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ABSTRACT 

A mo d e l h a s b e e n d e v e l o p e d t o g i v e t h e t r a n s f e r f u n c t i o n 
o f a t h r e e p h a s e c h a r g e c o u p l e d d e v i c e ( C C D ) , t a k i n g i n t o 
a c c o u n t t h e b a c k f l o w o f s i g n a l c h a r g e . From t h e f r a n s r e r 
f u n c t i o n o b t a i n e d t h r o u g h t h e i m p r o v e d m o d e l , t h e CCD 
r e s p o n s e m t h e f r e q u e n c y and t i m e domain i s a n a l y s e d by 
s i m u l a t i n g an N - b i t CCD on c o m p u t e r . I t i s c o n c l u d e d , f r o m 
t h e a n a l y s i s t h a t t h e CCD r e s p o n s e i s n o t a c c u r a t e l y ' 
c h a r a c t e r i s e d a s s u m i n g an e f f e c t i v e a v e r a g e i n e f f i c i e n c y 

f l o w ' h " * 5 b a c k f l o w i s The p r e s e n c e o f y b a c k -
1 n ^ b e e " d e m o n s t r a t e d e x p e r i m e n t a l l y w i t h a 3 b i t 3 

p h a s e CCD u s i n g b i a s e d g a t e t a p . 

INTRODUCTION 

v+H+Jl a C C D > J a c k e t s o f s i g n a l c h a r g e a r e s h i f t e d f r o m 

J , t o ! t a « ? b y t r a n s f e r r i n g t h e c h a r g e b e t w e e n c l o s e l y 
s p a c e d | P o t e n t i a l w e l l s , and u n i d i r e c t i o n a l l y m o v i n g t h e 
p o t e n t i a l m i n i m a . I n a 3 - p h a s e d CCD, when t h e s h i r t i n g o f 

f o r T w M l r 6
 JTi* h i S h

 ^ t h e t i m e d u r a t i o n 
f o r a w e l l t o c o l l a p s e i s l e s s t h a n t h a t r e q u i r e d f o r c o m p l e t e 

o f ^ h i s 2™ f ? ^ 0 * i n 8 ^ s i g n i f i c a n t p o r t i o n 

t h e Lek £1 5 ^ J n t C
 t h e P r e c e d i n g «tagel. I n r e f 1 

t h e b a c k f l o w was c o n c e i v e d a s an e f f e c t i v e i n e f f i c i e n c y and 
no a t t e m p t was made t o o b t a i n t h e t r a n s f e r f u n c t i o n o f CCD i n 
p r e s e n c e o f b a c k a o w . 

hA*« l l P ^ e S ^ n ^ w o r k > m a t h e m a t i c a l and c i r c u i t m o d e l s 
h a v e b e e n d e r i v e d b a s e d on t h e p h y s i c a l m e c h a n i s m o f b a c k f l o w 
and an i m p r o v e d r e s p o n s e o f CCD h a s been o b t a i n e d i n t h e t i m e 
and f r e q u e n c y d o m a i n . e 

+ • a l t e r n a * e a p p r o a c h i s a l s o c o n s i d e r e d i n w h i c h , by 
s u i t a b l e a p p r o x i m a t i o n , i t i s shown t h a t b a c k f l o w e f f e c t i v e l y 
a d d s t o and i n c r e a s e s t h e i n e f f i c i e n c y . The r e s p o n s e c u r v e 

n e d ^ h r ° U f h t h i s i s c o m p a r e d w i t h t h a t o b t a i n e d f r o m t h e 
a b o v e m e n t i o n e d e x a c t m o d e l . 

MECHANISM OF BACKFLOW. 

