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CHAPTER ONE 

INTRODUCTION 

The charge-coupled dev ice (CCD) was conceived in l a t e 

1969 by Bqyle and S m i t h ^ of Bel l Telephone Laborator ie s , during 

an i n v e s t i g a t i o n t o develop a semiconductor analogue o f magnetic 

bubble d e v i c e s . The f i r s t dev ice c o n s i s t e d of a row of c l o s e l y 

spaced MOS c a p a c i t o r s ; each e l e c t r o d e was 100 x lOO^m and they 

were separated with 3wm gaps. Minority c a r r i e r s s tored a t the 

s i l i c o n / s i l i c o n d iox ide could be manipulated along the row of 

c a p a c i t o r s by applying a s u i t a b l e sequence o f v o l t a g e pu l ses t o 

the e l e c t r o d e s . A f t e r a s e r i e s of t r a n s f e r s , the charge 'packet ' 

could be d e t e c t e d by sens ing the current produced by i n j e c t i n g 

the minori ty c a r r i e r s i n t o the s u b s t r a t e . Since the f a b r i c a t i o n 

of these d e v i c e s r e l i e d upon wel l e s t a b l i s h e d M06 t echno logy , the 

s imple idea was qu ick ly developed in many l a b o r a t o r i e s ; the s i z e 

and complexity of the dev i ce s grew rap id ly u n t i l today CCD's 

d i g i t a l memories, f o r example, conta in ing as many as 65K b i t s are 

commercially a v a i l a b l e . 

Since 1969, a cons iderable amount of work has been 

publ i shed on many aspec t s o f the f a b r i c a t i o n , operat ion and 

performance l i m i t a t i o n s o f CCDs; i t i s only r e l a t i v e l y r e c e n t l y , 

however, t h a t s p e c i f i c a p p l i c a t i o n s f o r these dev i ce s have been 

d i s cus sed in d e t a i l . N e v e r t h e l e s s , the great p o t e n t i a l f o r CCDs 

in very many areas of e l e c t r o n i c s has been recognised and systems 

eng ineers are a lready beginning to regard CCDs simply as a powerful 

add i t ion t o the c i r c u i t f u n c t i o n s which are already a v a i l a b l e . 

Reference has a lready been made to the a p p l i c a t i o n of CCDs 

in d i g i t a l memories. The most powerful impact t h a t CCDs are l i k e l y 

t o have, however, i s in the f i e l d of analogue s i g n a l p r o c e s s i n g ; 

t h i s i s because of the ease with which v a r i a b l e s i z e d charge packets 

may be p o s i t i o n e d , s p a t i a l l y manipulated and delayed in a CCD 

s t r u c t u r e . Hi ther to the delay o f analogue s i g n a l s has u s u a l l y been 



a d i f f i c u l t and cumbersome t a s k ; mercury and quartz de lay l i n e s 

have tended to be unwieldy and t o lack s u f f i c i e n t control over 

the delay dura t ion , whi l e d i g i t a l s torage techniques have invo lved 

the need f o r bulky and c o s t l y A-D and D-A converters which o f t e n 

have the a d d i t i o n a l disadvantage o f high power consumption. By 

comparison, CCDs provide a very s t ra ight forward approach: they 

can handle analogue s i g n a l s d i r e c t l y , and in a d d i t i o n , each analogue 

sample i s accura te ly p o s i t i o n e d in time wi th r e s p e c t t o the o ther 

samples and the delay duration can be a c c u r a t e l y c o n t r o l l e d s i n c e 

i t i s dependent s o l e l y upon the frequency of the appl i ed c lock 

waveform. Conceptually the dev ice has many o f the advantages of 

information process ing in the d i g i t a l domain, i . e . s t a b l e , f i x e d 

and a c c u r a t e l y v a r i a b l e d e l a y s , w h i l s t r e t a i n i n g the advantages 

o f conventional analogue s igna l p r o c e s s i n g , i . e . high bandwidth 

and large dynamic range. This c a p a b i l i t y a l lows q u i t e complex 

mathematical operat ions such as convolut ion and c o r r e l a t i o n (which 

depend upon accurate temporal p o s i t i o n i n g of each waveform) to be 

performed with e a s e . Furthermore, the se operat ions can be carr i ed 

out with s u b s t a n t i a l l y reduced c i r c u i t r y compared with d i g i t a l 

techniques and so un i t s of low c o s t , s i z e and w e i g h t , consuming 

comparatively l i t t l e power can be des igned . Moreover, the reduct ion 

in component count and the i n t e g r i t y of the f a b r i c a t i o n technology 

a l lows high r e l i a b i l i t y t o be ach ieved . 

Although the CCD evolved d i r e c t l y from the concepts used 

to develop magnetic bubble d e v i c e s , s evera l competi tors such as 

the Bucket Brigade Device^ (BBD) and the Ser ia l Analogue Memory* 

(SAM) emerged a t about the same t ime. Unlike the CCD, which has 

no d i s c r e t e c i r c u i t e q u i v a l e n t , the se dev ices are based upon the 

implementation o f an analogue delay l i n e with d i s c r e t e components. 

There a r e , however, severa l d isadvantages a s s o c i a t e d with these 

a l t e r n a t i v e schemes such as higher t r a n s f e r i n e f f i c i e n c y , low 

dynamic range, and increased c i r c u i t complexity which makes charge-

coupl ing a more favourable t echn ique . 



Another dev ice which has become i n c r e a s i n g l y important in 

recent y e a r s due t o i t s analogue delay c a p a b i l i t y i s the s u r f a c e 

a c o u s t i c wave (SAW) d e v i c e . However, these dev i ce s operate a t 

r e l a t i v e l y high f requenc ie s (>10MHz) where CCDs g e n e r a l l y cease 

t o become u s a b l e , and s o rather than compete with CCDs they 

complement them; in f a c t s i n c e there i s a small over lap in operat ing 

f requenc ie s ( a t =10MHz), p a r t i c u l a r l y i f buried channel CCDs are 

used , the two dev i ce s can be used t o g e t h e r to advantage in some 

s y s t e m s . 5 

The f i r s t CCD was very s imple and had a r e l a t i v e l y poor 

performance. However, as a r e s u l t o f i n t e n s i v e research and 

development over the l a s t few years t h e i r performance has improved 

d r a m a t i c a l l y ; in p a r t i c u l a r , t r a n s f e r i n e f f i c i e n c y has been 

decreased by severa l orders of magnitude, and values o f 45dB and 

90dB f o r l i n e a r i t y and dynamic range r e s p e c t i v e l y have been 

obta ined . Thus t h e i r fu ture in many s i g n a l process ing s y s t e m s , 

both d i g i t a l and p a r t i c u l a r l y analogue, seems i n c r e a s i n g l y assured. 

In t h i s t h e s i s the a p p l i c a t i o n of CCDs to the s p e c i f i c 

problem of radar c l u t t e r reduct ion by the use of s igna l i n t e g r a t i o n 

i s d i s c u s s e d in d e t a i l . A novel CCD a r c h i t e c t u r e i s descr ibed 

t h a t s u b s t a n t i a l l y overcomes the problem of t r a n s f e r i n e f f i c i e n c y , 

an e f f e c t t h a t s e r i o u s l y l i m i t s the performance o f convent ional 

CCD i n t e g r a t o r s . Before d i s c u s s i n g t h i s sys tem, however, CCD 

techniques and t h e i r a p p l i c a t i o n t o a number of analogue s igna l 

process ing schemes are b r i e f l y reviewed in Chapters 2 and 3 , with 

p a r t i c u l a r emphasis placed upon performance l i m i t a t i o n s . In the 

fourth Chapter, the problem of d e t e c t i n g marine t a r g e t s in sea 

c l u t t e r i s d i s c u s s e d and the s i g n a l i n t e g r a t o r i s i d e n t i f i e d as 

a use fu l and v e r s a t i l e proces sor t o improve t a r g e t d e t e c t i o n . Two 

types of i n t e g r a t o r , i . e . r e c u r s i v e and n o n - r e c u r s i v e , are descr ibed 

and methods o f implementing these systems with p a r a l l e l t r a n s f e r 

CCD s t r u c t u r e s to reduce s e n s i t i v i t y t o t r a n s f e r i n e f f i c i e n c y are 

proposed. Since both these schemes employ f l o a t i n g - g a t e charge 

s ens ing methods, a r igorous a n a l y s i s o f t h i s technique i s c a r r i e d 



out in Chapter 5 . In Chapter 6 the design and f a b r i c a t i o n of a 

t h r e e - b i t t e s t r e c u r s i v e i n t e g r a t o r i s descr ibed and in the f o l l o w i n g 

Chapter experimental r e s u l t s on the dev ice are presented . The 

s u c c e s s f u l operat ion of t h i s t e s t dev i ce Ted t o the development of 

a second t e s t r e c u r s i v e i n t e g r a t o r which included a number o f 

m o d i f i c a t i o n s t o improve performance. The des ign procedure and 

operat ion of t h i s dev ice i s presented in Chapter 8 . 

S ince the r e c u r s i v e des ign i n v o l v e s a l e s s complex and 

s m a l l e r chip layout than the non-recurs ive approach, more a t t e n t i o n 

was paid t o the development of the r e c u r s i v e i n t e g r a t o r . However, 

some thought was g iven as t o the most d e s i r a b l e approach to achieve 

non-recurs ive i n t e g r a t i o n us ing p a r a l l e l t r a n s f e r CCD s t r u c t u r e s . 

This work i s reported in Chapter 9 , which a l s o inc ludes an 

i n v e s t i g a t i o n o f the d i s t o r t i o n a s s o c i a t e d with the type of 

m u l t i p l e f l o a t i n g - g a t e s t r u c t u r e t o be used in the non-recurs ive 

i n t e g r a t o r . 



CHAPTER TWO 

CCD TECHNIQUES AND LIMITATIONS 

2 .1 Introduct ion 

In the l a s t Chapter the enormous p o t e n t i a l of CCDs in 

many areas of e l e c t r o n i c s was b r i e f l y o u t l i n e d . A1 though CCDs 

e x h i b i t a number of important f e a t u r e s t h a t g i v e them a d i s t i n c t 

advantage over a l t e r n a t i v e analogue delay implementat ions , they 

have c e r t a i n inherent l i m i t a t i o n s ; in p r a c t i c e t h e s e require 

care fu l cons idera t ion in order t h a t the CCDs' performance, 

p a r t i c u l a r l y in analogue s i g n a l proces s ing a p p l i c a t i o n s , w i l l not 

degrade the o v e r a l l system performance. 

In t h i s Chapter, t h e r e f o r e , s evera l important a s p e c t s o f 

s u r f a c e channel CCD (SCCD)* des ign and operat ion are cons idered , 

wi th p a r t i c u l a r emphasis being placed upon the performance 

l i m i t a t i o n s . In view o f the f a c t t h a t a cons iderab le amount o f 

l i t e r a t u r e on each of these t o p i c s has been pub l i shed , the s e c t i o n s 

that f o l l o w must be regarded only as a summary of the present 

s i t u a t i o n : t h i s Chapter may be omi t ted , t h e r e f o r e , by the reader 

already f a m i l i a r with the problems a s s o c i a t e d with CCDs. Before 

d i s c u s s i n g t h e s e problems, however, the b a s i c p r i n c i p l e s of CCD 

operat ion are d i s cus sed very b r i e f l y . 

2 . 2 Basic P r i n c i p l e s of Operation 

A CCD c o n s i s t s b a s i c a l l y of a row of c l o s e l y spaced MOS 

c a p a c i t o r s , as i l l u s t r a t e d in f i g u r e 2 . 1 . I f one of the e l e c t r o d e s 

i s pulsed t o a s u f f i c i e n t l y negat ive p o t e n t i a l ( see f i g u r e 2 . 1 a ) , 

a d e p l e t i o n region i s formed in the underlying s i l i c o n and minori ty 

c a r r i e r s , which can be made t o represent a s igna l sample, can be 

s tored in an invers ion region at the s i l i c o n / s i l i c o n d iox ide 

* Since buried channel dev ices are not used in the radar a p p l i c a t i o n 
t o be descr ibed l a t e r , the f o l l o w i n g d i s c u s s i o n w i l l be concerned 
e x c l u s i v e l y with sur face channel CCD o p e r a t i o n . 
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Fig 2 .1 The p r i n c i p l e s o f charge-coupled dev i ce operat ion . 



i n t e r f a c e . I f one o f the adjacent e l e c t r o d e s i s then pulsed t o 

the same p o t e n t i a l as the f i r s t , the ' s i g n a l ' charge w i l l 

d i s t r i b u t e i t s e l f beneath both e l e c t r o d e s ( s ee f i g u r e 2 . 1 b ) . By 

reducing the p o t e n t i a l on the f i r s t e l e c t r o d e , t h i s r e d i s t r i b u t i o n 

w i l l cont inue u n t i l a l l o f the o r i g i n a l charge r e s i d e s beneath 

t h e second e l e c t r o d e . I f t h i s sequence of operat ions c o n t i n u e s , 

the charge packet can be manipulated from one end of the row o f 

c a p a c i t o r s t o the o t h e r . 

The equat ion r e l a t i n g the s u r f a c e p o t e n t i a l , o f an 

MOS c a p a c i t o r t o the s tored charge per u n i t area,Qg,and the g a t e 

v o l t a g e , Vg, can be derived from the one-dimensional form of 

P o i s s o n ' s equat ion; assuming the d e p l e t i o n approximation and a 

uniformly doped s u b s t r a t e , the r e l a t i o n s h i p i s as f o l l o w s : 

2.1 * % - ( V + 2 V g ' ) ^ 

where Vg' = 

Vpg i s the f l a tband v o l t a g e of the MOS s t r u c t u r e 

^ox the oxide capaci tance per u n i t area 

and ^ 
0 - 2 

OX 

where q i s the e l e c t r o n i c charge 

Nq i s the s u b s t r a t e doping l e v e l 

and Eg i s t he d i e l e c t r i c constant of s i l i c o n . 

The manner in which CCD operat ion i s normally depicted 

i s shown in f i g u r e 2 . 1 . Immediately underneath the physical 

s t r u c t u r e we d e p i c t (by t h e dot ted l i n e ) the v a r i a t i o n of sur face 

p o t e n t i a l of the empty CCD s t r u c t u r e . We see t h a t beneath the 

e l e c t r o d e b iased t o -lOV a ' p o t e n t i a l w e l l ' i s c r e a t e d . With 

re ference t o equat ion 2 . 1 , i f i s small ( f o r a t y p i c a l s u b s t r a t e 

doping l e v e l o f lOi^cm'S and a O.l^m t h i c k oxide l a y e r V = 0 .14V) , 



8 

then the s u r f a c e p o t e n t i a l i s approximately l i n e a r l y r e l a t e d t o 

the s t o r e d charge. Thus the in troduc t ion o f charge i n t o the 

p o t e n t i a l w e l l s and the consequent reduct ion in s u r f a c e p o t e n t i a l 

i s analogous t o the f i l l i n g o f the w e l l s with a f l u i d . When the 

v o l t a g e s on the ga te s change (as shown in f i g u r e 2 .1 b and c) and 

a new s u r f a c e p o t e n t i a l p r o f i l e i s d e f i n e d , the ' f l u i d ' charge 

f lows so t h a t i t always r e s i d e s in the deepest adjacent p o t e n t i a l 

w e l l . * 

The manner in which charge may be i n j e c t e d Into a CCD 

and how i t may be de tec ted w i l l be d i scussed in s e c t i o n s 2 . 4 and 

2 . 5 . 

2 . 3 Transfer Electrode Structures and Driving Methods 

In order t h a t the number o f connect ions t o a CCD may be 

small and t h a t many charge packets can be t r a n s f e r r e d along the 

d e v i c e , the e l e c t r o d e s are connected t o g e t h e r p e r i o d i c a l l y and 

each 'phase' dr iven from c lock pu l se generators synchronised with 

each o t h e r . Many CCD e l e c t r o d e c o n f i g u r a t i o n s have been proposed 

which trade o f f the number of c lock waveforms required f o r 

s a t i s f a c t o r y operat ion a g a i n s t some o ther parameter such as charge 

handling c a p a c i t y , c e l l s i z e or c i r c u i t complex i ty . However, on ly 

a few s t r u c t u r e s have emerged t h a t have found wide acceptance and 

some of t h e s e w i l l be d i s cus sed below. I t i s convenient to 

c l a s s i f y the various s t r u c t u r e s by r e f e r r i n g t o the number of 

dr iv ing phases required by the d e v i c e . 

2 . 3 . 1 The Three-Phase Configuration 

The s i m p l e s t e l e c t r o d e arrangement i s s i m i l a r t o t h a t 

shown in f i g u r e 2 . 1 . This c o n s i s t s of a t h i n oxide l a y e r , 

approximately 0.1pm t h i c k , with metal e l e c t r o d e s de f ined on the 

sur face of the o x i d e . The minimum number of dr iv ing phases t o 

* Although i t i s very use fu l t o employ t h i s analogy t o descr ibe the 
operat ion of a CCD, i t must be remembered of course , t h a t the 
charge i s a c t u a l l y s t o r e d at the Si /SiOg I n t e r f a c e in a p a r t i a l l y 
inver ted region approximately lOhm wide. 



ensure u n i - d i r e c t i o n a l charge t r a n s f e r i s r e a l i z e d by connect ing 

every t h i r d e l e c t r o d e t o g e t h e r ; thus each ' b i t ' o f the CCD c o n s i s t s 

o f three e l e c t r o d e s . This c o n f i g u r a t i o n i s i l l u s t r a t e d in 

f i g u r e 2 . 2 . Unfortunate ly t h i s s imple implementation has 

a s s o c i a t e d with i t a number of f a b r i c a t i o n d i f f i c u l t i e s . F i r s t l y , 

in order t h a t e f f i c i e n t charge coupl ing i s maintained between 

adjacent p o t e n t i a l w e l l s , the gap between the e l e c t r o d e s must not 

exceed two or three microns; t h i s i s very much s m a l l e r than normal 

artwork geometries and s o , i f the e l e c t r o d e s are t o be d e f i n e d in 

a s i n g l e l a y e r of m e t a l , s t r i n g e n t l y c o n t r o l l e d p h o t o l i t h o g r a p h i c 

and e t c h i n g techniques are neces sary . Such narrow gaps i n e v i t a b l y 

cause a s e r i o u s reduct ion in y i e l d s i n c e dust p a r t i c l e s and mask 

d e f e c t s are o f t e n of the order o f a gap width . Secondly , the 

connect ion of the three phases presents a t o p o l o g i c a l problem, 

which can be overcome in the s i n g l e l e v e l m e t a l l i z a t i o n process 

on ly by using underpass d i f f u s i o n s ; aga in , t h i s c o n t r i b u t e s t o a 

reduct ion in y i e l d . 

