d w i t h a f l o a t i n g d i f f u s i o n b u f f e r e d by a MOST 

sourc e f o l l o w e r . Each t a p - w e i g h t s e c t i o n i n t h i s d e s i g n r e q u i r e s two 

d e l a y s e c t i o n s , see f i g u r e 2. A t a p - w e i g h t s e c t i o n s t a r t s w i t h a c l o c k e d 

t r a n s f e r and s t o r a g e g a t e $j and $ . Then a t r a n s f e r g a t e a t dc p o t e n t i a l | 

preceeds t h e t a p - w e i g h t i n g r e s i s t i v e g a t e . The r e s i s t i v e g a t e i s a g a i n 

f o l l o w e d by a c l o c k e d t r a n s f e r and s t o r a g e g a t e . A n e x t t r a n s f e r g a t e <^ 

a t dc p o t e n t i a l preceeds t h e s p l i t t e d sense e l e c t r o d e . 
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Figure 2. Top view of the EPSEF s t r u c t u r e . 

A channel stopper d i f f u s i o n s p l i t ( w i d t h : 15 Mm) i n the middle of the 
channel (v/idth: 400 um) extends from half-way the r e s i s t i v e gate as f a r 
as the end of the s p l i t t e d sense gates. I n order to mai n t a i n the f u l l 
charge handling c a p a c i t y , the r e s i s t i v e gate l e n g t h has been designed 
at 30 um, w h i l e the sense and storage gate lengths have been designed at 
15 nm. 

The prototype design of the EPSEF contains 8 programmable taps, each 
having two e x t e r n a l connections f o r the tap-weight c o n t r o l v o l t a g e . On-
chip c o n t r o l c i r c u i t r y i s w e l l conceivable, but has not yet been 
implemented. The l e f t - h a n d segments as w e l l as the righ t - h a n d segments 
of the sense electrodes have been interconnected; each group i s also 
connected to an on-chip source f o l l o w e r , thus o b t a i n i n g low-impedance 
outputs. Feedback cap a c i t o r s and MOST-reset switches f o r the constant 
v o l t a g e sensing are included on the c h i p , o nly the o p e r a t i o n a l a m p l i f i e r s 
are e x t e r n a l l y connected. A microphotograph of the EPSEF i s shown i n 
f i g u r e 4. 

The EPSEF has been implemented i n a two l e v e l CVD p o l y s i l i c o n process 
on 10 S2cm p-type m a t e r i a l . The r e s i s t i v e - g a t e m a t e r i a l , l i g h t l y doped 
p o l y s i l i c o n [ 6 ] , has been processed by doping a p o l y s i l i c o n l ayer from 
a l i g h t l y doped oxide. The r e s i s t i v e gates are i n t e g r a t e d i n the f i r s t 
p o l y s i l i c o n l e v e l ; the f a b r i c a t i o n process r e q u i r e s one a d d i t i o n a l mask 
compared to the conventional s p l i t t e d - e l e c t r o d e t r a n s v e r s a l f i l t e r s . The 
r e s i s t i v i t y of the r e s i s t i v e - g a t e m a t e r i a l has to be i n the range of 
1 to 10 K ^ / Q ; the exact value i s not important i f the power d i s s i p a t i o n 
i s low and the v a r i a t i o n i n r e s i s t i v i t y i s small. I n the contact windows 
the l i g h t l y doped p o l y s i l i c o n i s h e a v i l y doped i n order to provide f o r a 
low and l i n e a r contact r e s i s t a n c e . This l o c a l o v e r - d i f f u s i o n , however, 
enlarges the e q u i p o t e n t i a l area at the middle contact. Some parameters of 
the l i g h t l y doped p o l y s i l i c o n are: 

layer thickness 400 nm _^ 
estimated doping c o n c e n t r a t i o n 3.10 cm 
r e s i s t i v i t y 6.5 Kfi/n 
temperature c o e f f i c i e n t - 0.4%/K ^ 
gate dimensions 30 x 400 um 
e q u i p o t e n t i a l middle area 19 - 22 um 
The t o t a l power d i s s i p a t i o n i n one r e s i s t i v e gate i s 0.7 mW at V R = 3V 
and VV4 = 7V. M 
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PERFORMANCE DATA 

The r e l a t i o n (6) f o r the tap-weight m u l t i p l i c a t i o n f a c t o r has been 
derived i n the second s e c t i o n using f i r s t order approximations. The 
in f l u e n c e of second order e f f e c t s has been elaborated i n [ 7 ] ; i t i s 
found t h a t the f o l l o w i n g e f f e c t s degrade the performance of the t a p -
weight m u l t i p l i c a t i o n : 
- The r e s i s t i v e p o l y s i l i c o n gate i n t h i s device has been doped from a 

chemical vapour deposited l i g h t l y phosphorus-doped s i l i c o n oxide. A 
small r e s i s t i v i t y g r a d i e n t i n the r e s i s t i v e gate may occur causing an 
o f f s e t i n the tap-weight m u l t i p l i c a t i o n f a c t o r . Doping by i o n -
i m p l a n t a t i o n may improve the u n i f o r m i t y of the r e s i s t i v i t y . 

- The i n f l u e n c e of the middle contact dimensions has been neglected. 
C a l c u l a t i o n s show t h a t an e q u i p o t e n t i a l area i n the surface p o t e n t i a l 
underneath the middle contact leads to a harmonic d i s t o r t i o n of - 46 dB. 

