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ABSTRACT 

The two important s i g n a l processing 
f u n c t i o n s of m u l t i p l i c a t i o n and l i n e a r i n t e g r a ­
t i o n can be r e a l i z e d by o p e r a t i n g the i n p u t of a 
CCD i n a t r a n s i e n t dynamic i n j e c t i o n mode. 
Optimum design of input geometry re q u i r e s the 
development of a model capable of p r e d i c t i n g the 
i n p u t charge f l o w . This paper describes such a 
model, which simulates the f l o w of charge i n an 
a r b i t a r y i n p u t s t r u c t u r e , and compares the 
r e s u l t s w i t h d i r e c t measurements of the i n j e c t e d 
charge. The model includes e x t e r n a l c i r c u i t 
components and uses a simple c a l c u l a t i o n of a 
surface f r i n g i n g e l e c t r i c f i e l d which decays 
e x p o n e n t i a l l y e i t h e r side of a gate edge. This 
avoids the time consuming s o l u t i o n of a two 
dimensional Poisson's equation and r e s u l t s i n a 
model capable of y i e l d i n g s u f f i c i e n t l y accurate 
values of i n j e c t e d charge packets f o r a wide 
range of input conditions w i t h i n a reasonable 
time. 

INTRODUCTION 

Much e f f o r t has been devoted t o the develop­
ment of CCD input s t r u c t u r e s which produce the 
optimum l i n e a r r e l a t i o n s h i p between an i n p u t 
charge packet and the instantaneously sampled 
s i g n a l voltage. 1» 2 A l l such methods r e l y upon 
p o t e n t i a l e q u i l i b r a t i o n to cancel d i s t o r t i o n 
r e s u l t i n g from the complex dynamic behaviour of 
incomplete charge i n j e c t i o n and the non-linear 
v a r i a t i o n of surface p o t e n t i a l w i t h the charge 
under a KOS gate. One of the e a r l i e s t i n p u t 
techniques was dynamic charge i n j e c t i o n ^ b u t , 
because of f a c t o r s o u t l i n e d above, i t was super­
ceded by the p o t e n t i a l e q u i l i b r a t i o n methods. 
However, i n abandoning t h i s technique two import­
ant s i g n a l processing f u n c t i o n s remained undeve­
loped. They are, f i r s t l y , an i n t e g r a t i n g i n p u t 
capable of i n t e g r a t i n g the s i g n a l over a defined 
sampling window. This ensures t h a t the t o t a l 
s i g n a l energy i s sampled and thus avoids a l i a s i n g 
problems and the possible loss of c e r t a i n i n f o r m ­
a t i o n due to instantaneous sampling''. This i s of 
great use i n radar systems where the t o t a l 
content of a range c e l l i s o f t e n more important 
than d i s c r e t e samples taken at the c e l l bound­
a r i e s . Secondly, the non-linear charge i n j e c t ­
i o n can be used to o b t a i n the product of two i n p u t 
v o l t a g e waveforms^. The technique has p o t e n t i a l l y 
a large bandwidth (100 MHz) w h i l e a l l o w i n g a more 
compact design and has been incorporated i n t o a 
recent 20 MHz c o r r e l a t o r design?. 

SIMPLE THEORY 

Consider a t w i n gate i n p u t scheme, as shown 
i n f i g 1, i n c l u d i n g the f i r s t phase gate, of 
the CCD. Two s i g n a l voltages, V N and VQ, are 
a p p l i e d t o the i n p u t diode and the second inp u t 
gate r e s p e c t i v e l y , w h i l e ^ i s shown at i t s high 
v o l t a g e l e v e l . Charge i s t o be c o l l e c t e d under 
$1» thus i t i s necessary f o r t h i s v o l t a g e to be 
considerably greater than V n and V c. During the 
a p p l i c a t i o n of a v o l t a g e pulse of w i d t h T and 
h e i g h t V p > V Q , VQ, w i t h i n i ^ , c a r r i e r s w i l l flow 
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Figure 1 

I = f(VD.V c) = c x V D V c + . . . 

Q = J I d . 