To overcome t h e s e d i f f i c u l t i e s , several m o d i f i c a t i o n s t o 

the b a s i c s t r u c t u r e have been suggested and implemented. One 

s o l u t i o n i s t o use the s t r u c t u r e shown in f i g u r e 2 . 3 , f a b r i c a t e d 

using a p o l y s i l i c o n gate p r o c e s s . S ince each p o l y s i l i c o n ga te 

i s i n s u l a t e d from i t s neighbour by a l a y e r o f thermal ly grown 

SiOg, t y p i c a l l y O.lym t h i c k , i n t e r - e l e c t r o d e short s are few and 

the p o s s i b i l i t y o f i o n i c contamination in the gap region i s low. 

Furthermore, phase connect ions are s i m p l i f i e d s i n c e the connect ing 

bus f o r each phase can be de f ined at each p o l y s i l i c o n s t a g e . 

However, a disadvantage of t h i s s t r u c t u r e i s t h a t more process ing 

s t e p s are required , many of which are a t e l e v a t e d temperatures . 

If the c o n f i g u r a t i o n has t o be made with an aluminium gate 

process ( e . g . i f a p o l y s i l i c o n process i s not a v a i l a b l e ) , two 

schemes have been demonstrated which r e l y upon a shadowing technique 

to obta in submicron gaps. The f i r s t , invented at Southampton 
•7 

U n i v e r s i t y , employs a double m e t a l l i z a t i o n p r o c e s s . Half of each 

e l e c t r o d e i s de f ined in the f i r s t l e v e l of aluminium ( see 

f i g u r e 2 . 4 a ) and a second l a y e r i s then o b l i q u e l y evaporated on 
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Fig 2 . 2 The b a s i c three -phase CCD conf igura t ion . 
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Fig 2 . 4 A three-phase s t r u c t u r e in which sub-micron shadowed 

gaps are formed with an obl ique evaporat ion . 



n 

t o the sur face ( s e e f i g u r e 2 . 4 b ) . In t h i s way, a gap whose length 

i s dependent on the evaporat ion angle and the t h i c k n e s s of the 

f i r s t aluminium l a y e r i s produced a t the ' t r a i l i n g edge' of each 

h a l f g a t e . The second technique a l s o uses two m e t a l l i z a t i o n s ^ 

and i s s i m i l a r t o t h e undercut i s o l a t i o n method described by 
9 

Berglund e t a l . Although t h e s e techniques do not overcome the 

problem of i n t e r c o n n e c t i n g the phases , they are ( p a r t i c u l a r l y a t 

f i r s t ) very easy t o implement, and do not require any i n c r e a s e in 

high temperature proces s ing t ime . Furthermore, s i n c e the e l e c t r o d e s 

are non-over lapping , the i n t e r - e l e c t r o d e capac i tance i s s m a l l e r 

than t h a t o f the p o l y s i l i c o n s t r u c t u r e ; consequent ly c lock f e e d -

through between phases and c lock d r i v e r power d i s s i p a t i o n are 

reduced. 

2 . 3 . 2 The Two-Phase Conf igurat ion 

The number o f dr iv ing phases required by a CCD may be 

reduced t o two i f the charge t r a n s f e r along the CCD channel i s 

aided by the phys i ca l s t r u c t u r e of the d e v i c e . In t h i s c a s e , each 

' b i t ' c o n s i s t s of only two e l e c t r o d e s , thus s i m p l i f y i n g the i n t e r -

connect ion of each phase . Unfortunate ly , however, the charge 

handling capac i ty of a two-phase dev i ce i s l e s s than a three-phase 

dev ice with the same operat ing parameters . This i s because the 

maximum charge i s determined by the s u r f a c e p o t e n t i a l d i f f e r e n c e 

(A*s in f i g u r e 2 . 5 ) r e s u l t i n g from the asymmetry o f the s t r u c t u r e 

rather than on the magnitude o f the s u r f a c e p o t e n t i a l in the 

s torage r e g i o n . 

There are severa l ways of b u i l d i n g d i r e c t i o n a l i t y i n t o the 

CCD s t r u c t u r e . The most obvious i s perhaps t o f a b r i c a t e 

asymmetrical e l e c t r o d e s us ing a double l e v e l oxide l a y e r . Such 

a s t r u c t u r e i s shown in f i g u r e 2 . 5 , using p o l y s i l i c o n and 

aluminium g a t e s . However, a much s impler approach i s to use a 

s l i g h t m o d i f i c a t i o n of the angled evaporat ion technique descr ibed 

In t h e l a s t s u b s e c t i o n . Workers a t Southampton Univers i ty have 

extended t h i s technique t o enable two-phase s t r u c t u r e s t o be e a s i l y 
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Fig 2 . 5 A two-phase c o n f i g u r a t i o n using an asymmetrical e l e c t r o d e 

s t r u c t u r e . 
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Fig 2 .6 Asymmetrical e l e c t r o d e s f o r a two-phase s t r u c t u r e 

f a b r i c a t e d with an obl ique evaporat ion . 
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Fig 2 . 7 An implanted b a r r i e r two-phase CCD. 
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f a b r i c a t e d . ^ In t h i s i n s t a n c e , the metal i s evaporated o b l i q u e l y 

on t o a c a s t e l l a t e d s t r u c t u r e comprising the t h i c k and th in oxide 

gate r e g i o n s ; gaps in the aluminium f i l m are thus formed in the 

shadow of each oxide s t e p ( s e e f i g u r e 2 . 6 ) . Another, s l i g h t l y 

more complex, f a b r i c a t i o n procedure f o r two-phase CCDs us ing an 

undercut i s o l a t i o n technique has been descr ibed by Berglund e t a l , 

The asymmetrical p o t e n t i a l wel l produced by the two l e v e l 

oxide s t r u c t u r e can a l s o be created i f a b a r r i e r i s implanted 

beneath each e l e c t r o d e , as shown in f i g u r e 2 .7 .^^ This arrange-

ment has the advantage t h a t by adjus t ing the l e v e l o f the implant , 

i t i s r e l a t i v e l y easy t o c r e a t e a l arge s u r f a c e p o t e n t i a l s t e p , 

A f s , than with a two l e v e l oxide s t r u c t u r e , thus enabl ing l a r g e r 

charge packets to be handled. However, the implant must be placed 

a t l e a s t a r e g i s t r a t i o n t o l e r a n c e i n s i d e the ' l e a d i n g edge' o f 

each e l e c t r o d e . This i s necessary in order t h a t mask misalignment 

w i l l not cause the b a r r i e r t o appear under the i n t e r - e l e c t r o d e 

region and thus prevent charge t r a n s f e r . There fore , i t i s 

unavoidable t h a t charge w i l l be trapped behind the b a r r i e r and 

cause t h e d e v i c e t o operate in the incomplete t r a n s f e r mode. This 

i s a d i sadvantage , s i n c e i t l eads t o higher t r a n s f e r i n e f f i c i e n c y 

and t r a n s f e r n o i s e . 

The types of c lock waveform required by the three -phase 

and two-phase s t r u c t u r e s are shown in f i g u r e 2 . 8 . I t i s d e s i r a b l e 

t h a t , in add i t i on t o the overlapping of three-phase p u l s e s , the 

f a l l i n g edges s l o p e or have an exponent ia l decay. I f t h i s i s not 

the c a s e , then the source wel l may c o l l a p s e f a s t e r than the charge 

can f low i n t o the r e c e i v i n g w e l l , thus part o f the charge packet 

may be l o s t due to recombination in the s u b s t r a t e as the source 
1 p 

well o v e r f l o w s . Indeed, i t has been shown that appropr ia te ly 

shaped c locks enhance the c r i t i c a l f i n a l s t a g e s of charge t r a n s f e r 

and so a l low the CCD t o be driven a t h igher c lock ing ra tes (up t o 

1OMHz). Unfortunate ly , s l op ing f a l l i n g edges can be generated 

only a t the expense of r e l a t i v e l y high c lock dr iver power 

d i s s i p a t i o n . However, s i m i l a r improvements in the charge t r a n s f e r 

9 
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Fig 2 . 8 Operating c lock waveforms f o r 3 and 2 phase c o n f i g u r a t i o n s : 

(a) Three phase c locks with shaped f a l l i n g edges . 

(b) Stepped three phase c l o c k s . 

( c ) Two phase overlapping c l o c k s (push c l o c k s ) . 

(d) Two phase complementary c locks (drop c l o c k s ) . 
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process may be r e a l i z e d i f stepped c l o c k s , as shown in f i g u r e 2 . 8 b , 

are employed. Since shaped f a l l i n g edges of the waveform are not 

required in t h i s dr iv ing scheme, low power dr ivers may be des igned . 

A simple low power dr iv ing c i r c u i t t h a t generates t h i s type of 

waveform, which could be i n t e g r a t e d on t o the CCD chip has r e c e n t l y 
11 

been descr ibed . 

On the o ther hand, the asymmetrical p o t e n t i a l wel l created 

beneath each ' b i t ' o f a three-phase CCD by the stepped clock 

operat ion i s s imulated by the two-phase s t r u c t u r e . Thus, h igher 

data rates can be used wi th t h e s e dev i ce s w h i l s t r e t a i n i n g a simple 

c lock ing scheme ( e . g . f i g u r e 2 .8d) which could more r e a d i l y be 

i n t e g r a t e d o n - c h i p . 

Even f u r t h e r s i m p l i f i c a t i o n of the c lock ing arrangement 

can be r e a l i z e d i f one phase o f a CCD i s b iased t o a DC l e v e l , and 

the o ther phase or phases are al lowed t o swing above and below 

t h i s l e v e l . T h e charge handling capac i ty o f a CCD operated in 

t h i s mode i s s l i g h t l y smal ler than with conventional c l o c k i n g ; 

t h i s shortcoming i s , however, more than o f f s e t by the s imple dr ive 

requirements , p a r t i c u l a r l y f o r two-phase d e v i c e s , which now 

require only one c lock waveform. When a two-phase dev i ce i s 

operated in t h i s ' l&-phase' mode, there i s a danger of incomplete 

charge t rans fer^^ i f the DC b ias and the c lock amplitude are 

wrongly s e t . This mode of o p e r a t i o n , termed the Bucket Brigade 

mode, i s undes irable s i n c e i t leads t o an i n c r e a s e in t r a n s f e r 

i n e f f i c i e n c y and t r a n s f e r n o i s e . With c a r e , however, t h i s c o n d i t i o n 

w i l l not occur and so i t s e f f e c t s w i l l not be d i s c u s s e d f u r t h e r a t 

t h i s s t a g e . 

To summarize t h i s s e c t i o n , i t w i l l be r e a d i l y apprec iated 

that two-phase CCDs have a number of advantages over o t h e r 

c o n f i g u r a t i o n s . In p a r t i c u l a r , s imple c lock generat ion and dr iv ing 

c i r c u i t s can be used and, because o f t h e i r i n - b u i l t p o t e n t i a l wel l 

asymmetry, the se dev ices can be e a s i l y driven at comparatively 
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high speeds ; furthermore, two-phase s t r u c t u r e s can be more 

simply f a b r i c a t e d . 

2 . 4 Charge I n j e c t i o n Techniques 

The s i g n a l charge in a CCD can be generated e i t h e r 

o p t i c a l l y or e l e c t r i c a l l y ; however, s i n c e t h i s t h e s i s i s concerned 

pr imari ly wi th the s ignal proces s ing a p p l i c a t i o n s o f CCDs, only 

the e l e c t r i c a l input t ing of charge w i l l be d i s cus sed here. 

S ince the invent ion o f CCDs, much work has been done t o 

develop techniques t h a t i n j e c t an accura te ly c o n t r o l l e d amount o f 

charge i n t o the CCD channel; t h e s e schemes f a l l i n t o two c l e a r l y 

de f ined c a t e g o r i e s : those techniques t h a t i d e a l l y launch a charge 

packet whose magnitude i s l i n e a r l y dependent upon the input 

v o l t a g e , and those techniques in which i d e a l l y the sur face p o t e n t i a l 

of the f i r s t p o t e n t i a l wel l (and under c e r t a i n c o n d i t i o n s , the 

p o t e n t i a l w e l l s in the r e s t of the d e v i c e ) i s l i n e a r l y dependent 

upon the input s igna l v o l t a g e . Some commonly used input schemes 

f o r achiev ing one or the o ther o f these cond i t ions w i l l now be 

d i s c u s s e d , with p a r t i c u l a r re f erence t o l i n e a r i t y and n o i s e 

performance. 

2 . 4 . 1 Po ten t ia l Equ i l ibra t ion Charge I n j e c t i o n Schemes 

Several s t r u c t u r e s have been proposed t h a t provide a l i n e a r 

input v o l t a g e - t o - c h a r g e t r a n s f e r f u n c t i o n in both two and t h r e e -

phase CCDs; t h e s e have v a r i o u s l y been descr ibed as p o t e n t i a l 

e q u i l i b r a t i o n , ^ ^ f i l l and s p i l l , ^ ^ charge preset^^ or supply charge 

i s o l a t i o n ^ ^ methods. They a l l require a t l e a s t two s e p a r a t e l y 

a c c e s s i b l e e l e c t r o d e s be fore the f i r s t regu lar CCD e l e c t r o d e , and 

a source of minority c a r r i e r s in the form of a diode d i f f u s i o n 

f a b r i c a t e d adjacent t o the f i r s t e l e c t r o d e of the s t r u c t u r e . 

Several implementations and t h e i r operat ion are shown in f i g u r e 2 . 9 ; 

the t r a n s f e r c h a r a c t e r i s t i c s of t h e s e i n j e c t i o n schemes may be 

e a s i l y derived by f i r s t rearranging equat ion 2.1 t o obtain an 

expres s ion f o r s i g n a l charge , Q^, in terms of gate v o l t a g e and 
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s u r f a c e p o t e n t i a l 

Qs = (Vg - • , - V i V s - V b > 2 . 2 

Considering f i r s t the s t r u c t u r e in f i g u r e 2 . 9 a , during the per iod 

when i s o f f , the input diode i s pulsed to a low v o l t a g e and 

the p o t e n t i a l w e l l s beneath and Gg are al lowed to o v e r f i l l . 

When the diode p o t e n t i a l i s r e s t o r e d t o a high l e v e l , exces s 

charge s p i l l s back i n t o the diode l eav ing a charge Q trapped 

beneath the Gg e l e c t r o d e . Qg i s g iven by equation 2 . 2 in which 

Vg i s the s i g n a l v o l t a g e , appl ied t o Gg. The sur face p o t e n t i a l , 

w i l l be de f ined by the p o t e n t i a l on G^; in f a c t 

by f u r t h e r rearranging equat ion 2 . 2 , and bearing in mind t h a t no 

charge i s s t o r e d beneath G^, we have that 

Vgi = +s + + VpB 2-3 

i f the MOS parameters f o r each gate are the same. By s u b s t i t u t i n g 

2 . 3 i n t o 2 . 2 , we obta in 

Os = Cox - « g , ) 

thus Qg i s l i n e a r l y dependent upon the d i f f e r e n t i a l v o l t a g e 

between Ĝ  and Gg. C l e a r l y , the r o l e s of Ĝ  and Gg may be reversed 

( see f i g u r e 2 . 9 b ) , g i v i n g a complementary charge i n j e c t i o n scheme. 

By connect ing the input diode to , the 'phase r e f e r r e d ' 

input method i s r e a l i z e d ( f i g u r e 2 . 9 c ) which has severa l 

advantages over the previous two schemes: in p a r t i c u l a r , the 

need f o r a diode i n j e c t i o n pu l se i s e l i m i n a t e d , and sampling 

d i s t o r t i o n a t f requenc ie s c l o s e t o the Myquist l i m i t i s reduced. 

This d i s t o r t i o n a r i s e s as a r e s u l t of the f i n i t e time in terva l 
19 

during which the input s igna l i s sampled. Sequin and Mohsen 

have analysed t h i s e f f e c t , but have shown exper imenta l ly t h a t f o r 

sampling i n t e r v a l s of l e s s than =2ws, the d i s t o r t i o n due t o t h i s 
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Fig 2 .9 Various p o t e n t i a l e q u l i b r a t i o n charge i n j e c t i o n schemes, 
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e f f e c t i s much l e s s than i s p r e d i c t e d . The reason f o r t h i s i s 

t h a t the f i n i t e time required f o r the charge packet t o e q u i l i b r a t e 

reduces the e f f e c t i v e width of the sample i n t e r v a l and so an 

actual 2ns sample window i s s i g n i f i c a n t l y reduced. S ince the 

sample i n t e r v a l o f the phase r e f e r r e d method i s approximately 

equal t o the t u r n - o f f time o f the c lock waveform, t h i s type of 

d i s t o r t i o n i s not e v i d e n t even a t very low data r a t e s . 

Figure 2 .9d shows a s imple h igh ly l i n e a r charge i n j e c t i o n 

scheme f o r two-phase CCDs, requir ing only the e x i s t i n g c lock 

waveform. An a n a l y s i s of t h i s scheme (Appendix 1)^^ shows t h a t 

the s i g n a l charge , Q^, i s proport ional t o the p o t e n t i a l d i f f e r e n c e 

between the two input e l e c t r o d e s . Unfortunately t h i s scheme 

presents t h e worst case f o r sampling d i s t o r t i o n a t low c lock 

f r e q u e n c i e s , s i n c e the sample in t erva l i s equal t o the o f f period 

o f the c lock waveform. However, t h i s could be reduced i f the 

pseudo-high frequency c lock ing scheme descr ibed by Haken e t a l . ^ ^ 

were used. 