_ , ^ - P a r t f . , s i Z n a l c h a r g e p a c k e t c a n f l o w b a c k u n d e r two 

I f f tittel it* W ? " t h a d e v i c e i s o p e r a t e d w i t h s h o r t t u r n 
*J L t h e c l o c k , l e a d i n g t o i n c o m p l e t e c h a r g e t r a n s f e r 

and i f t h e r e s t i n g p o t e n t i a l o f t h e c l o c k i s a b o v f t h e ïhresh-

F i g I ( i f ^ w h % h t h e / e - t O V e r C h a r g S f l ° W S b a G k a S shown i f 
n n 5 l „ ; - 1 ? ? ! d e v i c e s t r u c t u r e h a s i n t e r e l e c t r o d e g a p s 
p o t e n t i a l w e l l c o u l d be f o r m e d ^ t h u s t r a p p i n g t h e s i g n a l c h a r g e 
and t h i s t r a p p e d c h a r g e w i l l f l o w b a c k . c n a r g e 

f l o w l^lht'firS^C*Se> i f ° n e f o l l o w s t h e d i a g r a m o f c h a r g e UlL i tfVi^l 1 5 S e e n t h a t w h e n C h a r ^ e f l o w s f r o m r e g i o n 
b e l o w 0 3 o f ( I - l ) t h s t a g e t o t h a t o f I t h s t a g e i n t h r e e s u c c e s s -

s ^ e t o S f r ^ , h 0 r . t W O
 *• b a c k f l o w ' f ^ m ïth 

s t a g e t o U - l ) t h s t a g e a n d f o r one t r a s s f e r t h e b a c k f l , .oW I S 
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w i t h i n t h e ( I - l ) t h s t a g e . I n t h e s e c o n d case o n l y i n one 
t r a n s f e r b a c k f l o w o c c u r s f r o m I t h t o ( I - 1 ) t h s t a g e and m 
r e m a i n i n g two t r a n s f e r s , w i t h i n t h e s t a g e . I n b o t h t h e b a c k ­
f l " i s p r o p o r t i o n a l t o t h e s i g n a l c h a r g e and t h e r e i s i n t e r ­
s t a g e c o u p l i n g f o r b a c k f l o w i n one c l o c k p e r i o d . T h i s t o 
be t a k e n i n t o a c c o u n t i n t h e m o d e l l i n g o f t h e d e v i c e . W h i l e 
t h e i n t r a s t a g e b a c k f l o w w i l l e f f e c t i v e l y m o d i f y t h e v a l u e o f 
I n e f f i c i e n c y o f t h e g i v e n s t a g e , t h e i n t e r s t a g e b a c k f l o w may 
be v i e w e d as a f e e d back phenomenon. 

Model f o r B a c k f l o w 

We assume t h a t '6' t i m e s t h e o r i g i n a l c h a r g e p a c k e t 
moves i n t h e b a c k w a r d d i r e c t i o n t a k i n g i n t o a c c o u n t a l l t h e 
i n t e r m e d i a t e t r a n s f e r s . A l s o assume t h a t t h e r e i s no a p p r e ­
c i a b l e change i n t h e s i g n a l p a c k e t s i z e a l o n g t h e l e n g t h o f 
CCD t o cause a change i n 6 . t h a t i s B i s same m a l l t h e 
s t a g e s F i g . 2 g i v e s a b l a c k box r e p r e s e n t a t i o n o f c h a r g e 
t r a n s f e r ^ p r e s e n c e o f b a c k f l o w . I t i s o b v i o u s f r o m t h e 
a r g u m e n t g i v e n above t h a t , when a g i v e n stage t r a n s f e r s charge t o 
t h e f o l l o w i n g s t a g e , t h e p r e c e d i n g s t a g e a l s o r e c e i v e s a 
f r a c t i o n o f t h i s c h a r g e . Thus f o r c o m p l e t e d e s c r i p t i o n o f 
t h e c h a r g e t r a n s f e r p r o c e s s f o r m a g i v e n i n t e r m e d i a t e I t h 
b i t i n t h e p r e s e n c e o f b a c k f l o w , b o t h ( I - l ) t h and ( I + D t h 
U X L w i c v fit,.2 a r e t h e f r a c t i o n s o f 