Sohematio layout of a CCD configured 
to operate as a multiplier or linear 
integrator. 

from the diode such fchat charge i s c o l l e c t e d 
under To f i r s t order, the i n p u t c i r c u i t may 
be analysed as a s i n g l e t r a n s i s t o r formed by the 
i n p u t diode as the source at V D, an e f f e c t i v e 
gate voltage of V c, and a v i r t u a l d r a i n under $ x. 
Saturated o p e r a t i n g c o n d i t i o n s apply and the 
charge c o l l e c t e d may be expressed as the i n t e g r a l 
of the saturated value of the equivalent MOS 
t r a n s i s t o r current from an a r b i t r a r y time t : 

• a 4 fh„<t * f > - V n ( t + t')- V T ̂  d t ' (1) 

where V T i s the gate threshold v o l t a g e . Q c l e a r ­
l y contains a term i n the i n t e g r a l , w i t h i n the 
sampling i n t e r v a l , of the product of V n and V c. 
This term may be i s o l a t e d by a time m u l t i p l e x e d 
four-quadrant t r a n s f o r m a t i o n i n which V D and V c 

are a l t e r n a t e l y referenced to and v£. These 
two charge packets are summed at the output and 
subtracted from the s i g n a l charge packet Q to 
give an output: 

V = 
o + t 1 ) - V } { v c(t * t ' ) - v * } d t < 

+ V 
o f f (2) 

where v

o f f i s a dc o f f s e t dependent only on V? 
and V c, and A i s the gain, A l i n e a r i n t e g r a t o r 
i s s i m i l a r l y p o ssible i f e i t h e r V D or V c i s kept 
constant. The time penalty of m u l t i p l e x i n g may 
be overcome by designing three inputs i n p a r a l l e l 
or, as i n the case of the i n t e g r a t o r , o p e r a t i n g 
i n a d i f f e r e n t i a l l y l i n e a r r e g i o n of i n p u t char­
a c t e r i s t i c s . 

EXPERIMENTAL VERIFICATION 

The method has p r e v i o u s l y been evaluated i n 
a f u n c t i o n a l mode as a m u l t i p l i e r 6 and as a l i n e a r 
i n t e g r a t o r ^ 1 . I n the case of the m u l t i p l i e r i t has 
been shown to give a performance w i t h spurious 
responses 38 db below the p r i n c i p l e product terms. 
In t h i s work a more basic method has been used to 
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give data against which a p h y s i c a l model may be 
compared i n d e t a i l . This i n v o l v e s measuring the 
i n j e c t e d charge d i r e c t l y a t the i n p u t as a 
f u n c t i o n of Vn and Vg, thus a v o i d i n g any i r r e l e ­
vant e f f e c t s i ntroduced by charge t r a n s f e r and 
n o n - u n i f o r m i t i e s i n the remainder of the CCD. 
The charge i s r e a d i l y measured as a v o l t a g e drop 
across a large capacitance C (lOOpf) on the i n ­
put diode as the inpu t gates are pulsed i n the 
sequence i n d i c a t e d i n f i g 2. For small time 
scales (T < RC) the diode v o l t a g e waveform i s a 
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Figure 2 Pulse sequence used in the measure­
ment of input charge ay\d the form of 
the diode waveforms observed. 

s e r i e s of steps due both to s t r a y capacitance and 
charge i n j e c t i o n i n t o the CCD. I f the time scale 
i s increased to T > RC, each pick up edge has 
time t o r e l a x to V^ and the i n j e c t e d charge alone 
may be measured by sampling s h o r t l y (< RC) a f t e r 
the end of the strobe pulse on Gl. By sweeping 
the h e i g h t of the pulse on G2 (V c ) between 
changing the value of V d the charge i n p u t chara­
c t e r i s t i c s , as d i s p l a y e d i n f i g 3a f o r example, 
were obtained. 

The curves c o n s i s t of two regions depending 
on whether V c i s gr e a t e r or less than the a p p l i e d 
strobe pulse Vp (2V h i g h and 5nS w i d e ) . I n the 
upper r e g i o n charge f l o w i s r e s t r i c t e d more by 
the strobe gate than the c o n t r o l gate, thus the 
v a r i a t i o n of the i n j e c t e d charge Q w i t h V c i s 
diminished and depends p r i m a r i l y on the increase 
i n Q from t h a t component due to charge storage 
under the c o n t r o l gate. I t s slope i s c o n s i s t e n t 
w i t h the capacitance of t h a t gate (~ 0.6pF). The 
lower r e g i o n corresponds to VQ < Vp and i s the 
a c t i v e m u l t i p l y i n g r e g i o n as can be seen by the 
change i n slope of Q w i t h respect to V c as the 
diode v o l t a g e i s v a r i e d . The f u n c t i o n a l p e r f o r ­
mance i s h i g h l i g h t e d i n f i g 4, where the r e s u l t s 
of a four-quadrant t r a n s f o r m a t i o n on the data of 
f i g 3a are displayed w i t h V§ = - 0.2 V and 
VQ = 1.8 V. The p r e d i c t i o n o f equation 2 i s thus 
confirmed and the r e s u l t s are compatible w i t h 
the 38db performance of r e f 6. 