Experimental measurements have confirmed t h a t , i f sampling 

e f f e c t s are n e g l i g i b l e , the techniques j u s t descr ibed do g i v e a 

h igh ly l i n e a r input v o l t a g e - t o - c h a r g e convers ion . However, 

observat ion has a l s o shown t h a t the l i n e a r i t y i s reduced i f the 

second input e l e c t r o d e area i s reduced. I t has been suggested 

that the causes of t h i s n o n - l i n e a r i t y are the increas ing i n f l u e n c e 

of f r i n g i n g f i e l d s on the smal ler charge packet . This would a l s o 

account f o r the s l i g h t l y i n f e r i o r performance observed f o r the 

scheme of f i g u r e 2 .9b; in t h i s c a s e , the a p p l i c a t i o n o f the s igna l 

to causes e q u i l i b r a t i o n o f the metered charge packet t o occur 

at d i f f e r e n t values o f s u r f a c e p o t e n t i a l and consequently with 

d i f f e r e n t f r i n g i n g f i e l d s . Some publ ished r e s u l t s on these schemes 

are shown in f i g u r e 2 . 1 0 . I t can be seen t h a t second harmonic 

d i s t o r t i o n l e v e l s of l e s s than 0.5% (-46dB) can be o b t a i n e d , and 

i t has been es t imated t h a t by care fu l e l e c t r o d e d e s i g n , t h i s 

f i g u r e could be decreased t o 0.1% ( -60dB) . 
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Fig 2 . 1 0 Measured harmonic components of various p o t e n t i a l 

e q u i l i b r a t i o n charge i n j e c t i o n schemes. (a) and (b) are 

three-phase schemes with the s i g n a l appl ied t o the f i r s t 

and second gate r e s p e c t i v e l y , ( c ) i s the two-phase method, 
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Fig 2.11 The diode c u t - o f f charge i n j e c t i o n technique . 
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The major n o i s e source a s s o c i a t e d with the charge i n j e c t i o n 

techniques descr ibed in t h i s s e c t i o n are f l u c t u a t i o n s in the 

emiss ion of exces s c a r r i e r s over the metering b a r r i e r p o t e n t i a l . 

This n o i s e i s introduced a t each charge e q u i l i b r a t i o n and can be 

c h a r a c t e r i s e d by the thermal no i s e a s s o c i a t e d with an MOSFET 

draining (or charging) a c a p a c i t a n c e , represent ing the metering 
/ I 

wel l c a p a c i t a n c e . A r igorous d e r i v a t i o n y i e l d s the f o l l o w i n g 

e x p r e s s i o n f o r the mean square f l u c t u a t i o n s in charge re ta ined on 

AQs" - W 2 . 6 

where % i s Boltzmann's constant in J/K° and T i s the abso lute 

temperature. I f s u f f i c i e n t time i s a l lowed f o r the e q u i l i b r a t i o n , 

then the process becomes emiss ion l i m i t e d and equat ion 2 . 5 i s 

modi f ied t o 

AQgZ = i%T ^ 2 . 6 

For t y p i c a l well capac i tances of 0 .4pF, then r . m . s . n o i s e 

f l u c t u a t i o n s would be approximately 200 e l e c t r o n s ; the charge 

s torage capac i ty of such a wel l with a lOV s u r f a c e p o t e n t i a l 

v a r i a t i o n would be approximately 25 . ICf e l e c t r o n s , thus with 

these schemes i t i s p o s s i b l e to introduce a charge packet with a 

s i g n a l - t o - n o i s e r a t i o of =100dB. However Carnes^^ and Mohsen^^ 

have reported no i s e f l u c t u a t i o n s in e x c e s s of the f i g u r e s pred ic ted 

by equat ion 2 . 5 , and have sugges ted t h a t the addi t iona l no i se i s 

due to random v a r i a t i o n s in c lock amplitude and pul se width coupled 

to the input s e c t i o n through e l e c t r o d e over lap c a p a c i t a n c e s . This 

s u g g e s t i o n was supported by measurements of the s p e c t r a l d e n s i t y 

of the n o i s e which showed a l i n e a r i n c r e a s e with frequency , as 

would be expected from c a p a c i t i v e c o u o l i n g . A d d i t i o n a l l y , 
24 

Kandiah, using a d i f f e r e n t measurement t echn ique , has obtained 

good agreement between h i s r e s u l t s and the t h e o r e t i c a l values 
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predic ted by equation 2 . 5 . These r e s u l t s were obtained on dev i ce s 

with non-overlapping e l e c t r o d e s separated by 4wm gaps and c locked 

from accurate ly c o n t r o l l e d c lock s o u r c e s ; in t h i s sys tem, t h e r e f o r e , 

c lock no i s e feedthrough was probably very s m a l l . 

2 . 4 . 2 The Diode Cut-Off Charge I n j e c t i o n Scheme 

25 
The diode c u t - o f f technique f o r introducing charge i n t o 

a CCD i s s o f a r the only technique t h a t attempts t o provide a 

l i n e a r t r a n s f e r f u n c t i o n between the input v o l t a g e and the sur face 

p o t e n t i a l of the f i r s t p o t e n t i a l w e l l . The scheme i s i l l u s t r a t e d 

in f i g u r e 2 . 1 1 ; the s igna l i s cont inuous ly appl i ed t o the input 

d i o d e , w h i l s t the input g a t e , , i s s trobed during the 'on' 

per iod o f the c l o c k . When i s switched on, minori ty c a r r i e r s 

from the diode f low i n t o the p o t e n t i a l w e l l s under Ĝ  and u n t i l 

the s u r f a c e p o t e n t i a l beneath these e l e c t r o d e s i s equal to the 

reverse b i a s on the d i o d e , i . e . the input v o l t a g e . Ĝ  i s then 

switched o f f . Although the charge re ta ined beneath Ĝ  i s not a 

l i n e a r f u n c t i o n of the input v o l t a g e (from equat ion 2 . 2 ) , the sur face 

p o t e n t i a l beneath t h i s , and any other subsequent t r a n s f e r e l e c t r o d e 

maintained at the same v o l t a g e w i l l be. This scheme i s not 

s u i t a b l e f o r use in a conventional CCD analogue delay a p p l i c a t i o n 

s i n c e the c h a r g e - t o - v o l t a g e convers ion a t the output of a CCD i s 

g e n e r a l l y f a i r l y l i n e a r . I t can be used t o advantage, however, 

in tapped de lay l i n e a p p l i c a t i o n s ; f o r example, in t ransversa l 

f i l t e r s , where p o t e n t i a l l y , t h i s scheme can y i e l d a l i n e a r o v e r a l l 

t r a n s f e r response ( see Appendix 2 ) . Unfor tunate ly , however, there 

i s a s s o c i a t e d with t h i s i n j e c t i o n t echn ique , a n o n - l i n e a r i t y due 

to the p a r t i t i o n i n g o f the charge beneath Ĝ  between the diode and 

the s igna l charge as Ĝ  swi tches o f f . The e x t e n t o f the non-

l i n e a r i t y depends upon e l e c t r o d e geometries and clock waveform 

shape. For example, i t could be reduced by the use of a minimum-

geometry input gate in conjunct ion with long t r a n s f e r g a t e s , and 

by s lowing down the f a l l i n g edge of the s trobe pulse appl ied to 

Gi to al low the s ignal charge to e q u i l i b r a t e with the diode up u n t i l 
* 1Q 96 

the moment of c u t - o f f . Experimental and a n a l y t i c a l r e s u l t s 
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have shown t h a t with TÔ m long e l e c t r o d e s , n o n - l i n e a r i t i e s as 

high as 5% (-26dB) may be in troduced , however, on c a r e f u l l y 

des igned s t r u c t u r e s , n o n - l i n e a r i t i e s o f b e t t e r than -45dB have 

been observed ( s e e Appendix 2 ) . 

I f charge p a r t i t i o n i n g i s ignored , the expected n o i s e 

f l u c t u a t i o n s in the charge packet s i z e can be derived in a 

s i m i l a r f a s h i o n t o t h a t o f s e c t i o n 2 . 4 . 1 , but in t h i s case the 

wel l c a p a c i t a n c e , C^, i s charged through the channel of a MOST 

operat ing in the l i n e a r reg ion . An a n a l y s i s o f t h i s s i t u a t i o n 

y i e l d s a mean square f l u c t u a t i o n in s i g n a l charge , Q , of 

AQs* = kT C* 2 . 6 

As d i s c u s s e d p r e v i o u s l y , c lock coupl ing a l s o introduces an 

a d d i t i o n a l source o f n o i s e . By f a r the l a r g e s t n o i s e f l u c t u a t i o n s 

a s s o c i a t e d with t h i s technique a r i s e , however, because o f charge 

p a r t i t i o n i n g ; values many times the thermal n o i s e a s s o c i a t e d with 

the charge packet have been r e p o r t e d . C l e a r l y , t h i s i s a h igh ly 

undes irab le s i t u a t i o n and so care fu l a t t e n t i o n must be paid to 

t h e des ign and operat ion of dev i ce s employing t h i s t echn ique . 

2 . 5 Charge Sensing Schemes 

In t h i s s e c t i o n , severa l schemes f o r s e n s i n g the t r a n s f e r r e d 

charge packet are d e s c r i b e d . 

2 . 5 . 1 D i f f u s i o n Current Sensing 

Although t h i s scheme does not have e x t e n s i v e implementation 

in CCDs at present , i t enables a h igh ly l i n e a r c h a r g e - t o - v o l t a g e 

convers ion t o be achieved and f o r t h i s reason, i s b r i e f l y descr ibed 

here . 

The scheme in i t s s i m p l e s t form i s shown in f i g u r e 2 . 1 2 ; a 

d i f f u s i o n i s f a b r i c a t e d a t the end o f t h e CCD channel and r e v e r s e -
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Fig 2 . 1 2 The d iode current s e n s i n g charge d e t e c t i o n scheme. 
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Fig 2 .13 F l o a t i n g d i f f u s i o n charge s e n s i n g schemes. 

(a) Conventional c i r c u i t . 

(b) An arrangement f o r c a n c e l l i n g r e s e t p u l s e feedthrough. 
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b iased through a large impedance. As charge i s t r a n s f e r r e d on t o 

the d iode , current w i l l f low through the l o a d , R^, in order to 

r e s t o r e the o r i g i n a l p o t e n t i a l of the d i o d e . The r e s u l t i n g 

v o l t a g e sp ike across may then be de tec ted with a high input 

impedance a m p l i f i e r . The drawback a s s o c i a t e d with t h i s s imple 

technique i s t h a t subsequent s i g n a l process ing of the s e r i e s of 

v o l t a g e s p i k e s i s d i f f i c u l t , and s o des igners have favoured the 

s e n s i n g techniques t o be descr ibed l a t e r . 

The n o i s e f l u c t u a t i o n s introduced with t h i s technique 

are those a s s o c i a t e d with the capac i tance of the r e v e r s e - b i a s e d 

d i f f u s i o n , and any c lock n o i s e coupled t o the diode from adjacent 

c locked e l e c t r o d e s . This l a t t e r source can be cons iderab ly 

suppressed by i n t e r p o s i n g an e l e c t r o d e b iased t o a DC l e v e l between 

the l a s t phase ga te and the d i f f u s i o n . 

2 . 5 . 2 F loat ing D i f f u s i o n Sensing 

In t h i s scheme, the charge packet i s t r a n s f e r r e d to a 

d i f f u s i o n , a t the end o f the CCD channe l , which has been p r e s e t 

t o a v o l t a g e Vp, v ia an MOS switch ( s e e f i g u r e 2 . 1 3 a ) . The v o l t a g e 

developed across the d i f f u s i o n and load capac i tances i s then 

s e n s e d , u s u a l l y by an o n - c h i p , MOST a m p l i f i e r . However, a t the 

s ens ing node, a t r a d e - o f f between l i n e a r i t y and dynamic range 

a r i s e s ; i n c r e a s i n g the ( l i n e a r ) loading capac i tance a t the input 

of t h e s ense a m p l i f i e r reduces the e f f e c t of the n o n - l i n e a r 

d e p l e t i o n capac i tance of the d iode , but u n f o r t u n a t e l y s imul taneous ly 

reduces the amplitude o f the s i g n a l v o l t a g e . 

Feedthrough of the c lock waveform and the r e s e t t r a n s i s t o r 

swi t ch ing waveform, with t h e i r a s s o c i a t e d n o i s e f l u c t u a t i o n s , 

can be suppressed in a manner s i m i l a r t o t h a t sugges ted f o r the 

l a s t scheme, i . e . by employing an a p p r o p r i a t e l y p o s i t i o n e d DC-

biased g a t e . Another method o f reducing the r e s e t pulse feedthrough 

i s t o f a b r i c a t e a dummy sense diode and MOST a m p l i f i e r of i d e n t i c a l 

dimensions t o the regu lar s ens ing array ( s ee f i g u r e 2 . 1 3 b ) . Reset 
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feedthrough on to t h i s diode can then be subtracted from the main 

output . The dominant remaining no i s e a s s o c i a t e d with t h i s 

t echn ique , i s kTC no i se a r i s i n g from the charging o f the sense 

node capac i tance through the r e s e t MOST. However, t h i s can 

l a r g e l y be e l iminated i f a technique known as c o r r e l a t e d double 

sampling (CDS) i s employed. 

2 . 5 . 3 Electrode Current Sensing 

This scheme i s s i m i l a r in p r i n c i p l e t o the diode current 

s e n s i n g method, except t h a t the diode i s replaced by an e l e c t r o d e 

above the CCD channel ( s e e f i g u r e 2 . 1 4 ) . The c a p a c i t i v e coupl ing 

between the e l e c t r o d e and the channel w i l l r e s u l t in a d e t e c t a b l e 

current f l ow on t o the e l e c t r o d e , when charge i s t r a n s f e r r e d to 

the underlying p o t e n t i a l w e l l . An important f e a t u r e o f t h i s 

method i s t h a t the t r a n s f e r r e d charge remains u n a f f e c t e d by the 

s e n s i n g process and s o may be t r a n s f e r r e d , unchanged, a long the 

channel t o o ther s e n s i n g p o i n t s ; t h i s forms the b a s i s of a tapped 

delay l i n e which may be used t o implement a t ransversa l f i l t e r . 

Although the d e p l e t i o n capac i tance of the p o t e n t i a l we l l 

beneath the e l e c t r o d e introduces a n o n - l i n e a r i t y i n t o the charge 

s e n s i n g o p e r a t i o n , i t can be shown (Appendix 2) t h a t , by us ing a 

sur face p o t e n t i a l s e t t i n g charge i n j e c t i o n scheme, the o v e r a l l 

t r a n s f e r f u n c t i o n , from the input of the CCD t o the output from 

the charge a m p l i f i e r , i s l i n e a r provided t h a t the sense e l e c t r o d e 

i s maintained a t the same p o t e n t i a l as the input g a t e . 

The no i s e sources a s s o c i a t e d with t h i s method are s i m i l a r 

to those of the diode current sens ing scheme. 

2 . 5 . 4 F loat ing-Gate Voltage Sensing 

In i t s s i m p l e s t form, t h i s technique employs an e l e c t r o d e 

s t r u c t u r e s i m i l a r t o that descr ibed f o r e l e c t r o d e current s e n s i n g . 

Having been s e t t o a s u f f i c i e n t l y large p o t e n t i a l , the sens ing 

e l e c t r o d e ( see f i g u r e 2 .15a) i s e l e c t r i c a l l y i s o l a t e d . As the 
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p o t e n t i a l wel l r e c e i v e s charge , the sur face p o t e n t i a l f a l l s , 

inducing a corresponding change in the ' f l o a t i n g ' e l e c t r o d e 

p o t e n t i a l . In any p r a c t i c a l system, the sens ing a m p l i f i e r c a p a c i t i v e l y 

loads the e l e c t r o d e and i t can be shown (Appendix 2) t h a t the 

r e s u l t i n g c h a r g e - t o - v o l t a g e convers ion i s n o n - l i n e a r . As wi th 

e l e c t r o d e current s e n s i n g , however, t h i s scheme has the d e s i r a b l e 

f e a t u r e t h a t the charge i s sensed n o n - d e s t r u c t i v e l y . 

I t has already been i n d i c a t e d t h a t i f a capac i tance i s 

charged through a conductance &TC n o i s e a r i s e s ; thus f o r t h i s 

s imple f l o a t i n g - g a t e arrangement the n o i s e performance w i l l be 

l i m i t e d by the thermal n o i s e in the channel of the r e s e t t r a n s i s t o r . 

However, by s u i t a b l y modifying the s t r u c t u r e the charging process 

and hence the kTC no i se can be avoided. Such a m o d i f i c a t i o n i s 

shown in f i g u r e 2 .15b . The f l o a t i n g - g a t e i s sandwiched between 

t h e channel and a DC b i a s i n g gate which s e t s the f l o a t i n g p o t e n t i a l 

by c a p a c i t i v e d i v i s i o n . With t h i s arrangement the dominant n o i s e 
po n 

sources are the ' / f and thermal no i s e of the s ens ing MOST. This 

improvement can be extended f u r t h e r by making use o f the non-

d e s t r u c t i v e charge sens ing f a c i l i t y t o implement a d i s t r i b u t e d 
29 

f l o a t i n g - g a t e a m p l i f i e r (DFGA) shown s c h e m a t i c a l l y in f i g u r e 2 . 1 6 . 

I t has been e s t imated t h a t t h i s method can be used t o d e t e c t 

charge packets as small as only lO' s of e l e c t r o n s . 

Another f l o a t i n g - g a t e implementation which avoids 

p e r i o d i c a l l y r e s e t t i n g the e l e c t r o d e s and does not re ly upon 

complex two l a y e r f a b r i c a t i o n schemes necessary f o r the c a p a c i t i v e 

b ia s ing system may be r e a l i z e d by connect ing the f l o a t i n g e l e c t r o d e s 

t o a large p o t e n t i a l through a high impedance; t h i s may e i t h e r take 
30 

the form of a high value r e s i s t o r o r , even more s imply , the 

e l e c t r o d e s can be al lowed t o f l o a t t o the average p o t e n t i a l o f the 

adjacent t r a n s f e r e l e c t r o d e s ; t h i s l a t t e r scheme w i l l be descr ibed 

in g r e a t e r d e t a i l l a t e r . 
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2 .6 Transfer I n e f f i c i e n c y 

One of the most important parameters used t o s p e c i f y the 

performance of a CCD i s the i n e f f i c i e n c y involved in t r a n s f e r r i n g 

charge from one p o t e n t i a l we l l t o another . This parameter, 
31 

u s u a l l y des ignated by e , was d e f i n e d by Berglund as 

e = ^ 2 .7 
Qs 

where AQ i s the charge l o s t per t r a n s f e r from the s i g n a l charge 

Q . The cons iderab le 

subdivided as f o l l o w s : 

Q . The cons iderab le amount o f work done on t h i s e f f e c t can be 

11 1? 14 

( i ) The model l ing of the d i s p e r s i o n . * * * 

( i i ) I n v e s t i g a t i o n s i n t o the q u a n t i t a t i v e e f f e c t s of 
IS 

e on CCD performance. * 
( i i i ) Development of methods t o m i t i g a t e the e f f e c t s 

o f 

C l e a r l y , in the space a v a i l a b l e h e r e , the s u b j e c t of t r a n s f e r 

i n e f f i c i e n c y can be d i s c u s s e d only very b r i e f l y . 