- The r e d i s t r i b u t i o n process of the charge r e q u i r e s s e t t l i n g time. Worst 
case computer sim u l a t i o n s i n d i c a t e a s e t t l i n g time of 3 us f o r a 0.1% 
approximation of the steady s t a t e s o l u t i o n . 

Measurement se r i e s on prot o t y p e devices confirm the t h e o r e t i c a l 
expectations. 

By means of a s m a l l - s i g n a l method,, the f i l t e r output s i g n a l V has been 
measured as a f u n c t i o n of one tap weight h^, whereas the other tap weights 
have been set zero ( f i g . 3 ) . 

Figure 3. The ac f i l t e r output s i g n a l v f versus the tap weight h . 
*• k. 

A " l i n e a r " m u l t i p l i c a t i o n i s obtained i f - 1.4V < V < 1.4V or 
- 0.35 < h^ < 0.35. Outside t h i s range the m u l t i p l i c a t i o n o p e r a t i o n f a i l s , 
because the charge has reached the sides of the p o t e n t i a l w e l l . 
Misalignment e r r o r s or a r e s i s t i v i t y g r a d i e n t cause a charge o f f s e t of 
approximately 1% of the t o t a l charge. 

The d i s t o r t i o n and the s i g n a l to noise r a t i o have been measured w i t h 
one tap weight at h = 0.25 and the other tap weights a t h. = 0. I n t h i s 
" d e l a y - l i n e " mode the second harmonic i n the output s i g n a l i s less than 
- 42 dB and the s i g n a l t o noise r a t i o i s 35 dB (0 - | f ) . The noise i s 
mainly caused by 1/f noise i n the source f o l l o w e r s of tfie sense c i r c u i t r y . 
The c l o c k frequency of the EPSEF during these experiments has been 100 kHz. 
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The f i l t e r d e v i c e s have been o p e r a t e d s a t i s f a c t o r i l y a t c l o c k f r e q u e n c i e s 

between I kHz and_^50 kHz. The charge t r a n s f e r i n e f f i c i e n c y o f t h e CCD 

d e l a y l i n e i s 3,10 per t r a n s f e r . i 

F i l t e r f u n c t i o n s t h a t have been implemented, a r e t h e H i l b e r t 

t r a n s f o r m e r , t he low-pass f i l t e r , and a 7 b i t s p-n Ba r k e r cpde. The l o w -

pass f i l t e r t r a n s f e r f u n c t i o n i s shown i n f i g u r e 5. The side b a n d 

s u p p r e s s i o n i n t h e low-pass f i l t e r i s 40 dB, w h i c h i s i n agreement w i t h 

th e t h e o r e t i c a l e x p e c t a t i o n . The 7 b i t s B a r k e r code can be used f o r 

d e t e r m i n i n g t h e dynamic range. The Barker-coded f i l t e r i s o p e r a t i o n a l i n 

a 60 dB i n p u t a m p l i t u d e range. I f t h e dynamic range i s d e f i n e d as t h e 

i n p u t r a n g e , i n w h i c h l e s s t h a n - 40 dB d i s t o r t i o n o c c u r s and i n w h i c h 

the o u t p u t a m p l i t u d e i s more t h a n t w i c e t h e n o i s e a m p l i t u d e , 1 a p p r o x i m a t e l y 

50 dB i s reach e d . 

SUMMARY 

The c h a r g e - r e d i s t r i b u t i o n c o n c e p t f o r e l e c t r i c a l l y programmable t a p 

w e i g h t i n g i n s p l i t t e d - e l e c t r o d e CCD's has been p r e s e n t e d . T h i s c o n c e p t 

lias been implemented by means o f r e s i s t i v e p o l y s i l i c o n g a t e s i n an 8-tap 

e l e c t r i c a l l y programmable CCD f i l t e r . The pe r f o r m a n c e o f t h i s d e v i c e 

c o n f i r m s t he t h e o r e t i c a l d e s c r i p t i o n s and d e m o n s t r a t e s t h e u t i l i t y o f t h i s 

c o n c e p t . The f e a t u r e s a r e : analogue t a p - w e i g h t c o n t r o l , low d i s t o r t i o n , 

smal1 c h i p a rea o c c u p a t i o n and low power c o n s u m p t i o n . The l i n e a r i t y o f t h e 

analogue m u l t i p l i e r c o n c e p t seems t o be p r o m i s i n g f o r analogue c o r r e l a t o r 

i m p l e m e n t a t i o n s . 

An i m p o r t a n t advantage o f t h i s n o v e l concept i s t h e a p p l i c a t i o n o f t h e 

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

e l e c t r o d e t r a n s v e r s a l f i l t e r s w i t h f i x e d t a p w e i g h t s . The o n l y a d d i t i o n a l 

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

g a t e . Except f o r t h e u n i f o r m i t y o f t h e r e s i s t i v i t y , t h e r e a t e no s t r o n g 

r e q u i r e m e n t s f o r t h i s p r o c e s s i n g s t e p . D e v i a t i o n s o f the a b s o l u t e v a l u e 

of t h e r e s i s t i v i t y do n o t degrade t h e f i l t e r p e r f o r m a n c e . 

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

programmable f i l t e r , w h i c h i n c o r p o r a t e s a l l advantages o f t h e s p l i t t e d -

e l e c t r o d e CCD f i x e d f i l t e r d e s i g n . 
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