The dashed curve i n f i g 3a i s a t y p i c a l 
c h a r a c t e r i s t i c given by eqn 1 , and i s inadequate 
as a d e s c r i p t i o n of the charge i n j e c t i o n a l ­
though eqn 2 does q u a l i t a t i v e l y p r e d i c t the 
behaviour. The simple model f a i l s to account 
f o r the presence of charges t r a n s i e n t l y stored 
under the strobe and c o n t r o l gates so t h a t a 
f u l l e v a n a l y s i s i s r e q u i r e d . 

Figure 3 Input charge charaoteristias as a func­
tion of the voltage on GSS Vg, and the 
voltage on the input diode, Vp, 
a) experimental, b) simulated. 
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DYNAMIC ANALYSIS 

The dynamic a n a l y s i s of charge movement w i t h 
i n a CCD has been r e p o r t e d i n d e t a i l by other 
a u t h o r s ^ and the d e s c r i p t i o n here i s kept t o 
e s s e n t i a l d e t a i l s . The m i n o r i t y c a r r i e r s only 
were considered and they were assumed to be con­
s t r a i n e d to move at the S i - S i 0 2 i n t e r f a c e under 
the i n f l u e n c e o f s e l f - i n d u c e d , d i f f u s i o n , and 
f r i n g i n g e l e c t r i c , f i e l d s . The f i r s t two f i e l d s 
are simply d e r i v e d from the charge d i s t r i b u t i o n 
w h i l e the l a t t e r i s i n c l u d e d phenomenologically 
by assuming the f r i n g i n g f i e l d to decay exponen­
t i a l l y e i t h e r side of a gate edge 9 according t o : 
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BÏ = l ( v i " V e xp<- x ' L > m 

Where V j and V 2 are. th,e r e l a v a n t g a f e v o l t a g e s . , 
x i s t h e d i s t a n c e f r o m t h e g a t e edge and L i s 
0.25 t o l.Oum d e p e n d i n g on t h e o x i d e t h i c k n e s s 

0.12pm) and t h e s u b s t r a t e d o p i n g d e n s i t y 
( t y p i c a l l y 6 x l o 2 0 / m 3 ) , T h i s s i m p l i f i c a t i o n 
was t e s t e d t h r o u g h a t w o - d i m e n s i o n a l s o l u t i o n o f 
Po i s s o n ' s e q u a t i o n f o r t h e s u r f a c e f r i n g i n g 
f i e l d s . The f i n a l a c c u r a c y was e s t i m a t e d t o be 
w e l l w i t h i n t h e t o l e r a n c e s o f p r o c e s s i n g p a r a ­
m e t e r s such as o x i d e t h i c k n e s s and t h r e s h o l d 
v o l t a g e v a r i a t i o n s between t h e d i f f e r e n t l e v e l s 
o f p o l y s i l i c o n used i n t h e c o n s t r u c t i o n o f t h e 
CCD. 