I t i s u se fu l when cons ider ing t r a n s f e r i n e f f i c i e n c y t o 

d i s t i n g u i s h between three types o f l o s s . 

( i ) froporttoMaZ Zoas: In t h i s case the charge l o s t , 

^ l o s s ' proport ional t o the s i z e of the charge packet , and thus 

the t r a n s f e r i n e f f i c i e n c y parameter w i l l be a c o n s t a n t , i . e . 

Qloss = c Qs 2 -8 

In general t h i s l o s s i s caused when i n s u f f i c i e n t time i s al lowed 

f o r the t r a n s f e r p r o c e s s , and by s u r f a c e s t a t e trapping a t the 

edges of the s t o r a g e w e l l . Although i t can u s u a l l y be decreased 
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s l i g h t l y by i n c r e a s i n g the l e v e l o f background charge , i t cannot 

be e l i m i n a t e d . 

( i i ) f t z e d Zaae: In t h i s case a f i x e d amount of charge i s 

l o s t a t each t r a n s f e r , independent o f s i g n a l ampli tude. The major 

causes o f t h i s e f f e c t are the Si /SiO^ i n t e r f a c e ( s u r f a c e ) s t a t e s 

which w i l l trap charge from a charge packet as i t propagates along 

a d e v i c e . This e f f e c t i s p a r t i c u l a r l y marked i f p r i o r t o the 

i n t r o d u c t i o n o f a charge packe t , the s t a t e s have been complete ly 

discharged by t r a n s f e r r i n g a long s e r i e s o f complete ly empty w e l l s 

through the d e v i c e . The in troduc t ion o f a background charge or 

f a t - z e r o cons iderably reduces t h i s l o s s by ensuring t h a t the charge 

trapped i s rep len i shed by the emiss ion of a s i m i l a r amount of 

charge trapped during the previous t r a n s f e r c y c l e . 

( i i i ) Zoae; In t h i s case the charge l o s t i s non-

l i n e a r l y dependent on the s i g n a l charge packet , and so e w i l l be 

a f u n c t i o n of Q , i . e . 

Qloss " ^ (^s) ^s 

In general t h i s type of l o s s i s caused by p o t e n t i a l barr i er s 

occurring between e l e c t r o d e s t h a t are too wide ly separated . Although 

types ( i ) and ( i i ) are s p e c i a l cases of ( i i i ) , i t i s use fu l t o 

r e t a i n the d i s t i n c t i o n s i n c e i t can s i m p l i f y dev ice c h a r a c t e r i z a t i o n . 

An a n a l y s i s of the t r a n s f e r process can be carr i ed out 

most u s e f u l l y by employing the p o t e n t i a l we l l model ( in c o n t r a s t 
g O 

t o the charge control model of Berglund and Thomber ) descr ibed 

e a r l i e r . However, the assumption o f rectangular p o t e n t i a l w e l l s 

of the i d e a l i z e d model tends to lead t o p e s s i m i s t i c e s t i m a t e s o f 

t r a n s f e r i n e f f i c i e n c y ; in p r a c t i c e , the w e l l s merge ( s e e f i g u r e 2 . 1 7 ) 

g i v i n g r i s e t o an e l e c t r o s t a t i c f i e l d in the d i r e c t i o n o f charge 

t r a n s f e r , g e n e r a l l y termed a ' f r i n g i n g f i e l d ' . For CCDs f a b r i c a t e d 

on l i g h t l y doped s u b s t r a t e s (<10iScm"3), a f t e r the i n i t i a l t r a n s f e r 
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t r a n s i e n t , the f r i n g i n g f i e l d - i n d u c e d d r i f t dominates thermal 

d i f f u s i o n and s e l f - i n d u c e d d r i f t and so cons iderably reduces the 

decay time constant of the charge in the source w e l l . By ignoring 
38 

o ther l o s s e f f e c t s , Carnes e t a l . have derived an approximate 

expres s ion f o r the minimum t r a n s f e r t ime , t p , t o ach ieve an e of 

10"^ under f r i n g i n g f i e l d - a i d e d d r i f t . The expres s ion i s 

tp = 0 .62 
wXjV 

Sxj /L + 1 

5x d/L 

2.10 

where L i s the e l e c t r o d e l e n g t h , p i s the c a r r i e r m o b i l i t y , Xj i s 

the d e p l e t i o n region width beneath the centre o f the source 

e l e c t r o d e , and V i s the c lock v o l t a g e ampli tude. For a dev ice 

with t y p i c a l parameters , i . e . L = 10pm, Ng = lOi^cm'S, V = lOV, 

and an oxide t h i c k n e s s of O.lym, t p = 8ns which i s an order of 

magnitude l e s s than i f f r i n g i n g f i e l d s were absent . S ince the 

t r a n s f e r process depends non-1 inear ly upon the gate l e n g t h , a 

reduct ion of t h i s geometry w i l l r e s u l t in a s i g n i f i c a n t decrease 

in t r a n s f e r t ime , thus a l lowing higher c lock ing r a t e s t o be 

s a t i s f a c t o r i l y employed. 

The forego ing d i s c u s s i o n was concerned mainly with the 

t r a n s f e r i n e f f i c i e n c y in three-phase CCDs. Estimates of t h i s 

parameter in two-phase CCDs i s complicated by the f a c t t h a t the 

i n i t i a l s tage of the t r a n s f e r process i s l i m i t e d by the maximum 

current that can f low through the 'channel ' reg ion beneath the 

th ick oxide port ion of each phase e l e c t r o d e . This part a c t s as the 

gate of an MOST operated at p i n c h - o f f with the s torage w e l l s 

comprising the source and drain r e g i o n s . During the l a s t s t a g e s , 

however, the ra te of charge t r a n s f e r becomes dependent upon how 

f a s t the source wel l can be emptied. I f the th i ck oxide gate 

port ion i s much s h o r t e r than the t h i n oxide s e c t i o n , the f r i n g i n g 

f i e l d s in t h i s area are large enough t o immediately sweep any 

charge l eav ing the source wel l i n t o the r e c e i v i n g w e l l ; thus the 
39 

f i n a l s t a g e s can be c h a r a c t e r i s e d by a three -phase type t r a n s f e r . 
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I t was i n d i c a t e d e a r l i e r t h a t s u r f a c e s t a t e trapping i s 

a major cause of t r a n s f e r i n e f f i c i e n c y , but t h a t i t may be reduced 

by i n j e c t i n g a f a t - z e r o alongwith the s igna l charge. Although 

the s u r f a c e s t a t e s beneath the centre of the e l e c t r o d e can be 

' n e u t r a l i z e d ' by t h i s t echn ique , the s t a t e s beneath the edges of 

the e l e c t r o d e s cannot s i n c e t h e s igna l packet occupies a l a r g e r 

area of the Si /SiOg i n t e r f a c e than the b i a s charge , as i l l u s t r a t e d 

in f i g u r e 2 . 1 8 . Clearly by keeping the area o f the i n t e r f a c e not 

exposed t o the f a t - z e r o charge t o a minimum, the l o s s caused by 

t h i s s o - c a l l e d 'edge e f f e c t ' can be m i t i g a t e d . This can be 

accomplished by shortening the e l e c t r o d e s and i n c r e a s i n g the sub-

s t r a t e doping l e v e l t o 'sharpen' the p o t e n t i a l wel l edges ( t h i s 

l a t t e r s o l u t i o n w i l l , however, c o n f l i c t with the d e s i r e t o have 

l arge f r i n g i n g f i e l d s ) . An a n a l y s i s o f t h i s s i t u a t i o n shows t h a t 

the b e s t t r a n s f e r i n e f f i c i e n c y , e g , due t o the edge e f f e c t 

ach ievab le in an SCCD i s g iven by 

EC = 9 . 8 X 10-4 

'40 

1 
W 

"ss 

lOlO 

1015 
2.11 

where W i s the e l e c t r o d e width in microns and i s the s u r f a c e 

s t a t e d e n s i t y in cmT^ev"!. 

The e f f e c t of i n e f f i c i e n t charge t r a n s f e r in a CCD i s to 

cause a frequency dependent phase s h i f t and a t t enuat ion of the 

s i g n a l . Character izat ion of t h i s e f f e c t can most conven ient ly be 

carr ied out by using the z - t rans form.^S '* ! An approximate 

expres s ion f o r the amplitude response of a CCD with a cons tant 
42 

t r a n s f e r i n e f f i c i e n c y i s 

A ( f ) = exp -Npe (1 - cos2n f / f ) 2 .12a 

and f o r the addi t iona l phase s h i f t with re spec t t o the ideal CCD 

AP(f) = Npe sin(2m f / f _ ) rads 2 .12a 
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where N i s the number o f b i t s , p i s the number of phases and f^ i s 

the c lock frequency . The amplitude and phase response are p l o t t e d 

in f i g u r e 2 .19 f o r d i f f e r e n t values of Npe product; from t h i s i t 

can be seen t h a t provided Npe < 0 . 1 , the analogue performance i s 

not unduly degraded. 

In a d d i t i o n t o causing an a t t e n u a t i o n of high s i g n a l 

f r e q u e n c i e s , the charge l e f t behind a t each t r a n s f e r a l s o shows 

a random f l u c t u a t i o n in s i z e , and t h e r e f o r e adds no i s e t o the 

s i g n a l being proces sed . However, s i n c e a f l u c t u a t i o n causing an 

exces s of charge t o be l e f t behind r e s u l t s in a l a r g e r d e f i c i t in 

the main charge packet , and v i c e v e r s a , the v a r i a t i o n s in adjacent 

charge packets w i l l be c o r r e l a t e d , and so the no i s e s p e c t r a l 

d e n s i t y w i l l have a s p e c i a l c h a r a c t e r i s t i c ; in f a c t i t w i l l be 

suppressed a t low f r e q u e n c i e s and enhanced at high f r e q u e n c i e s 

and has the form*^ 

S ( f ) = 4 N f c AQ2^^ (1 _ c o s 2 , f / f c ) 2 . 1 3 
q 

where AQZyp, i s the mean square f l u c t u a t i o n s introduced by each 

t r a n s f e r p r o c e s s . 

The dominant no i se source in dev i ce s operated in the 

complete t r a n s f e r mode i s due to the f l u c t u a t i o n s in the magnitude 

of charge r e l e a s e d from the s u r f a c e s t a t e s , in p a r t i c u l a r those 

having r e - e m i s s i o n time constants of the order of the a v a i l a b l e 

t r a n s f e r t ime. These f l u c t u a t i o n s have been shown t o be** 

AQZyR = q kT Ag Ngg ln2 2 .14 

where Ag i s the area over which the s u r f a c e s t a t e s are f i l l e d 

(approximately the e l e c t r o d e a r e a ) . There w i l l be two f l u c t u a t i o n s 

a s s o c i a t e d with each t r a n s f e r , i . e . a f l u c t u a t i o n in charge trapped 

beneath the r e c e i v i n g e l e c t r o d e and a f l u c t u a t i o n in the charge 
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emit ted from the s t a t e s beneath the source e l e c t r o d e ; t h e s e 

proces se s w i l l be independent and so the t o t a l mean square 

f l u c t u a t i o n s in a charge packet a f t e r Np t r a n s f e r s w i l l be 

= 2Np AQZyp 2 .15 

Whils t t r a n s f e r i n e f f i c i e n c y i s an important parameter f o r 

many s igna l process ing a p p l i c a t i o n s , c o n s t r a i n t s on dev i ce design 

t o minimize t h i s e f f e c t may be re laxed in c e r t a i n c a s e s . For 

i n s t a n c e , r e l a t i v e l y high va lues of e can be t o l e r a t e d in CCD 

transversa l f i l t e r s , whereas CCD r e c u r s i v e f i l t e r s and i n t e g r a t o r s 

are h igh ly s e n s i t i v e t o t h i s parameter. This important t o p i c w i l l 

be d i scussed in g r e a t e r d e t a i l in the l a t e r Chapters of t h i s 

t h e s i s . 

2 .7 Dark Current Generation 

Charge i s s tored in a CCD under non-thermal equi l ibr ium 

c o n d i t i o n s ; consequently a maximum s t o r a g e time e x i s t s be fore 

s i g n i f i c a n t degradation of the s igna l charge occurs due t o the 

accumulation of thermally generated c a r r i e r s . The generat ion 

process i s not only random but s p a t i a l l y non-uniform, and so in 

add i t ion to the sho t no i se contr ibuted to each charge packe t , the 

CCD output shows a f i x e d pat tern n o i s e . The dominant source of 

t h i s s o - c a l l e d 'dark current ' i s generat ion in the dep le ted region 

of the s u b s t r a t e and v i a mid-band i n t e r f a c e s t a t e s . B o t h processes 

are h igh ly temperature dependent and s i g n i f i c a n t i n c r e a s e s in 

s torage times can be achieved by c o o l i n g the CCD. D i f f e r e n t 

process ing condi t ions a l s o introduce a wide v a r i a t i o n in dark 

current magnitude, and at present a cons iderab le amount of work i s 

being done to opt imise f a b r i c a t i o n procedures t o c o n s i s t e n t l y 

achieve low dark current d e n s i t i e s . Indeed, c l o s e c o r r e l a t i o n of 

large dark current s p i k e s with s t a c k i n g f a u l t s in the CCD channel 

has a lready been observed*^ and CCDs f a b r i c a t e d with the appropriate 

process ing sequence which inc ludes c a r e f u l l y c o n t r o l l e d anneal ing 

treatments have e x h i b i t e d s torage times o f s evera l seconds a t room 
47 

temperature. 
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2 . 8 Summary 

In t h i s Chapter, the implementation of var ious CCD input 

and output c o n f i g u r a t i o n s have been d i s c u s s e d . Emphasis has been 

placed upon performance l i m i t a t i o n s imposed by f a b r i c a t i o n 

c o n s t r a i n t s , l i n e a r i t y , no i se generat ion and t r a n s f e r i n e f f i c i e n c y . 

Although the CCD i s conceptua l ly a very s imple s t r u c t u r e , dev i ce 

l a y o u t , geometry, s u b s t r a t e materia l and dr iv ing mode play an 

important ro le in determining the s i g n a l process ing performance. 

However, i f a t t e n t i o n i s paid t o these a r e a s , performance comparable 

t o t h a t achieved with conventional d i g i t a l techniques can be 

e a s i l y r e a l i z e d . For example. Table 1 shows the n o i s e sources of 

a t y p i c a l three-phase CCD s t r u c t u r e conta in ing 256 b i t s when 

operated a t IMHz. The t a b l e shows t h a t the dev ice has a p o t e n t i a l 

dynamic range o f =90dB. N o n - l i n e a r i t i e s of l e s s than -45dB have 

been obtained and the p o s s i b i l i t y e x i s t s of reducing t h i s to -60dB. 

Thus i t can be seen t h a t d e s p i t e the inherent shortcomings 

of CCDs, they are a very compet i t ive a l t e r n a t i v e to t r a d i t i o n a l 

s i g n a l process ing t e c h n i q u e s , p a r t i c u l a r l y in view o f t h e i r simple 

analogue s torage c a p a b i l i t y . Some of the many and varied ways in 

which CCDs may be used f o r analogue s i g n a l process ing w i l l be 

descr ibed in the next Chapter. 

Noise Equivalent 

Noise Source Signal in SCCD 

Electrical Insertion 600-900(220*) 
of Fat-zero 

600-900(220*) 

Electr ical Insertion 600-900(220*) 
of Signal 

600-900(220*) 

Trapping Noise 720 
NggelOScdPeV-i 

On-chip Amplifier 180 
*Mse 

Dark Current Noise 60 
for 1ms Delay 

60 

Total Noise 960(770*) 

Maximum Signal 40x10^ 

Dynamic Range 94dB* 

Table 1. The RMS n o i s e e q u i v a l e n t s igna l in e l e c t r o n s per 
charge packet . The va lues denoted by (*) are the t h e o r e t i c a l 
f i g u r e s g iven by /E/S&TC. The o t h e r s are measured v a l u e s . 
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CHAPTER THREE 

THE APPLICATION OF CCDs TO ANALOGUE SIGNAL PROCESSING 

3 .1 Introduct ion 

The implementation of many analogue s i g n a l p r o c e s s i n g 

techniques requires the r e a l i z a t i o n of an accurate and sometimes 

v a r i a b l e time d e l a y . I t has a lready been i n d i c a t e d t h a t a CCD 

f u l f i l s to a l arge e x t e n t these requirements , s i n c e i t provides 

d i r e c t analogue s i g n a l s t o r a g e in the form of v a r i a b l e s i z e d 

charge packets whose propagation from the input t o the output can 

be a c c u r a t e l y c o n t r o l l e d by an external c l o c k . Moreover, the small 

s i z e o f the dev i ce s a l lows a high s torage d e n s i t y to be achieved 

with low power consumption. Consequently many s i g n a l process ing 

f u n c t i o n s have been i d e n t i f i e d f o r implementation with CCDs.* 

Many types of CCD s i g n a l proces sor have been proposed and 

implemented, however, in t h i s Chapter only those systems t h a t are 

r e l e v a n t to the work to be reported l a t e r w i l l be d i s c u s s e d . F i r s t , 

the use of tapped CCD de lay l i n e s w i l l be d i s c u s s e d , and then the 

use o f the convent ional s e r i a l i n / s e r i a l out type of de lay l i n e w i l l 

be d e s c r i b e d . Fol lowing t h i s , some work carr i ed out by the author 

t o demonstrate the use of a s e r i a l CCD delay l i n e in t e l e v i s i o n 

s i g n a l proces s ing w i l l be presen ted . 

3 . 2 Transversal F i l t e r s 

A t r a n s v e r s a l f i l t e r ^ ^ i s a system in which the output i s 

formed by summing weighted temporal samples of the input waveform; 

such a system i s i l l u s t r a t e d in f i g u r e 3 . 1 a . By i n s p e c t i o n of 

t h i s f i g u r e , i t can be seen t h a t the output v o l t a g e i s g iven by 

N 

Vout (KTc) ' " c - " V 3-1 

n=l 

* I t should be po in ted o u t , however, t h a t in some a p p l i c a t i o n s the 
e f f i c a c y of s u b s t i t u t i n g CCDs f o r e x i s t i n g de lay l i n e s i s 
debatab le . For i n s t a n c e , the replacement of t r a d i t i o n a l s imple 
g l a s s delay l i n e s in PAL co lour t e l e v i s i o n r e c e i v e r s with a CCD 
would probably r e s u l t in a cons iderab le i n c r e a s e in c o s t and 
ci r c u i t comp1 exi t y . 4 8 
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X , u m ) = E V i n ( * T r m , i 
n=1 

Fig 3 .1a The implementation of a transversa l f i l t e r . 