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

0

 l n r l ë , z f , r , , „ f + „„ 
t h e c h a r g e t h a t i s t r a n s f e r r e d and t h a t w h i c h i s l e f t u n -
t r a n s f e r r e d r e s p e c t i v e l y . V ^ . n ) r e p r e s e n t s t h e c h a r g e i n 
t h e I t h p a c k e t a t t h e i n s t a n t n. n Q and e Q a r e c h a r a c t e r i s t i c 
o f a s t a g e ( b i t ) and a l l t h e s t a g e s a r e c o n s i d e r e d t o be 
i d e n t i c a l . The m a t h e m a t i c a l e x p r e s s i o n f o r t h e c h a r g e i n t h e 

I t h s t a g e a t t h e i n s t a n t n can be w r i t t e n as 

V t n ) = ( l - » K n o V I _ 1 ( n - l ) + e o V j ( n - l > ] + P V J + 1 ( n ) ( 1 ) 

T h r e e methods o f a p p r o a c h a r e d e a l t w i t h t o s o l v e f o r t h e 
t r a n s f e r f u n c t i o n and t h e i r v a l i d i t i e s a r e d i s c u s s e d m t h e 

end. 
( 1 ) E x a c t a n a l y s i s : - R e a r r a n g i n g t h e t e r r a s i n e q u a t i o n ( l ) and 
t a k i n g z t r a n s f o r m s on b o t h s i d e s , we g e t 

v i _ i i n n i + i 

where n=(l-B)no» e = ( l - B ) e Q 

S t a r t i n g f r o m t h e o u t p u t end o f an M b i t CCD and w r i t i n g t h e 
e q u a t i o n f o r c h a r g e i n t h e p r e v i o u s e l e c t r o d e , f r o m ( 2 ) 

V N = V 
v N _ ! • Cz- E)/n v N + o , 

v N 2 = ( % - e ) 2 / n 2 v N - ez/n v N 

s i m i l a r l y p r o c e e d i n g we can w r i t e V o a t t h e i n p u t end as 
N - l v n ( N + n ) / 2 ( 3 ) 

V = Z„ C V T ( l - e z ) z V N 
o n = 0 N 

s . . ,xN-n ft(N-n)/2 

where C„ = ( - 1 ) < N "» > ' * M } ^ 
I n e f f i c i e n c i e s i n c l u d e d by t h e i n p u t and o u t p u t p o r t s a r e 
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c o n s i d e r e d l e s s s i g n i f i c a n t and so are n e g l e c t e d . From 
e q u a t i o n s ( 3 ) we get the t r a n s f e r f u n c t i o n as 

H(z)=l/ Hij C N(1- £Z-V 2

( N + n ) / 2

+ - ^ l - c z - V z N

 W „ 
M M l 

The above e x p r e s s i o n w i t h 3=0 reduces t o H(z)=z n / ( l - z ) 
w e l l e s t a b l i s h e d t r a n s f e r f u n c t i o n o f a CCD w i t h o u t b a c k f l o w . 
Frequency and Time Domain Response 

From e q u a t i o n ( 4) , j ^ e q u e n c y response o b t a i n e d u s i n g the 
r e l a t i o n H(W)=H(Z)|Z=e i s computed and by u s i n g HP 9830 the 
magnitude response |H(W)| w i t h r e s p e c t t o W i s p l o t t e d f o r 
d i f f e r e n t e and $ values (see F i g . 3 ) . EquatiDn(i+) can a l s o be 
w r i t t e n i n the form 

H(z) = z " N n N U+K. z" 1 + K 9 z-
2+...K z " N > ~ \ 

l l N 
where Ki's are g i v e n by the f o l l o w i n g e x p r e s s i o n f o r even no. 
of b i t s 

K . n ( - l ) 1 { ( p e 1

+ n | 1 N - n ! e 1 _ n ( q 3 ) n / ( N-l-n ) I i - n t n t y & X - ^ l 

K N = ( - 1 ) e 
where 

a = i f o r i = l, ...N/2 
— N *-• i f o r i = N/2 , N~1 

H(z)=z n { l - ^ z 1 + ( K^-K 2)z • - . . . } 

I t i s easy t o o b t a i n the impulse response h ( n ) o f H(z) from 
the above e x p r e s s i o n . 