The c h a r g e f l o w was d e t e r m i n e d n u m e r i c a l l y 
b y u s i n g t h e f r i n g i n g f i e l d s , o b t a i n e d as above, 
Co c a l c u l a t e t h e c u r r e n t d e n s i t y 9 a t d e f i n e d 
mush p o i n t s w i t h i n t h e i n p u t r e g i o n . Use was 
t h e n made o f th e c o n t i n u i t y e q u a t i o n t o d e t e r ­
mine t h e new c h a r g e d e n s i t y d i s t r i b u t i o n , i n i ­
t i a l l y s e t t o z e r o , a f t e r a s m a l l t i m e s t e p 
( t y p i c a l l y I p S ) . T h i s c h a r g e d e n s i t y t h e n s e t 
t h e new s e l f - i n d u c e d and d i f f u s i o n f i e l d s w h i c h 
were i n c l u d e d w i t h t l i e f r i n g i n g f i e l d t o c a l ­
c u l a t e a new c u r r e n t d e n s i t y a l l o w i n g t h e a n a l y ­
s i s t o c o n t i n u e t h u s i n a c y c l i c f o r m . The 
c a l c u l a t i o n used t h e f i n i t e e l e m e n t t e c h n i q u e 
as d e s c r i b e d by Gummel e t a l l O t o g i v e i n c r e a s e d 
s t a b i l i t y ,= nd t o a l l o w t h e use o f a c o a r s e ana­
l y t i c mesh o f 0.5um, w i t h g a t e l e n g t h s o f 7pm, 
As b o u n d a r y c o n d i t i o n s , t h e c u r r e n t d e n s i t y was 
se t Lo z e r o a t t h e edge o f f u r t h e s t f r o m t h e 
i n p u t d i o d e , w h i l e t h e d i o d e i t s e l f was assumed 
t o be an ohmic c o n t a c t w i t h a c u r r e n t d e n s i t y 
and v o l t a g e s e t by e x t e r n a l c i r c u i t r y s u c h as 
K. and C o f f i g 2. 

The r e s u l t s o f a s i m u l a t i o n u s i n g t h e e x ­

p e r i m e n t a l c o n d i t i o n s o f f i g 3a ( a s t r o b e p u l s e 

2V h i g h and 5nS w i d e , a v o l t a g e p u l s e on ^ o f 

15V, and a s u b s t r a t e b i a s o f - 1 . I V , u s i n g an n -

c h a n n e l d e v i c e w i t h g a t e s o f w i d t h 300um) a r e 

d i s p l a y e d i n f i g 3b. W h i l e n o t y e t e x a c t , t h e 

o v e r a l l agreement i s s u b s t a n t i a l l y b e t t e r t h a n a 

s i m p l e t r a n s f e r m o d e l . The main cause o f d i s ­

agreement beLween t h e t h e o r e t i c a l and e x p e r i m e n t ­

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

d e v i c e o f a f i n i t e V T o f *• 1.4V. F o r c o n v e n i e n c e 

V T was assumed t o be z e r o i n t h e c a l c u l a t i o n b u t 

i t s e f f e c t can be i n c l u d e d t o s u f f i c i e n t a c c u r a c y 

by s u b t r a c t i n g i t f r o m t h e v a l u e s o f c o n t r o l g a t e 

and d i o d e v o l t a g e s used i n t h e s i m u l a t i o n . 
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CONCLUSION 

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

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 i n t o a CCD 

has been p e r f o r m e d , showing t h a t t h e two f u n c ­

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

o b t a i n e d . Good agreement w i t h e x p e r i m e n t a l 

measurement on a c t u a l CCD s t r u c t u r e s has been 

o b t a i n e d showing ( i ) t h a t s i m p l e MOS a n a l o g i e s 

t o t h e i n p u t a r e i n a d e q u a t e , and do n o t p r e d i c t 

t h e e x p e r i m e n t a l r e s u l t s o t h e r t h a n q u a l i t a t i v e l y 

and' ( i i ) t h a t t h e model a l l o w s p r e d i c t i o n o f 

a c t u a l d e v i c e p e r f o r m a n c e and o p t i m i z a t i o n o f 

the d e s i g n f o r good l i n e a r i t y and w i d e dynamic 

r a n g e . These u s e f u l f u n c t i o n s can t h u s be 

i n c l u d e d i n a c t u a l d e v i c e d e s i g n s , w i t h a 

q u a n t i t a t i v e p r e d i c t i o n o f t h e i r p e r f o r m a n c e 

b e i n g a c h i e v a b l e . An e x p e r i m e n t a l method f o r - t h e 

s t u d y o f t r a n s i e n t dynamic i n j e c t i o n e f f e c t s has 

been d e v e l o p e d , and p r o v e s t o be a u s e f u l t o o l f o r 

t h e s t u d y o f p r a c t i c a l d e v i c e s . F u r t h e r d e v e l o p ­

ments o f t h e s e e x p e r i m e n t a l and m o d e l l i n g t o o l s 

w i l l be e x t r e m e l y u s e f u l f o r advanced s i g n a l 

p r o c e s s i n g d e v i c e s . 
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