AREA* (1*1^) 

CHARGE 
TRANSFER 

AREA «(1-hn) 

Fig 3.1b The s p l i t gate tapping technique, 
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where i s the we ight ing a t tached t o each sample, T i s the time 

de lay of each s t a g e , and K i s an i n t e g e r . I f the waveform V(KT ) 

i s c locked i n t o a CCD at a ra te f ^ (=T/Tc) the samples (KT^ - nT^) 

w i l l be s tored in adjacent b i t s of the d e v i c e . Thus i f the 

charge represent ing each sample i s sensed n o n - d e s t r u c t i v e l y , a 

t ransversa l f i l t e r providing any des i red f i n i t e impulse response 

can, in p r i n c i p l e , be r e a l i z e d t o be appropr ia te ly weight ing and 

summing the outputs o f the s e n s i n g p o i n t s . The l a r g e number of 

m u l t i p l i c a t i o n s and subsequent summation may be c a r r i e d o u t very 

simply using a modif ied form of e i t h e r of the charge s e n s i n g 

techniques d i s cus sed in s e c t i o n 2 . 5 . 3 and 2 . 5 . 4 c a l l e d s p l i t - g a t e 
5 0 

tapping . The technique i n v o l v e s s p l i t t i n g each sens ing e l e c t r o d e 

a t a po int determined by the required tap weight ( s ee f i g u r e 3 . 1 b ) 

so t h a t the area o f each s e c t i o n i s in the r a t i o (1 + h^) : (1 - h ) . 

Summation i s carr i ed out by connect ing each s e c t i o n t o two separate 

bus bars which are common t o t h e corresponding s e c t i o n s of the 

o ther s ens ing e l e c t r o d e s . The s i g n a l s generated on these two bus 

bars are then d i f f e r e n t i a l l y ampl i f i ed t o provide the f i l t e r output . 

The c a l c u l a t i o n of the tap weights to produce the d e s i r e d f i l t e r 

response can be done e a s i l y using computer t e c h n i q u e s , e . g . using 

the Parks and MkClellan a lgor i thm. 

The l i n e a r i t y of s p l i t - g a t e tapped transversa l f i l t e r s 

depends upon the type o f charge i n j e c t i o n scheme used and whether 

f l o a t i n g - g a t e v o l t a g e or current sens ing i s employed. A d e t a i l e d 

a n a l y s i s of the various c o n f i g u r a t i o n s have been carr ied out by 
52 

the author and i s reproduced in Appendix 2; i t i s shown that i f 

a sur face p o t e n t i a l s e t t i n g charge i n j e c t i o n scheme ( i . e . the diode 

c u t - o f f scheme described in s e c t i o n 2 . 4 . 2 ) i s used in conjunct ion 

with current s e n s i n g , a h ighly l i n e a r o v e r a l l t r a n s f e r response 

can be achieved. Unfortunately the diode c u t - o f f scheme introduces 

a n o n - l i n e a r i t y due to charge p a r t i t i o n i n g . However, i t may be 

p o s s i b l e to minimize t h i s by care fu l des ign o f the input s e c t i o n . 

Indeed, a t ransversa l f i l t e r employing t h i s c o n f i g u r a t i o n has 

demonstrated n o n - l i n e a r i t i e s of l e s s than -45dB.^^ 
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The no i s e sources a s s o c i a t e d with CCD transversa l f i l t e r s 

are s i m i l a r t o those d i scussed in Chapter 2. However, the band-

l i m i t i n g e f f e c t of the f i l t e r a l lows a p o t e n t i a l i n c r e a s e in s i g n a l -

t o - n o i s e r a t i o a t the output . 

The disadvantages of s p l i t - g a t e tapping schemes are that 

the f i l t e r response i s f i x e d by the chip artwork, and any tap 

weight inaccuracy caused by quant i za t ion errors in p o s i t i o n i n g the 

s p l i t along the e l e c t r o d e , mask misa l ignments , t r a n s f e r i n e f f i c i e n c y , 

or charge-hogging beneath the s ens ing e l ec trodes^^ are d i f f i c u l t 

to r e c t i f y a f t e r f a b r i c a t i o n . The e f f e c t s of quant i za t ion errors 

can be reduced by using wide e l e c t r o d e s and i f the magnitude of 

the t r a n s f e r i n e f f i c i e n c y i s known, i t i s p o s s i b l e to p r e - d i s t o r t 
50 

the tap w e i g h t s . However, a more v e r s a t i l e s o l u t i o n which enables 

adaptive f i l t e r systems to be designed i s to use complete e l e c t r o d e 

taps i n d i v i d u a l l y ampl i f i ed before summation. This enables the 

t r a n s f e r f u n c t i o n to be modif ied a t w i l l by appropr iate ly 

programming the a m p l i f i e r g a i n s ; furthermore, any v a r i a t i o n in tap 

s e n s i t i v i t y , e . g . due t o o v e r - e t c h i n g , can be compensated by trimming 

indiv idual a m p l i f i e r s . Several systems employing t h i s idea have 

been d e s c r i b e d , ^ 4 ' 5 5 however, d e s p i t e t h e i r v e r s a t i l i t y and the 

p o s s i b i l i t y of good l i n e a r i t y by employing feedback techniques the 

cons iderable i n c r e a s e in c i r c u i t complexity has s e v e r e l y r e s t r i c t e d 

t h e i r development in favour of s p l i t - g a t e f i l t e r . Several authors 

have amply demonstrated the s i m p l i c i t y of t h i s l a t t e r approach, 

inc luding workers a t Texas Instruments , who have f a b r i c a t e d a 

complete 800 s tage CCD transversa l f i l t e r conta in ing sens ing and 

c l o c k - d r i v i n g c i r c u i t r y on a 5 x 3.5mm s i l i c o n chip.^^ 

As wel l as being able to r e a l i z e a s imple f i l t e r i n g f u n c t i o n 

with a CCD transversa l f i l t e r , they may a l s o be used in another 

important area of analogue s igna l proces s ing - s p e c t r a l a n a l y s i s . 

Rather than use a bank of bandpass t ransversa l f i l t e r s f o r t h i s 

purpose, a more e l e g a n t approach i s p o s s i b l e ; before d i s c u s s i n g 

t h i s , however, current ly used s p e c t r a l a n a l y s i s techniques w i l l be 

b r i e f l y reviewed. The most common method at present i s to employ a 
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loca l o s c i l l a t o r t o sweep the frequency band of i n t e r e s t . This 

method n e c e s s i t a t e s a cont inuous ly appl ied s i g n a l and the scanning 

time f o r high r e s o l u t i o n in the frequency domain can be c o n s i d e r a b l e . 

If the spectrum of a f i n i t e s e t of data samples i s requ ired , e . g . in 

radar Doppler p r o c e s s i n g , a l t e r n a t i v e techniques must be employed, 

and r e c e n t l y t h i s has n e c e s s i t a t e d the use of d i g i t a l proces s ing 

with the f a s t Fourier transform (FFT) algori thm. Unfortunate ly such 

systems are i n h e r e n t l y bulky, e x p e n s i v e , and may be too slow f o r 

real time a p p l i c a t i o n s . However, by r e s t r u c t u r i n g the d i s c r e t e Four-

i e r transform (DFT)^^'^^ the s o - c a l l e d chirp z - transform (CZT) can 

be derived in which the bulk of the s p e c t r a l computations are 

carr ied out in the form of complex convolut ions of the input s igna l 

with a s e t of f i x e d w e i g h t s . 

Inspec t ion of f i g u r e 3 .1 r e v e a l s that the output from a CCD 

transversa l f i l t e r i s the convolut ion of the input waveform with 

the tap w e i g h t s ; t h e r e f o r e by employing CCD transversa l f i l t e r s 

whose tap weights are de f ined according t o the CZT implementation, 

a real time spectrum ana lyser can be r e a l i z e d with the add i t iona l 

a t t r a c t i o n of low c o s t and s i z e . Indeed, severa l CCD CZT spec tra l 

ana lysers have been reported,^^'^^'^^ demonstrating data r a t e s as 

high as IMHz^^ and frequency r e s o l u t i o n as low as IHz.^^ 

3 . 3 Recursive F i l t e r s 

The f a c i l i t y o f f e r e d by CCDs of accurate delay duration 

independent o f s i g n a l f requency , i d e a l l y s u i t them to the 

implementation o f r e c u r s i v e f i l t e r s . These f i l t e r s employ feedback, 

and feedforward elements around delay s t a g e s t o achieve an i n f i n i t e 

impulse response . The g e n e r a l i z e d form of a Kth order recurs ive 

f i l t e r i s shown in f i g u r e 3 . 2 ; and by adjus t ing the values of the 

feedback and feedforward c o e f f i c i e n t s , the f i l t e r c h a r a c t e r i s t i c 

can be a l t e r e d with r e l a t i v e e a s e . 

A three pole Chebychev f i l t e r designed by Bounden e t al .^^ 

to i n v e s t i g a t e MTI f i l t e r i n g i s shown in f i g u r e 3 . 3 . Each delay 
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INPUT OUTPUT 

DELAY 
STAGES 

Fig 3 . 2 The genera l i zed form of the Kth order recurs ive f i l t e r . 

O/P 

+0 0881 - I 7012 

+1 2001 

delay 

delay 

S/H 

Fig 3 . 3 A three -po le Chebychev f i l t e r implemented with CCDs 
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s t a g e i s an 8 - b i t three-phase CCD operated with an in terrupted 

330kHz c lock t o g ive a delay durat ion o f 26ps. Response minimas 

occur a t i n t e g r a l m u l t i p l e s of 38.4kHz wi th the f i r s t minima g i v i n g 

32dB a t t e n u a t i o n . 

By s e t t i n g a l l the feedforward and feedback c o e f f i c i e n t s , 

except a^ = 1 and b^ < 1 , to z e r o , i t i s p o s s i b l e t o r e a l i z e a 

s p e c i a l case o f the r e c u r s i v e f i l t e r , the r e c u r s i v e s i g n a l i n t e g r a t o r . 

This has an important a p p l i c a t i o n in radar v ideo process ing where 

s i g n a l - t o - n o i s e r a t i o improvements can be obtained by i n t e g r a t i n g 

severa l s u c c e s s i v e returns as the antenna r o t a t e s , or when the no i se 

i s c l u t t e r , by i n t e g r a t i n g severa l s u c c e s s i v e returns from a s i n g l e 

bearing . S ince the CCD implementation of v ideo i n t e g r a t o r s w i l l 

be a major t o p i c o f concern in t h i s t h e s i s , f u r t h e r d i s c u s s i o n of 

t h i s a p p l i c a t i o n w i l l be postponed u n t i l the l a t e r Chapters. 

As mentioned in s e c t i o n 2 . 6 , charge t r a n s f e r i n e f f i c i e n c y 

causes a more n o t i c e a b l e departure from the des igned response of 

r e c u r s i v e f i l t e r s than transversa l f i l t e r s . This i s due t o the 

bui ld-up of charge r e s i d u a l s as the s i g n a l r e c i r c u l a t e s through the 

delay l i n e s v ia the feedback e l e m e n t s . By u t i l i z i n g the z - transform 

a n a l y s i s of a CCD delay l i n e e x h i b i t i n g charge t r a n s f e r i n e f f i c i e n c y , 

i t can be shown^^ t h a t t r a n s f e r i n e f f i c i e n c y i n c r e a s i n g l y m o d i f i e s 

the f i l t e r c o e f f i c i e n t s with i n c r e a s i n g s igna l frequency . Two terms 

are invo lved; the f i r s t introduces a frequency independent mod i f i ca -

t i o n which could be compensated f o r by simply introducing i t i n t o 

c o e f f i c i e n t . The second part i s , however, frequency dependent and 

causes a s i g n i f i c a n t d i s p a r i t y between the measured and pred ic ted 

performance as the r a t i o between the s i g n a l frequency and the c lock 

frequency i n c r e a s e s . I n p a r t i c u l a r , the maximas s u f f e r an 

increas ing a t t e n u a t i o n with increas ing s i g n a l f requency , and the 

n u l l s and peaks s h i f t towards lower f r e q u e n c i e s . This d i s p a r i t y 

has been observed^^'^* ^^d r e l a t i v e l y good agreement between the 

measured frequency response and t h a t p r e d i c t e d us ing the z - transform 

a n a l y s i s has been obta ined . 

62 
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Several methods have been sugges ted t o reduce the s e n s i t i v i t y 

of r e c u r s i v e f i l t e r s t o t r a n s f e r i n e f f i c i e n c y , but d i s c u s s i o n o f 

these w i l l be delayed u n t i l a l a t e r Chapter. 

3 . 4 Time Axis Conversion 

The temporal spacing o f the samples of an analogue s i g n a l 

s t o r e d in a CCD i s dependent s o l e l y upon the frequency of the c lock 

waveform. Thus the bandwidth and durat ion of a s i g n a l can be a l t e r e d 

i f i t i s c locked i n t o a CCD a t one frequency and the dev ice i s 

emptied a t a d i f f e r e n t frequency. 

Several a p p l i c a t i o n s of t h i s f a i r l y novel f a c i l i t y of time 

ax i s convers ion have been i d e n t i f i e d and demonstrated. These 

a p p l i c a t i o n s inc lude the c o r r e c t i o n of speed errors in v i d e o - t a p e 

r e c o r d e r s , c o r r e c t i o n of speeded up speech s i g n a l s from tape 

recorders ,^^ t r a n s i e n t data recording^^ and s ignal m u l t i p l e x i n g . 

This technique has a l s o r e c e n t l y been used t o adjus t the time 

duration and bandwidth o f a radar s i g n a l f o r subsequent process ing 
g 

with sur face a c o u s t i c wave (SAW) spectrum a n a l y s e r s , and a l s o in 

sonar beamforming.^^ 

Although CCDs may be operated in t h i s d i f f e r e n t i a l - c l o c k 

mode in a f a i r l y s t ra ight forward manner, c e r t a i n aspec t s meri t some 

a t t e n t i o n . For i n s t a n c e , the presence of dark currents may produce 

a s i g n i f i c a n t f i x e d pat tern n o i s e in the output s i g n a l . Consider 

f i r s t f i x e d clock CCD o p e r a t i o n ; the time al lowed to accumulate charge 

in each charge packet propagating along the dev ice i s c o n s t a n t , 

thus the dark currents merely contr ibute a DC l e v e l and sho t no i s e 

to the s i g n a l . I f , however, the clock i s suddenly increased and 

i s s u f f i c i e n t l y h igh , the s p a t i a l d i s t r i b u t i o n of the dark current 

generat ion s i t e s w i l l tend t o be ' f r o z e n ' i n t o the output waveform 

and thus w i l l c o n s t i t u t e a f i x e d pat tern n o i s e . This s i t u a t i o n can 

be improved by ensuring t h a t the low c lock frequency i s such that 

a r e l a t i v e l y i n s i g n i f i c a n t amount of charge accumulates in each 

packet , thereby reducing the magnitude of the r e s u l t i n g f i x e d pattern 

n o i s e . 
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Another c o n s i d e r a t i o n of t h i s mode of operat ion i s t h a t i f 

there e x i s t s a f a i r l y large i n t e r e l e c t r o d e capac i tance due t o 

overlapping e l e c t r o d e s , then the i n c r e a s e in clock frequency w i l l 

a l s o r e s u l t in an i n c r e a s e in c lock no i s e feedthrough, as d i s c u s s e d 

in s e c t i o n 2 . 4 . 

3 . 5 A F e a s i b i l i t y Study on the Appl i ca t ion of CCDs to 

TV Broadcast ing 

3 . 5 . 1 Introduct ion 

To provide exper ience of using CCDs in analogue s i g n a l 

p r o c e s s i n g , the f e a s i b i l i t y of applying CCD time ax i s convers ion 

t o a TV system was s t u d i e d . The concept o f the scheme, which was 

proposed by the Independent Broadcasting Author i ty , i s as f o l l o w s . 

During the transmiss ion of TV programmes to r e l a y s t a t i o n s , or 

during communication between TV cameramen and the control room, the 

audio and v ideo information are s e n t on two complete ly separate 

channels . However, approximately 17 redundant scan l i n e s e x i s t a t 

the beginning of every ha l f - f rame p e r i o d , and so the p o s s i b i l i t y a r i s e s 

of employing t h i s unused time i n t e r v a l f o r t ransmi t t ing the audio 

s i g n a l , provided i t can be s u i t a b l y processed . 

Consider a s i n g l e TV l i n e ; approximately 5Ops are a v a i l a b l e 

f o r data i n s e r t i o n . The ha l f - f rame period i s 20ms, so i f during 

transmiss ion the audio i s sampled over t h i s period and time compressed 

by a f a c t o r o f 400 , provided the r e s u l t i n g bandwidth of the compressed 

audio i s not g r e a t e r than the video bandwidth, i t can be i n s e r t e d 

i n t o one of the redundant l i n e s . By revers ing t h i s procedure a t 

the r e c e i v e r , the audio s ignal can be r e s t o r e d . As d i s cus sed 

a l r e a d y , the CCD i s i d e a l l y s u i t e d to the implementation o f a time 

ax is convers ion f a c i l i t y . 

3 . 5 . 2 The S p e c i f i c a t i o n s 

The v ideo bandwidth of present TV transmiss ions i s 5.5MHz, 

so the i n s e r t e d information must not exceed t h i s l i m i t . Consequently 
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i f a s i n g l e scan l i n e i s used t o carry the audio sampled during 

the previous ha l f - f rame p e r i o d , the maximum audio frequency i s 

13.75kHz ( i f two l i n e s are employed, then the maximum frequency 

would be 27.5kHz, wel l in e x c e s s o f the present audio frequency 

bandwidth of 15kHz). During the compression c y c l e 50ns of audio 

information i s l o s t , but t h i s i s a n e g l i g i b l e f r a c t i o n (1 /400) of 

the t o t a l sample per iod and so only one CCD would be required . 

The s torage capac i ty of the CCD can be determined from the product 

o f the c lock frequency (governed by the Nyquist sampling c r i t e r i o n ) 

and the t o t a l sample per iod . Using the f i g u r e s presented above, 

a CCD with a minimum of 550 b i t s i s required. 