( 2 ) C i r c u i t model approach:- The e q u i v a l e n t c i r c u i t f o r any 
i n t e r m e d i a t e s t a t e , from the t r a n s f e r e q u a t i o n o f a CCD w i t h 
b a c k f l o w i s g i v e n i n f i g . 2 a . The e x p r e s s i o n o b t a i n e d , from 
the c i r c u i t model approach, f o r the K.'s f o r a simple 3 b i t 
CCD i s i n agreement w i t h t h a t o b t a i n e d from exact a n a l y s i s . 

( 3 ) E f f e c t i v e e approach:- E q n , ( l ) can be expanded as 

V T ( n ) = <1-B)(ri V T .(n-D + e V T ( n - l ) ) + 
-L O 1 — 1 O X 

3 { ( n Q V I ( n - l ) + e o V I + 1 ( n - l ) ) ( l - e ) + 3V I + 2 ( n ) } 

o 
N e g l e c t i n g second o r d e r term i n v o l v i n g e 3 and 3 we get 

V : ( n ) • n V I _ 1 ( n - l ) + ( e + n e ) V I ( n - l ) ( 6 ) 

This shows t h a t t r a n s f e r i n e f f i c i e n c y merely m a n i f e s t s i n t o a 
new v a l u e (e + n|S) because o f b a c k f l o w . 

I n Fig.3 curve 3 i s o b t a i n e d f o r a 16 b i t CCD when e f f e c t 
o f b a c k f l o w i s taken t o be j u s t i n c r e a s i n g the o v e r a l l t r a n s ­
f e r i n e f f i c i e n c y as from e f f e c t i v e e approach. The v a l u e s o f 
e Q and 3 are t y p i c a l l y 1 0 " 3 and 1 0 ~ 2 r e s p e c t i v e l y , and 
n Q =(1-€ q). Curve 2 f o r t h e same eo and 3 i s o b t a i n e d t h r o u g h 

the exact a n a l y s i s and the magnitude response shows a d e f i n i t e 
d e v i a t i o n from the e f f e c t i v e e a p p r o a c h , Sets o f c u r v e s l ( a ) 
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and 1 ( b ) a r e p l o t t e d u s i n g e x a c t a n a l y s i s f o r two d i f f e r e n t 
s e t s o f v a l u e s f o r eo and 3 such t h a t t h e q u a n t i t y 
Ne'=N(e'+r)3) i s o f m a g n i t u d e I O " 1 and 4 X 1 0 " 1 r e s p e c t i v e l y . The 
a r r o w i n d i c a t e s t h a t t h e r e i s an i n c r e a s e i n B a l o n g v / i t h i t 
f r o m c u r v e t o c u r v e . I n t h e e f f e c t i v e e a p p r o a c h t h e s e s e t s 
o f c u r v e s 1 ( a ) and 1 ( b ) w i l l j u s t be r e p l a c e d by s i n g l e 
c u r v e s c o r r e s p o n d i n g t o t h e g i v e n v a l u e s o f Ne'. From t h i s 
i t i s a p p a r e n t t h a t p r e s e n c e o f b a c k f l o w does n o t m e r e l y 
m a n i f e s t s i t s e l f , i n t o an a d d i t i o n i n t h e t r a n s f e r i n e f f i ­
c i e n c y b u t causes a d e f i n i t e change i n t h e r e s p o n s e and 
c a n n o t be o v e r l o o k e d p a r t i c u l a r l y f o r h i g h e r '$' v a l u e s , 
t y p i c a l l y f o r I O - 2 and above. 

The i m p u l s e r e s p o n s e c o e f f i c i e n t h i i s g i v e n by 
h l = k l = m e + ( m - l ) n 3 f r o m t h e g e n e r a l e x p r e s s i o n f o r K i , i n t h e 
e x a c t a n a l y s i s . C a l c u l a t i n g f r o m t h e a p p r o a c h ( 3 ) , h l = m ( e+n3) 

w h i c h shows a 10 p.c. i n c r e a s e i n t h e v a l u e c o r r e s p o n d i n g t o 
th e v a l u e s o f e o = 1 0 " 3 and 3 = 2 x l 0 " 2 f o r a 16 b i t CCD. 