3 . 5 . 3 S p e c i f i c a t i o n s f o r the F e a s i b i l i t y Study 

A 550 b i t CCD i s required in a system demonstrating f u l l 

broadcast ing c a p a b i l i t y , in order t h a t a f u l l audio bandwidth 

s igna l may be acquired during a ha l f - f rame per iod . However, a 

CCD of such capac i ty i s not required in order to demonstrate time 

ax i s convers ion . In f a c t the l a r g e s t CCD a v a i l a b l e to the author 

a t the time o f the study contained only 39 b i t s , thus imposing a 

r e s t r i c t i o n on the audio bandwidth and read- in i n t e r v a l , n e v e r t h e l e s s 

the f e a s i b i l i t y of using CCDs in such an a p p l i c a t i o n could s t i l l 

be i n v e s t i g a t e d . I t was a l s o decided to reduce the maximum clock 

frequency to IMHz s i n c e , although the dev ice was capable of 

operat ing a t llMHz, the lower frequency would s i m p l i f y the i n i t i a l 

e v a l u a t i o n of the prototype c i r c u i t . To p a r t i a l l y o f f s e t the 

r e s u l t i n g decrease in time compression f a c t o r , the minimum clock 

frequency was reduced to 14kHz y i e l d i n g a time compression f a c t o r 

of =71. The read- in and read-out times during the compression 

c y c l e are thus 2.8ms and 39ws r e s p e c t i v e l y . 

3 . 5 . 4 The CCD Peripheral C ircu i t ry 

The 39 b i t CCD used in t h i s study ( s ee f i g u r e 3 . 4 ) was a 

two-phase stepped oxide dev ice f a b r i c a t e d using the s e l f - a l i g n e d 

gap t echn ique . I t was operated in the l&-phase mode with the 

gate of the r e s e t t r a n s i s t o r connected e x t e r n a l l y to the 4^ 
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F i g . 3 . 4 Photomicrograph of the chip used f o r the f e a s i b i l i t y 

study .The 3 9 - b i t device i s at the top of the p i c t u r e . 

14kHz 

- 2 0 v 

Fig 3 .5 The c i r c u i t used to generate 39 clock pulses a l t e r n a t e l y 

at 14kHz and IMHz. 
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e l e c t r o d e s . The c lock pulse generator was required to generate 

39 pu l ses a l t e r n a t e l y a t 14kHz and IMHz. The frequency generators 

were designed using standard TTL NAND and NOR g a t e s , as shown in 

f i g u r e 3 . 5 . This implementation enables the t r a n s i t i o n between 

f requenc ie s to be made very e a s i l y ; the NAND gate c i r c u i t w i l l 

only o s c i l l a t e i f a l l unused inputs are a t l o g i c '1 ' and converse ly 

f o r the NOR c i r c u i t . Hence i f the unused inputs of each generator 

are appropr ia te ly connected, control over the output frequency can 

be e x e r c i s e d simply with a binary input . The control b i t i s 

provided by a counter whose output a l t e r n a t e s between l o g i c l e v e l s 

every 39 input p u l s e s . The d i s c r e t e t r a n s i s t o r c i r c u i t in 

f i g u r e 3 . 5 a m p l i f i e s the r e s u l t a n t pu l se s to the required magnitude 

t o dr ive the CCD. 

Since the f e a s i b i l i t y study was t o inc lude an i n v e s t i g a t i o n 

o f both the compression and subsequent expansion of the audio 

s i g n a l ; s imula t ion o f the transmiss ion channel was a l s o required . 

This would cause bandl imit ing of the output from the CCD; i . e . the 

sampled data nature o f the output waveform would be i n t e r p o l a t e d 

t o a 'smooth' s i g n a l . This was s imulated in the i n v e s t i g a t i o n by 

a s imple low-pass a c t i v e f i l t e r with a c u t - o f f frequency at 

approximately 500kHz. 

In order that no i se from the compression system, the 

majori ty o f which would be part of the audio s igna l s tored in the 

CCD during the a p p l i c a t i o n of the high c lock frequency , i s not 

added to the video in format ion , the compressed audio s ignal must 

be appl ied to the v ideo c i r c u i t s v ia a gate properly synchronized 

t o the l i n e frequency . The c i r c u i t s required to achieve t h i s were 

not i n v e s t i g a t e d a t t h i s s t a g e , but i n s t e a d the audio s i g n a l could 

be s e t to zero pr ior t o being appl ied to the CCD. This f a c i l i t y 

was provided in the c i r c u i t r y of the s i g n a l source used to generate 

the audio waveform; t h i s arrangement r e a l i z e d the addi t iona l 

advantage o f improving the t race synchronizat ion on the monitoring 

o s c i l l o s c o p e . 
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% % 

GATE PULSE 

CLOCK 

GENERATOR 

OUTPUT 

Fig 3 .6 The experimental s e t up of the f e a s i b i l i t y study. 

Fig 3 .7 An osc i l l ograph of the s ignal at various parts in 

the c i r c u i t . 

(a) The input waveform. 0.56 m s / h o r i z . d i v . 

(b) The compressed, u n f i l t e r e d output from the 

f i r s t CCD. 6 . 5 ^ s / h o r i z . d i v . 

(c) The s ignal restored to i t s or ig ina l time 

duration. 0.56 m s / h o r i z . d i v . 



Figure 3 . 6 shows the experimental arrangement f o r the 

f e a s i b i l i t y s tudy . In order t o s i m p l i f y the synchroniza t ion of 

the read- in and read-out c y c l e s o f the two CCDs, the same clock 

generator was used to dr ive both d e v i c e s . 

3 . 5 . 4 Resul t s 

The performance of the c i r c u i t f o r compression and 

subsequent expansion o f an audio frequency s i n e wave i s i l l u s t r a t e d 

in f i g u r e 3 . 7 , which comprises a s e r i e s o f photographs of the 

s i g n a l taken a t various po int s in the c i r c u i t . The t race (a) 

shows the gated input s i g n a l ; t race (b) shows the u n f i l t e r e d 

output from the f i r s t CCD on an expanded t ime-base . The input 

s i g n a l has undergone time compression by a f a c t o r of 71; t race ( c ) 

shows the output of the second CCD where the input s igna l has been 

res tored t o i t s o r i g i n a l time durat ion . Although no q u a n t i t a t i v e 

measurements of n o i s e and l i n e a r i t y were made a t t h i s s t a g e , the 

analogue performance o f the system seems h igh ly a c c e p t a b l e . (Haken 

subsequent ly reported measurements on the input technique used in 
1R 

the CCDs showing i t t o be very l i n e a r . ) 

3 . 5 . 5 Conclusion and Further Work 

The pre l iminary i n v e s t i g a t i o n s on the experimental c i r c u i t 

reported above e s t a b l i s h the f e a s i b i l i t y of using CCDs f o r time a x i s 

convers ion in a TV system. Furthermore, the ease wi th which a 

two-phase CCD may be operated with j u s t a s i n g l e c lock waveform i s 

demonstrated. 

Unfortunat ley due to lack of f i n a n c i a l support , the p r o j e c t 

had to be terminated at t h i s s t a g e , so no f u r t h e r experimental 

work was undertaken which would have determined the no i se perform-

ance and l i n e a r i t y of the CCDs when operated in the d i f f e r e n t i a l -

clock mode. Although the c i r c u i t was des igned to a r e s t r i c t e d 

s p e c i f i c a t i o n , l a r g e r CCDs are current ly a v a i l a b l e , and the 

implementation of a f u l l broadcast -compat ible system using a 

22 X 25 b i t s e r i a l - p a r a l l e l - s e r i a l CCD array to reduce the e f f e c t s 
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of t r a n s f e r i n e f f i c i e n c y would be s t ra ight forward . I t i s proposed 

that the c i r c u i t o f f i g u r e 3 . 8 might be used f o r the i n s e r t i o n 

of the compressed audio on t o the c o r r e c t Tine , with a s i m i l a r 

arrangement a t the r e c e i v e r . Several c lock generat ion schemes f o r 

a f u l l broadcast system have a l s o been cons idered . The f i r s t uses 

e x i s t i n g high accuracy frequency sources w i th in the TV system; the 

l i n e scan frequency (15.625kHz) and the co lour s u b c a r r i e r (4.434MHz) 

both s u i t a b l y s c a l e d could provide the low and high c lock f requenc i e s , 

A l t e r n a t i v e l y , i f the compressed audio i s d i s t r i b u t e d over three 

scan l i n e s , then the high c lock frequency f a l l s w i t h i n the v ideo 

bandwidth and could t h e r e f o r e be t ransmi t t ed . Detect ion and 

process ing o f t h i s frequency would provide the read- in c lock at the 

r e c e i v e r . 

In c o n c l u s i o n , i t i s f e l t tha t such a CCD s igna l process ing 

scheme could r e a d i l y be used in a TV system with s i g n i f i c a n t 

advantages over a l t e r n a t i v e , e . g . d i g i t a l , implementation. 

3 .6 Summary 

A small number of CCD implementations o f the many p o s s i b l e 

s igna l process ing systemshave been d i scussed in t h i s Chapter. The 

s i m p l i f i c a t i o n of system des ign and the reduct ion in component 

count made p o s s i b l e by the analogue s torage c a p a b i l i t y of the CCD 

i s perhaps most s i g n i f i c a n t , but in addi t ion the s u b s t a n t i a l 

reduction in c o s t , bulk and power consumption of complete processors 

over a l t e r n a t i v e implementations i s a l s o a t t r a c t i v e . 

In the remaining Chapters, the a p p l i c a t i o n of CCDs t o one 

s p e c i f i c radar s igna l process ing task w i l l be descr ibed in d e t a i l , 

i . e . the s i g n a l i n t e g r a t o r . Signal i n t e g r a t i o n i s f i r s t described 

in d e t a i l and then the s i g n i f i c a n t problem of t r a n s f e r i n e f f i c i e n c y 

e f f e c t s a s s o c i a t e d with e x i s t i n g CCD implementations i s d i s c u s s e d . 

F i n a l l y , a novel CCD a r c h i t e c t u r e i s descr ibed t h a t s u b s t a n t i a l l y 

reduces t h i s problem and some pre l iminary r e s u l t s are presented . 
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CHAPTER FOUR 

THE DETECTION OF TARGETS IN SEA CLUTTER 

4 .1 Introduct ion 

A s i g n i f i c a n t d i f f i c u l t y encountered in many radar 

systems i s the d e t e c t i o n of a genuine t a r g e t echo in the presence 

of spurious e c h o e s . These spurious echoes are termed ' c l u t t e r ' 

and may be caused by e i t h e r s i n g l e po int s c a t t e r e r s ( i s o l a t e d 

c l u t t e r t a r g e t s ) , e . g . an e l e c t r i c i t y pylon or water tower, or a 

c l u s t e r of many ind iv idua l s c a t t e r e r s (composite c l u t t e r t a r g e t s ) 

which i s c h a r a c t e r i s t i c of most sea and ground c l u t t e r , chaf f and 

meteoro log ica l echoes . Composite c l u t t e r t a r g e t s are most t r o u b l e -

some, however, s i n c e they more r e a d i l y obscure the genuine t a r g e t 

e c h o e s . 

In marine a p p l i c a t i o n s , the d e t e c t i o n o f small t a r g e t s a t 

or near s e a - l e v e l i s s e r i o u s l y l i m i t e d by the presence of sea 

c l u t t e r ; thus a cons iderab le amount of work has been done to 

c h a r a c t e r i z e sea echoes and so improve t a r g e t d e t e c t i o n . I t has 

been found t h a t the s trength of sea c l u t t e r returns depends upon 

such f a c t o r s as the depress ion a n g l e , wavelength and p o l a r i s a t i o n 

of the transmit ted beam, the sea s t a t e and wind d i r e c t i o n . Although 

severa l mechanisms have been proposed t o exp la in sea echoes^^'^^'^^ 

none whol ly exp la ins the dependence on the above f a c t o r s . However, 

f o r the purposes of c l u t t e r r e d u c t i o n , i t i s s u f f i c i e n t t o know 

only i t s s t a t i s t i c a l nature . The model most commonly used f o r 

t h e o r e t i c a l a n a l y s i s assumes a large number o f independent 

s c a t t e r e r s w i t h i n the radar r e s o l u t i o n c e l l ; ^ ^ the v a r i a t i o n of 

c l u t t e r amplitude can then be de f ined by the Rayleigh p r o b a b i l i t y 

d i s t r i b u t i o n given by 

P(x) dx = — exp/"%^^ \ dx 4 .1 

\ / 

where o i s the r . m . s . value of the c l u t t e r amplitude and the mean 



55 

l e v e l i s 

i f ; 4 J 2 X = 

The decorreTation time of sea c l u t t e r has been e s t a b l i s h e d t o 

be approximately 100ms. 

4 . 2 C lu t t er Reduction 

There i s a v a r i e t y of ways of process ing c l u t t e r e d radar 

returns in order t o improve t a r g e t d e t e c t i o n , and some of the more 

important techniques w i l l be considered below. 

4 . 2 . 1 Mbving Target Ind ica t ion (MTI) 

This method r e l i e s upon the Doppler s h i f t of an echo 

from a moving t a r g e t . The return s i g n a l i s mixed with the t r a n s -

mit ted frequency and the moving t a r g e t shows as an amplitude 

v a r i a t i o n at the Doppler frequency; the Doppler component can then 

be e x t r a c t e d by f i l t e r i n g . This can be carr i ed out using e i t h e r 

a s imple delay l i n e c a n c e l l e r or a c i r c u i t such as shown in 

f i g u r e 3 .3 which g i v e s a more uniform response in the passband, 

thus y i e l d i n g a more uniform d e t e c t i o n p r o b a b i l i t y . These 

r e l a t i v e l y s imple c a n c e l l e r s unfor tunate ly s u f f e r from the f a c t 

t h a t c e r t a i n t a r g e t speeds ( i . e . corresponding to the notches in 

the f i l t e r c h a r a c t e r i s t i c ) are u n d e t e c t a b l e , and so more complex 

schemes are necessary t o overcome t h i s problem. Moreover, t a r g e t s 

s t a t i o n a r y r e l a t i v e to the t r a n s m i t t e r cannot be de tec ted with 

t h i s system. 

4 . 2 . 2 Matched F i l t e r i n g 

A matched f i l t e r i s a network, the t r a n s f e r response of 

which maximizes the peak s i g n a l - t o - m e a n - n o i s e (power) at the output 

f o r a given input waveform, and so provides optimum d e t e c t i o n of 

s i g n a l s i n n o i s e . I t i s e v i d e n t t h a t the required t r a n s f e r 

response of a matched f i l t e r w i l l depend upon the s igna l waveform 
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75 
and the power spectrum of the n o i s e . Urkowitz has d i scussed the 

implementation of a matched f i l t e r f o r the d e t e c t i o n of t a r g e t s 

buried in c l u t t e r which can be descr ibed by the Rayleigh model. 

Under these condi t ions the power spectrum of the c l u t t e r w i l l be 

the same as t h a t of the transmit ted p u l s e , and he has shown that 

a matched f i l t e r f o r c l u t t e r r e j e c t i o n should have a t r a n s f e r 

response proport ional t o the transmit ted spectrum.* The r e a l i z a t i o n 

of matched f i l t e r s i s cons iderably eased by the use o f CCDs, as 

descr ibed in Chapter 3 . However, i f the s i g n a l or the c l u t t e r 

spectrum change, e . g . due to motion r e l a t i v e to the radar s e t , 

t a r g e t d e t e c t i o n a b i l i t y w i l l be impaired. 

4 . 2 . 3 Signal In tegrat ion 

The c l u t t e r a s s o c i a t e d with radar returns w i l l vary in a 

random manner from sweep to sweep. However, a genuine t a r g e t w i l l 

produce a p e r i o d i c s i g n a l , and so the summation of s u c c e s s i v e 

returns from a s i n g l e bearing w i l l l ead t o an i n c r e a s e in s i g n a l -

t o - c l u t t e r r a t i o . P r o b a b i l i t y theory s t a t e s t h a t the variance of 

the sum of independent p r o b a b i l i t y d i s t r i b u t i o n s i s the sum of the 

v a r i a n c e s . The variance of sea c l u t t e r , o^, i s s imply the mean 

square amplitude f l u c t u a t i o n s ; thus the r . m . s . c l u t t e r amplitude 

of the sum of m returns w i l l be m.o (assuming that the sweep 

period i s longer than the c l u t t e r d e c o r r e l a t i o n t i m e ) . Since the 

t a r g e t amplitudes w i l l add l i n e a r l y , a^/m i n c r e a s e in s i g n a l - t o -

c l u t t e r r a t i o can be r e a l i z e d by summing m returns . 

* Whilst the d e r i v a t i o n of Urkowitz's r e s u l t seems reasonably c l e a r , 
the author does not understand the phys ica l processes of c l u t t e r 
r e j e c t i o n with a matched f i l t e r ; having read the r e l e v a n t 
r e f e r e n c e s and having had lengthy d i s c u s s i o n with radar e x p e r t s , 
the f o l l o w i n g problem remains unreso lved: Each radar return i s 
processed i n d i v i d u a l l y by the matched f i l t e r , i . e . previous returns 
do not a f f e c t the output v o l t a g e unl ike an MTI processor . I m p l i c i t 
in Urkowitz's d e r i v a t i o n i s t h a t the c l u t t e r and the t a r g e t are 
s t a t i o n a r y ; consequently there w i l l be no Doppler s h i f t o r o ther 
e f f e c t t h a t w i l l d i s t i n g u i s h a r e f l e c t i o n due t o a c l u t t e r 
s c a t t e r e r from the r e f l e c t i o n due t o a t a r g e t in the same r e s o l u t i o n 
c e l l . Hence the t a r g e t could be cons idered as simply another 
c l u t t e r s c a t t e r e r t h u s , upon r e c e p t i o n o f the composite echo , upon 
what c r i t e r i o n does the matched f i l t e r enhance only the t a r g e t 
r e f l e c t i o n ? 
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A s i g n a l i n t e g r a t i o n system i s p o t e n t i a l l y the most use fu l 

c l u t t e r reduct ion scheme s i n c e i t i s not s e n s i t i v e to the rece ived 

t a r g e t or c l u t t e r waveforms, i . e . both s t a t i o n a r y and moving 

t a r g e t s can be d e t e c t e d without impairing t a r g e t d e t e c t i o n a b i l i t y * 

and any addi t iona l no i s e s o u r c e , provided i t i s decorre la t ed (such 

as r e c e i v e r n o i s e ) , can e a s i l y be accommodated. 

Various i n t e g r a t i o n schemes have been t r i e d using long 

p e r s i s t e n c e CRTs and photographic i n t e g r a t i o n . Unfor tunate ly , both 

these methods are somewhat cumbersome and a more v e r s a t i l e system 

would be one t h a t employed delay l i n e s torage t e c h n i q u e s . However, 

u n t i l r e c e n t l y the implementation of a delay l i n e of durat ion 

g r e a t e r than 100ms has been d i f f i c u l t . For example, analogue 

magnetic tape s torage and d i g i t a l systems tend to be bulky and 

expens ive - undes irable a t t r i b u t e s f o r small marine radar s e t s . 

Furthermore, the de lay durat ion o f the comparatively s impler tape 

s torage system i s unstable and d i f f i c u l t t o synchronize wi th the 

radar sweep per iod . On the o ther hand the CCD, as ind ica ted b e f o r e , 

has many f e a t u r e s that make i t s use in a s i g n a l i n t e g r a t o r h igh ly 

a t t r a c t i v e ; i . e . apart from i t s s imple analogue s torage c a p a b i l i t y , 

s torage times in exces s of severa l seconds are p o t e n t i a l l y r e a l i z a b l e , 

and accurate synchroniza t ion of the delay duration with the sweep 

period o f the antenna i s p o s s i b l e . 

In view of t h i s , i t was decided t o i n v e s t i g a t e the 

a p p l i c a t i o n of CCDs to s igna l i n t e g r a t i o n in g r e a t e r d e t a i l ; however, 

before d i s c u s s i n g t h i s approach the bas i c methods of i n t e g r a t i n g 

s i g n a l s with delay l i n e s w i l l be cons idered . 

* This i s true provided the t a r g e t does not move completely out of a 
range bin during the period required to i n t e g r a t e 'm' r e t u r n s , 
e . g . f o r 15m range b i n s , m = 10 and a minimum d e c o r r e l a t i o n time 
of lOOms, the maximum radial speed of the t a r g e t r e l a t i v e t o the 
t r a n s m i t t e r would be = 30mph. A system t h a t enables maximum 
i n t e g r a t i o n Improvements on t a r g e t s t h a t v i o l a t e t h i s condi t ion 
w i l l be proposed in Chapter 10. 



58 

4 . 3 Methods of Implementing a Delay Line Signal Integrator 

The s i m p l e s t form of delay l i n e s igna l i n t e g r a t o r i s the 

non-recurs ive i n t e g r a t o r shown in f i g u r e 4 . 1 ; (m - 1) delay l i n e s 

are connected in cascade , each with a de lay equal t o the sweep 

p e r i o d , T. Thus by summing the outputs o f each de lay l i n e an 

i n t e g r a t i o n improvement, de f ined as the i n c r e a s e in s i g n a l - t o -

c l u t t e r r a t i o , can be ach ieved; i f p consecut ive returns conta in ing 

the t a r g e t s i g n a l are r e c e i v e d , the i n t e g r a t i o n improvement in 

dBs, 1^, w i l l be 

Iw = 20 log — ^ 4 . 2 
" / m 

However, s i n c e a maximum of only m returns can be i n t e g r a t e d , 

I^ < 20 log /nT. 

Whereas a non-recurs ive i n t e g r a t o r forms a sum of equa l ly 

weighted r e t u r n s , i t requires (m - 1) delay l i n e s ; an i n t e g r a t i o n 

technique requir ing only one delay l i n e i s the recurs ive i n t e g r a t o r 

which forms t h e e x p o n e n t i a l l y weighted sum of a l l the pas t returns 

( s ee f i g u r e 4 . 2 ) . In t h i s system a f r a c t i o n of the output from a 

delay l i n e of duration T i s fed back to be summed with the next 

radar return. The i n t e g r a t i o n improvement obtained with t h i s 

system can be der ived as f o l l o w s . I f the gain of the feedback 

a m p l i f i e r i s k, then f o r p returns conta in ing a uni ty t a r g e t s i g n a l , 

the output s i g n a l , Sp, w i l l be g iven by 

Sn = 1 + k + k* + k3 + kP = l - I - h - 4 . 3 
^ 1 

I f i t i s assumed t h a t an i n f i n i t e number of c l u t t e r e d waveforms 

has been appl ied t o the system, as w i l l u s u a l l y be the c a s e , the 

r . m . s . c l u t t e r amplitude, Np, a t the output w i l l be given by the 

i n f i n i t e s e r i e s 
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Fig 4 . 2 The non-recurs ive i n t e g r a t o r using a s i n g l e delay l i n e . 
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Np = o + j = o ^ Y y 4 . 4 

Thus the i n t e g r a t i o n improvement, found by combining equat ions 4 . 3 

and 4 . 4 i s 

(Hiy Ip = 20 log (1 - k*) f I 4 . 5 

I t i s use fu l when cons ider ing r e c u r s i v e i n t e g r a t i o n , to determine 

the e f f e c t i v e number of input s i g n a l waveforms forming the 

i n t e g r a t e d output s i g n a l . This can e a s i l y be derived by a l lowing 

p + « in equation 4 . 3 . The output s ignal amplitude thus becomes 

S = — 4 . 6 
1 - k 

By comparing t h i s with the s igna l output from a non-recurs ive 

i n t e g r a t o r , the e f f e c t i v e number of i n t e g r a t e d waveforms i s seen 

to be _ ky In the f o l l o w i n g d i s c u s s i o n s t h i s quant i ty w i l l 

a l s o be des ignated by the l e t t e r m. 

Equations 4 . 2 and 4 . 5 are p l o t t e d in f i g u r e 4 . 3 f o r 

m = 10, in order t o compare the c l u t t e r reduct ion performance of 

the two schemes. I t can be seen t h a t i f p i s e i t h e r small or 

large compared with m, the recurs ive i n t e g r a t o r g ive s g r e a t e s t 

improvement, but i f p = m then the non-recurs ive system i s b e t t e r . 

This i s because the l a t t e r system sums e q u a l l y weighted returns to 

a maximum of only m, whereas the output from the recurs ive 

i n t e g r a t o r i s formed from the weighted sum o f a l l the p a s t r e t u r n s . 

The r e c u r s i v e i n t e g r a t o r appears to be the b e s t implementa-

t i o n s i n c e in g e n e r a l , a s l i g h t l y l arger i n t e g r a t i o n improvement 

may be ach ieved; furthermore, t h i s parameter may be e a s i l y var ied 

by adjus t ing k. However, i f m i s required to be l a r g e , i . e . k = 1 , 

r e s t r i c t i o n s w i l l be imposed upon the input dynamic range, and 

problems of i n s t a b i l i t y may a r i s e . Thus i f l arge i n t e g r a t i o n 
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improvements are required , the use of a non-recurs ive system would 

be more appropr iate . 

In t h e next s e c t i o n the implementation of a s igna l 

i n t e g r a t o r with CCDs w i l l be descr ibed; in p a r t i c u l a r , the 

performance l i m i t a t i o n s imposed by t r a n s f e r i n e f f i c i e n c y and 

methods of m i t i g a t i n g i t s e f f e c t s w i l l be d e s c r i b e d . 

4 . 4 CCD Implementation of Radar Video Integrators 

The implementation of the delay l i n e s in the s igna l 

i n t e g r a t o r s descr ibed in the l a s t s e c t i o n wi th conventional 

( i . e . s e r i a l ) CCDs i s conceptua l ly s t ra ight forward and has much 

t o commend i t . However, in a p r a c t i c a l system, the large s i g n a l -

t o - c l u t t e r r a t i o improvements pred ic ted by the simple equat ions 

4 . 2 and 4 . 5 , by employing large i n t e g r a t i o n sample s i z e s , cannot 

be achieved . The reason f o r t h i s i s t h a t spurious or res idual 

s i g n a l s caused by t r a n s f e r i n e f f i c i e n c y bui ld-up a f t e r r e l a t i v e l y 

few t r a n s f e r s t o a l eve l comparable with the c l u t t e r amplitude, 

thus making any f u r t h e r attempts t o improve t a r g e t d e t e c t i o n by 

i n t e g r a t i o n imposs ib l e . 

In t h i s s e c t i o n , the s imple equat ions w i l l be modi f ied t o 

account f o r the e f f e c t s of t r a n s f e r i n e f f i c i e n c y , thus enabl ing 

r e a l i s t i c e s t i m a t e s o f i n t e g r a t i o n improvements t o be made. 

The non-recurs ive i n t e g r a t o r i s cons idered f i r s t of a l l . 

I f the t r a n s f e r i n e f f i c i e n c y of the CCD delay l i n e i s e , we can 

d e f i n e a parameter a (= 1 - e) as the charge t r a n s f e r r e d forward 

per t r a n s f e r (we assume t h a t no charge i s permanently l o s t due t o 

trapping or recombinat ion) . I f the CCD i s a p-phase dev ice 

conta in ing N - b i t s , the s igna l l e v e l a f t e r Np t r a n s f e r s w i l l be a 

f r a c t i o n of the input amplitude. For p r a c t i c a l va lues of 

Npe(<0 .1) , only the f i r s t t r a i l i n g charge i s s i g n i f i c a n t , * and w i l l 

77 
* Chowaniec and Hobson have carr i ed out a more r igorous a n a l y s i s 

of t r a n s f e r i n e f f i c i e n c y e f f e c t s in r e c u r s i v e v ideo i n t e g r a t o r s , 
taking i n t o account the second t r a i l i n g charge packet . However, 
f o r the argument presented here , c o n s i d e r a t i o n of only the f i r s t 
t r a i l i n g charge i s s u f f i c i e n t . 
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be a f r a c t i o n approximation 1 - = Npe of the input s i g n a l . 

Thus, f o r m uni ty input s i g n a l s , the output s igna l from a non-

r e c u r s i v e i n t e g r a t o r conta in ing (m - 1) CCD delay l i n e s w i l l be 

g iven by 

mNp 
(m - l)Np ' - G 

'N 
1 + „NP + „2Np + 

1 - a^P 
4 . 7 

The res idual s i g n a l , R^, due t o the summation of the t r a i l i n g 

charges w i l l be 

= Npe + 2NpeaNP + SNpcaf^P + (m - l)NpEa(* " 

Npe 
1 _ a(m - l)Np 

(1 - oNP)2 

(m - l )a(m - l)Np 

Np 

(m - l)2NpE 4 . 8 

The dynamic range at the output , D|̂ , i s t h e r e f o r e 

,mNp 1 
D N 

201og 1 - a 

1 ,NP (m - l)2Np( 

4 . 9 

201og m 

(m - l)2Np( 4 . 1 0 

If a range r e s o l u t i o n of 15m i s required , and N = 100, the overa l l 

range w i l l be 1.5km. Choosing m = 10, p = 2 and E = 10"^ (a s t a t e -

o f - t h e - a r t f i g u r e f o r SCCDs), the dynamic range w i l l be only 

15.8dB. 

A s i m i l a r a n a l y s i s f o r the r e c u r s i v e i n t e g r a t o r may be 

carr ied o u t , as f o l l o w s . For an i n f i n i t e number of uni ty input 

s i g n a l s the output s i g n a l , S^, i s g iven by 



64 

Np ,NP\2 NP\3 Sp = 1 + ka + (ka ^ + (k ^) + 

1 

T - koNP 

4.11 

The res idual Rp w i l l be 

Rp = kNpE ^1 + 2ka^^ + 3(ka^P)2 + 

1 kNpe 

L ( 1 - k."P)2 J 

4 .12 

Thus the dynamic range at the output of the recurs ive i n t e g r a t o r . 

Dp, w i l l be 

" 1 - k.NP 
Dp = 201og 

kNpe 
4.13a 

From equation 4.11 i t can be seen that the occurrence of incomplete 

t r a n s f e r causes a modi f i ca t ion of the e f f e c t i v e number of wave-

forms in tegra ted . However, by adjust ing k, we can arrange that 

1 / (1 - ka^P) = m. 

Thus we can w r i t e 

201og 
mkNpe 

4.13b 

By s u b s t i t u t i n g the prev ious ly used parameters in to equation 4 .13b , 

i . e . N = 100, p = 2, m = 10 and e = 10"^, the dynamic range can be 

ca l cu la ted to be 14.7dB, which i s s l i g h t l y l e s s than can be 

achieved with the non-recurs ive system. Clearly a dynamic range 

of t h i s order i s much too smal l . 
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Thus i t can be seen t h a t the performance of an i n t e g r a t o r 

employing a simple s e r i a l CCD delay l i n e i s s e v e r e l y r e s t r i c t e d 

by the e f f e c t s of t r a n s f e r i n e f f i c i e n c y . The l i m i t a t i o n c l e a r l y 

becomes more s e r i o u s f o r l a r g e r values of m, N and e . 

Several methods have been sugges ted f o r reducing the 

s e n s i t i v i t y of CCD i n t e g r a t o r s to t r a n s f e r i n e f f i c i e n c y : 

( i ) The input s i g n a l could be sampled once every two 

c lock c y c l e s , in order to separate the data in the CCD by i n i t i a l l y 

empty b i t s . As the i n t e g r a t i o n proceeds , a spurious s igna l w i l l 

bu i ld up but w i l l r e s i d e predominantly in the 'empty' b i t s . Thus 

at the o u t p u t , the s igna l could be p a r t i a l l y res tored by summing 

the genuine charge packet wi th i t s r e s i d u a l . A l t e r n a t i v e l y , the 

nominally empty elements could be s e t t o zero p e r i o d i c a l l y t o 

prevent the bu i ld -up o f a t h i r d t r a i l i n g c h a r g e . H o w e v e r , both 

t h e s e schemes have the disadvantage t h a t s torage area i s was ted , 

and the CCD must be c locked a t twice the des i red data r a t e . 

( i i ) Another approach could be t o delay a f r a c t i o n of the 

output s i g n a l f o r a c lock period and subtrac t i t from the next 

output . I f the f r a c t i o n i s chosen c o r r e c t l y , then the r e s i d u a l s 

w i l l tend t o c a n c e l . 

( i i i ) A v a r i a t i o n of the approach in ( i i ) has been 

descr ibed by Cooper e t a l . ^ ^ f o r a r e c u r s i v e i n t e g r a t o r . In t h i s 

scheme the input t o an N-b i t CCD i s m u l t i p l i e d by a code c y c l i n g 

through three va lues every (N + 1) c lock p e r i o d . By c o r r e c t l y 

decoding the output , i t i s p o s s i b l e t o cancel the r e s i d u a l s . 

Although t h i s works reasonably w e l l , i t has some d i sadvantages . 

The radar v ideo s igna l normally appl ied t o an i n t e g r a t o r i s un i -

p o l a r . However, the code generates a b i p o l a r s i g n a l which 

consequently must be handled by the CCD, thus n e c e s s i t a t i n g a 

reduct ion in the dynamic range of the input s i g n a l . Furthermore, 

the coding and decoding c i r c u i t r y must be s t a b l e and a l l u n i t s 

must be DC coupled. 
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All the techniques j u s t descr ibed attempt t o suppress 

the res idual s igna l once i t has been generated . Obviously a more 

s a t i s f a c t o r y approach would be to prevent or minimize the 

formation of r e s i d u a l s . Consider a s e r i a l CCD delay l i n e ; most 

of the t r a n s f e r s the s i g n a l undergoes do not contr ibute d i r e c t l y 

t o the process ing f u n c t i o n as such , but are merely Input and 

output o p e r a t i o n s . I t i s the se redundant t r a n s f e r s that contr ibute 

most t o the res idual bu i ld -up , t h e r e f o r e i f the se could be 

e l i m i n a t e d , a cons iderab le increase in performance could be 

ach ieved . I t i s proposed in t h i s t h e s i s tha t t h i s increased 

performance may be r e a l i z e d by employing a p a r a l l e l t r a n s f e r CCD 

a r c h i t e c t u r e in which a l l redundant t r a n s f e r s are e l i m i n a t e d . 

Implementation of the non-recurs ive and r e c u r s i v e i n t e g r a t o r s 

based on t h i s concept w i l l now be descr ibed . 

4 . 5 In tegrators Implemented with P a r a l l e l - T r a n s f e r CCD 

Archi tec ture 

The proposed implementation of a non-recurs ive i n t e g r a t o r 

i s shown in f i g u r e 4 . 4 . Each radar range bin i s implemented in 

the form of an 'm' b i t two-phase CCD which i s tapped at every b i t . 

Succes s ive returns are loaded i n t o the CCDs by s e q u e n t i a l l y 

operat ing the analogue gates , Gg G^. Thus at any i n s t a n t 

each CCD conta ins the l a s t m echoes from one p a r t i c u l a r range b in . 

S ince each CCD has a l l i t s taps connected t o g e t h e r , i n t e g r a t i o n 

over the m samples i s achieved; the i n t e g r a t e d s igna l i s then gated 

t o the output through gates G^', Gg' G^'. Although the 

number of returns summed in t h i s scheme i s e s s e n t i a l l y f i x e d by 

the chip artwork, a l i m i t e d degree of f l e x i b i l i t y could be provided 

by segmenting the summing bus bars with MOST c o u p l i n g s . 

In t h e recurs ive sys tem, i l l u s t r a t e d in f i g u r e 4 . 5 , the 

returns are s i m i l a r l y loaded s e q u e n t i a l l y i n t o each range bin 

s torage s i t e which comprises a s i n g l e b i t CCD. The s tored s igna l 
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Fig 4 . 4 The p a r a l l e l t r a n s f e r approach to non-recurs ive 

i n t e g r a t i o n . 
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OUTPUT RANGE GATE REGISTER 
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Fig 4 . 5 The p a r a l l e l t r a n s f e r approach to r e c u r s i v e i n t e g r a t i o n . 
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i s then gated out through to be s c a l e d and added 

to the appropriate range bin information of the next radar re turn . 

Although the analogue gates shown in f i g u r e 4 . 4 and 4 . 5 

are shown as components separate from the range bin s torage a r e a s , 

they can in f a c t be implemented as part of the CCD s t r u c t u r e s 

forming the s torage areas . In both i n t e g r a t o r s each radar return 

undergoes a minimal number of CCD t r a n s f e r s ( i . e . two per p r o c e s s -

ing s t e p ) , and so r e s i d u a l s are maintained a t a very low l e v e l . 

For i n s t a n c e , f o r m = 10 and e = 10"^, the maximum dynamic range 

imposed by t r a n s f e r i n e f f i c i e n c y now becomes approximately 54.8dB. 