EXPERIMENTAL EVIDENCE 

The c h a r g e - . ' f l o w i n g back f r o m t h e c o l l a p s i n g w e l l j o i n s 
t h a t i n t h e p r e c e d i n g w e l l , v/hich i s a l s o c o l l e c t i n g , a t t h e 
same t i m e , t h e f o r w a r d f l o w i n g c h a r g e f r o m i t s p r e v i o u s s t a g e . 
I f t h e c h a r g e back f l o w i s t o be s e n s e d , t h e w e l l t h a t i s 
c o l l e c t i n g t h i s b a c k f l o w c h a r g e s h o u l d be d e v o i d o f any o t h e r 
c h a r g e i n f l o w . An e x p e r i m e n t a l s e t up shown i n F i g . 4 r e a l i s e s 
t h e s e n s i n g o f b a c k f l o w . 

A t h r e e b i t t h r e e phase CCD i s f a b r i c a t e d w i t h f a c i l i t i e s 
t o sense t h e c h a r g e a t any i n t e r m e d i a t e b i t by m a k i n g one o f 
th e phase e l e c t r o d e s ( ^ ) o f a l l t h e s t a g e s i n d e p e n d e n t l y 
a c c e s s i b l e , and u s i n g B i a s e d g a t e t a p p i n g 3 . I n i t i a l l y , a 
u n i t s t e p o r a t r a i n o f p u l s e s i s i n j e c t e d i n . A t an i n s t a n t 
c o r r e s p o n d i n g t o f i g . 4 a u n der t h e g a t e 2 o f second b i t when 
t h i s c h a r g e comes, a s i n g l e p u l s e i s g i v e n o u t . 4 ( b ) i l l u s ­
t r a t e t h i s c h a r g e b e i n g e m p t i e d o u t i n t o t h e n e x t 03. I n 
t h e n e x t i n s t a n t when 4> „ c o l l a p s e s and i f t h e t u r n o f f t i m e 
i s v e r y l a r g e t h e r e w i l l n o t be any b a c k f l o w , as shown by 
4(c,).4(d) i s a p a r t i c u l a r case o f 4(c)when t u r n o f f t i m e i s 
v e r y s m a l l . I t i s e v i d e n t t h a t i f , u n d e r t h e g a t e , t h e 
w e l l i s j u s t f i l l e d by t h e f o r w a r d t r a n s f e r f r o m b i t 1 , t h e 
b a c k f l o w c h a r g e w i l l be e q u a l l y s h a r e d u n d e r <f> and g a t e 2| as 
shown. B a c k f l o w does n o t o c c u r i n b i t 1 o r 3 as t h e r e s t i n g 
p o t e n t i a l o f t h e c l o c k i s be l o w t h e t h r e s h o l d v o l t a g e . 

Thus a t t h i s i n s t a n t a r e l a t i v e l y s m a l l e r p u l s e c o r r e s ­
p o n d i n g t o t h i s b a c k f l o w c h a r g e i s seen a t t h e o u t p u t . 

F i g u r e 5a and 5b show t h e o u t p u t c o r r e s p o n d i n g t o t h e 
s i t u a t i o n d e s c r i b e d i n F i g 4 ( c ) and 4 (d ) f o r t h e t h r e e b i t 
CCD, whose o u t p u t i s b e i n g t a p p e d f r o m t h e second b i t . The 
c l o c k f r e q u e n c y i s 100 KHZ, and t h e t u r n o f f t i m e i s 10 usee, 
and 1 usee, r e s p e c t i v e l y f o r 5a and 5b. F i g . 5 c i s t h e 
expanded v e r s i o n o f 5 b and t h e d e l a y o f A b i t i s c l e a r l y 
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Fig .7 B l a c k box representa t ion of p t r s tage 
back f low . 
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