Furthermore, s i n c e each range bin i s processed i n d i v i d u a l l y , 

r e s i d u a l s are conf ined t o t h e i r r e s p e c t i v e range bins rather than 

smearing i n t o adjacent range b i n s . Thus t a r g e t range ambiguity 

i s cons iderably reduced. 

I t w i l l be apprec iated that in order t o implement the 

p a r a l l e l process ing i n t e g r a t o r s i l l u s t r a t e d in f i g u r e s 4 . 4 and 4 . 5 , 

an on-chip address ing technique i s e s s e n t i a l t o minimize the 

number of external connec t ions . Such a scheme has been implemented 

by means of a 'range gate r e g i s t e r ' (RGR). This c o n s i s t s of a 

f l o a t i n g - g a t e tapped, two-phase CCD operated in the l&-phase mode 

as a d i g i t a l s h i f t r e g i s t e r and propagating a s i n g l e charge packet . 

As the charge packet passes beneath each tapping p o i n t , an address 

pulse i s generated that operates i t s corresponding analogue g a t e . 

In order t h a t chip complexity i s not increased by the i n c l u s i o n of 
79 

MOST or r e s i s t i v e b i a s i n g of each f l o a t i n g e l e c t r o d e , a novel 

scheme i s employed in which each gate i s a l lowed t o ' f l o a t ' 

comple te ly , any loading being purely c a p a c i t i v e . As a r e s u l t , the 

f l o a t i n g - g a t e s acquire t h e i r bias v o l t a g e by v i r t u e of the l a t e r a l 

leakage of charge from the adjacent switched e l e c t r o d e s . Apart 

from the s i m p l i c i t y of t h i s approach, i t has the advantage that 

c a p a c i t i v e loading on each tap can be minimized; as w i l l be seen 

l a t e r , t h i s a l lows a large address p u l s e t o be generated with each 

f l o a t i n g - g a t e , a l lowing each analogue gate to be driven d i r e c t l y 

wi thout intermediate a m p l i f i c a t i o n . 
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Although p a r a l l e l s igna l process ing a r c h i t e c t u r e s have 

been descr ibed b e f o r e , they use e i t h e r s u r f a c e charge t r a n s i s t o r s ^ ^ 

or MOST accessed c a p a c i t o r s * as s torage elements in conjunct ion 

with an on-chip MOST s h i f t r e g i s t e r address ing technique . The use 

of e x c l u s i v e l y CCD s t r u c t u r e s , however, has the advantages of 

h igher operat ing speeds and l e s s chip complex i ty , with p o t e n t i a l l y 

h igher dev ice y i e l d s and lower operat ing f a i l u r e ra te s due to the 

low number of d i f f u s i o n s . 

4 . 6 Summary 

In t h i s Chapter the nature of s e a - c l u t t e r e d radar returns 

has been b r i e f l y introduced and severa l methods of improving 

t a r g e t d e t e c t i o n have been d i s c u s s e d ; of t h o s e , the s igna l 

i n t e g r a t o r provides the s i m p l e s t and most v e r s a t i l e s o l u t i o n s i n c e 

the d e t e c t i o n procedure i s not based upon the t a r g e t waveform 

but simply upon i t s regular occurrence during each sweep of the 

antenna. Two types of s i g n a l i n t e g r a t o r were then descr ibed; the 

f i r s t technique formed the sum of the l a s t m equa l ly weighted 

r e t u r n s , w h i l s t the second formed an exponent ia l sum of a l l the 

past re turns . The implementation of these schemes with CCD delay 

l i n e s has many advantages , but in s imple s e r i a l process ing systems 

a s e r i o u s l i m i t a t i o n on performance i s imposed by t r a n s f e r 

i n e f f i c i e n c y . This l i m i t a t i o n may be cons iderably eased by 

employing a p a r a l l e l t r a n s f e r CCD a r c h i t e c t u r e in which a l l 

redundant t r a n s f e r s can be e l i m i n a t e d ; the implementation of the 

recurs ive and non-recurs ive i n t e g r a t i o n schemes based upon t h i s 

approach was descr ibed . 

The f e a t u r e s of the two p a r a l l e l process ing i n t e g r a t o r s 

may be summarized as f o l l o w . 

( i ) In both schemes, the radar s igna l undergoes a 

minimum number of t r a n s f e r s and so res idual s i g n a l s are kept at a 

low l e v e l . 
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( i i ) The number of range b ins may be increased as des i red 

without degrading the performance, simply by cascading the required 

number of dev ices t o g e t h e r . 

( i i i ) Although the e f f e c t i v e number o f returns summed using 

the r e c u r s i v e scheme can be e a s i l y v a r i e d , i t i s prone to 

i n s t a b i l i t y i f l arge i n t e g r a t i o n improvements are required. On 

the o ther hand, t h i s problem does not a r i s e in the non-recurs ive 

scheme where i t may a l s o be p o s s i b l e t o vary the i n t e g r a t i o n 

improvement by segmenting the summing bus bars . 

( i v ) Although the non-recurs ive scheme i s conceptua l ly 

s impler , the r e c u r s i v e i n t e g r a t o r would be e a s i e r to r e a l i z e as 

an i n t e g r a t e d c i r c u i t , i . e . i n t e r c o n n e c t i o n s and the need f o r 

orthogonal CCDs would pose f a b r i c a t i o n problems. 

(v) The p a r a l l e l a r c h i t e c t u r e of both i n t e g r a t o r s could 

be used t o implement o ther s ignal process ing systems. For i n s t a n c e , 

a r e c u r s i v e Fourier transformer or a s imple de lay l i n e with low 

s e n s i t i v i t y to t r a n s f e r i n e f f i c i e n c y . 

I f the impulse response of the range bin CCDs in the non-

r e c u r s i v e approach were var ied by employing CCD transversa l f i l t e r 

t e c h n i q u e s , more complex f i l t e r i n g of each range bin information 

could be performed. 

Thus s i n c e each scheme p o s s e s s e s advantages that tend t o 

complement the o t h e r , both have been i n v e s t i g a t e d t o some e x t e n t 

and the r e s u l t s are descr ibed in the remaining chapters of t h i s 

t h e s i s . 

I t has been i n d i c a t e d already t h a t the operat ion of the 

RGR i s cruc ia l to the implementation of both i n t e g r a t i o n sys tems . 

This scheme r e l i e s upon the f l o a t i n g - g a t e tapping scheme being 

able to provide s u f f i c i e n t l y large address pu l ses to dr ive the 
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analogue g a t e s . Moreover, w h i l s t the RGR employs i s o l a t e d f l o a t i n g -

gate t a p s , i t i s proposed t h a t the non-recurs ive i n t e g r a t i o n method 

w i l l employ e i t h e r m u l t i p l e f l o a t i n g - g a t e taps or the m u l t i p l e 

e l e c t r o d e current s e n s i n g scheme. Therefore in the next Chapter 

t h e s e types of charge sens ing techniques w i l l be i n v e s t i g a t e d in 

g r e a t e r d e t a i l . 

The p a r a l l e l process ing s t r u c t u r e s proposed in t h i s chapter 

have been the s u b j e c t of two papers r e c e n t l y publ ished by the 

author; these are reproduced a t the back. These s t r u c t u r e s are 

a l s o the s u b j e c t of UK Patent Appl i ca t ion 47349/75 and US Patent 

Appl ica t ion 742182. 
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CHAPTER FIVE 

NON-DESTRUCTIVE CHARGE SENSING 

5.1 Introduct ion 

The f u n c t i o n of the RGR CCD in the p a r a l l e l process ing 

i n t e g r a t o r s descr ibed in the l a s t Chapter i s t o operate s e q u e n t i a l l y 

the analogue g a t e s . Each address pulse i s generated by employing 

f l o a t i n g - g a t e s above the CCD channel t o sense n o n - d e s t r u c t i v e l y 

a s i n g l e charge packet propagating along the d e v i c e . One of the 

advantages of using a CCD f o r t h i s opera t ion , rather than an MOST 

s h i f t r e g i s t e r , i s i t s higher operat ing speed; f o r t h i s reason, 

any in termediate a m p l i f i c a t i o n between the taps and t h e i r corres -

ponding analogue g a t e s in the form of say MOST i n v e r t e r s i s 

undes i rab le . Consequently, the v o l t a g e pulse generated by each 

f l o a t i n g - g a t e must be large enough t o operate the analogue gates 

d i r e c t l y , i . e . «10V. 

I t was a l s o i n d i c a t e d in the l a s t Chapter t h a t i n t e g r a t i o n 

in the non-recurs ive i n t e g r a t o r could be performed using mul t ip l e 

f l o a t i n g gate s e n s i n g . However, t h i s technique introduces d i s t o r t i o n 

due t o the n o n - l i n e a r dependence of the d e p l e t i o n capac i tance 

beneath the sens ing e l e c t r o d e upon the sur face p o t e n t i a l . 

Since very l i t t l e t h e o r e t i c a l work has been carr ied out 

on both these type of f l o a t i n g - g a t e sens ing scheme, a rigorous 

a n a l y s i s of the se techniques has been undertaken in order to d e t e r -

mine the parameters which i n f l u e n c e f l o a t i n g - g a t e performance. In 

p a r t i c u l a r , whether large v o l t a g e swings are p o s s i b l e from s i n g l e 

f l o a t i n g - g a t e s , and whether acceptab le n o n - l i n e a r i t i e s can be 

obtained from a m u l t i p l e f l o a t i n g - g a t e array. 

The a n a l y s i s f o r the more general case of a mul t ip l e 

f l o a t i n g - g a t e system i s presented f i r s t , and then t h i s w i l l be used 

t o obtain an express ion f o r the s p e c i f i c case of a s i n g l e f l o a t i n g -

g a t e . 



73 

An a l t e r n a t i v e i n t e g r a t i o n technique f o r the non-recurs ive 

i n t e g r a t o r i s e l e c t r o d e - c u r r e n t s e n s i n g , b e p l e t i o n capac i tance 

a l s o introduces a n o n - l i n e a r i t y i n t o t h i s method and so an a n a l y s i s 

of t h i s technique w i l l a l s o be presented . 

F i r s t , however, we w i l l cons ider f l o a t i n g - g a t e v o l t a g e 

s e n s i n g . 

5 . 2 Floating-G&te Voltage Sensing 

Although the use of a f l o a t i n g - g a t e i s a wide ly accepted 

charge sens ing t echn ique , p a r t i c u l a r l y in CCD transversa l f i l t e r s , 

comparatively l i t t l e t h e o r e t i c a l a n a l y s i s of the technique has 

been publ i shed . In p a r t i c u l a r , any a n a l y s i s has g e n e r a l l y e i t h e r 
82 

neg l ec t ed the e f f e c t s of d e p l e t i o n capaci tance or included i t 

i n c o r r e c t l y . ^ ^ In t h i s s e c t i o n , t h e r e f o r e , a method i s descr ibed 

which may be used t o analyse r i g o r o u s l y any type o f f l o a t i n g -

gate s t r u c t u r e s imply . 

F i r s t , however, l e t us cons ider a s imple MOS s t r u c t u r e 

in which the gate has been pre-charged to a p o t e n t i a l V and i s 

then i s o l a t e d . The equat ion r e l a t i n g V and the sur face p o t e n t i a l . 

i s s imply 

V = ^ 5.1 
Lox 

where the gate charge , Q , i s the sum of the d e p l e t i o n charge Q^gp 

and the i n v e r s i o n or s igna l charge Qg. Since the gate i s ' f l o a t i n g ' 

Q i s c o n s t a n t , and so AVg = Furthermore, s i n c e Qg i s f i x e d , 

AQg = -AQjgp and s o , because Qy^p i s dependent upon /*%, the 

r e l a t i o n s h i p between V and Qjgp w i l l be n o n - l i n e a r . 

This MOS system forms the b a s i s of the f l o a t i n g - g a t e sens ing 

technique . In p r a c t i c e , however, the above r e l a t i o n s h i p must be 

modif ied s i n c e there w i l l e x i s t a f i n i t e s t ray capac i tance which 
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loads the g a t e . In the s i m p l e s t p r a c t i c a l system where the gate 

i s loaded by a l i n e a r c a p a c i t a n c e , Q w i l l no longer be constant 

and so the change in gate vo l tage AVg w i l l be reduced by c a p a c i t i v e 

d i v i s i o n . C l e a r l y , i f the loading capac i tance i s n o n - l i n e a r , the 

r e l a t i o n s h i p between the gate v o l t a g e and the sur face p o t e n t i a l 

as wel l as the s i g n a l charge w i l l be n o n - l i n e a r . But t h i s i s j u s t 

the case one has when severa l f l o a t i n g e l e c t r o d e s are connected 

t o g e t h e r , i . e . each e l e c t r o d e i s loaded by the remaining e l e c t r o d e s 

in a non- l inear f a s h i o n that depends upon the common gate v o l t a g e 

and s tored charge. 

In the p a s t , c a p a c i t i v e models have been used f o r ana lys ing 
79 82 

f l o a t i n g - g a t e s t r u c t u r e s . * However, such an approach leads 

to confus ion in model l ing the d e p l e t i o n capac i tance and d i f f i c u l t i e s 

in the subsequent a n a l y s i s . These problems w i l l not be d i s c u s s e d 

f u r t h e r here , but are i l l u s t r a t e d in Appendix 2 . Ins tead , ra ther 

than use the concept of ' capac i tance ' which i s a derived q u a n t i t y , 

the a n a l y s i s w i l l be carr ied out using the fundamental concept of 

' charge ' ; as w i l l be s e e n , t h i s approach i s cons iderably more 

s t r a i g h t f o r w a r d . 

The 'charge-balance ' method i s based on the f a c t t h a t 

charge n e u t r a l i t y must be maintained in an MOS s t r u c t u r e ; in 

p a r t i c u l a r 

% - « d e p ^ « s =-2 

Consider severa l f l o a t i n g - g a t e s connected t o g e t h e r and loaded by 

a s t r a y c a p a c i t a n c e , C ( see f i g u r e 5 . 1 ) . The t o t a l charge Qy on 

the ga te assembly i s c o n s t a n t , thus we can w r i t e 

N 

«T ' \ %n + C; Vg = constant 5 . 3 

n=l 
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where A i s the area of the nth e l e c t r o d e . * 

If charges , Q_ , Q_^ Q.., are i n j e c t e d beneath 
b| op 

the gates 1 , 2 , 3 N ( p r e v i o u s l y assumed to have empty 

p o t e n t i a l w e l l s ) , the ga te vo l tage w i l l change by AVg from Vg(0) 

to V (Q) and the sur face p o t e n t i a l s w i l l f a l l from *si { o * V g ( 0 ) } , 
*S2 ^0 ,Vg(0 ) ^ , t o *s i j Q s i , V g ( Q ) j , *S2 {Qs2* Vg(Q)^ 

Denoting the change in the d e p l e t i o n charge beneath the nth 

e l e c t r o d e by AQjepn* we may from equat ions 5 . 2 and 5 .3 deduce t h a t 

AQy = A % 8sn + '"depn ) + ° 

Since Q(jepn - • t h i s equation can be rewri t ten as 

f o l l o w s 

^ Vsn = ̂  \V̂''̂'*(V'̂sn {O'Vg(O) I {Qsn'Vg(Q)} 
n=l 

AVgCs 5 .5 

F i n a l l y , s u b s t i t u t i n g f o r using equat ions 2.1 and 2 . 2 y i e l d s 

]^^^AnQsn V o x + ) 
E 

n=l 

^ ^ o x V + f - ̂ FB 
OX 

- ' ^ ' ^ s 
5 .6 

where AVg = Vg(Q) - Vg(0) . 

* For the non-recurs ive i n t e g r a t i o n t echn ique , a l l the e l e c t r o d e s 
w i l l of course be of the same area; however, the a n a l y s i s i s 
kept as general as p o s s i b l e in order t h a t the r e s u l t s can be 
e a s i l y appl ied to s p l i t - g a t e t ransversa l f i l t e r s . In t h i s c a s e , 
each sens ing e l e c t r o d e i s s p l i t i n t o two s e c t i o n s o f area and 
An", where A± = A( l±hn) /2 and hn i s the tap weight ing c o e f f i c i e n t . 
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This equation,may be s o l v e d i t e r a t i v e l y to e v a l u a t e AVg, i f N > 1 

For N = 1 , e . g . an RGR t a p , AVg can be obta ined in c l o s e d form 

and i s 

AVg = P - MQs/Cox - T p z - 2VoQsH(UH)/C, OX 
I 

where P = »„ + M j + 2V^[Vg{0) - Vpj ] | 

M 5 . 7 

and M = Cg/CQ^Ai f 0 . 

Equation 5 . 6 was der ived f o r a f l o a t i n g - g a t e s t r u c t u r e c o n s i s t i n g 

o f s i n g l e l e v e l e l e c t r o d e s , ( e . g . as in a three -phase CCD), but 

the e x t e n s i o n o f the a n a l y s i s t o a s tepped ox ide f l o a t i n g - g a t e 

s t r u c t u r e ( e . g . a two-phase d e v i c e ) , i s a s imple mat ter . The t h i c k 

ox ide por t ion of each ga te w i l l c o n s t i t u t e a n o n - l i n e a r load ing 

c a p a c i t a n c e on each t h i n o x i d e p o r t i o n . This load ing e f f e c t can 

be inc luded by s imply adding more ' g a t e s ' t o the three -phase model 

which do n o t , o f c o u r s e , s t o r e c h a r g e . * Thus equat ion 5 . 6 can be 

r e w r i t t e n 

N N 

'sn = ^ An^oxTN + ZVo^^fVgfO) - Vpg 
n=l \ 

TN 

& 

Ev 
n=l 

N 

§ 
OXTK I T̂K 

Vn_.2 + 2Vr 
'TK 

Va(0) - V FB 

^n^bXTH I^OTN * 

TK 

" s " ' - CoXTN " ' " t n 

- E v 
n=l 

°*TK \ °TK Vn_. / + 2VoTK[Vg(Q) ' % TB TK 

- AVgCg 5 . 8 

C l e a r l y t h i s a n a l y t i c a l method may be used to inc lude any non-
l i n e a r loading c a p a c i t a n c e , e . g . the e l e c t r o d e s of the CCD 
s t r u c t u r e s forming the analogue g a t e s . 
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where the s u f f i x e s TN and TK denote the t h i n and th i ck oxide 

parameters r e s p e c t i v e l y , and i s the th ick oxide area of the 

nth e l e c t r o d e . 

5 . 3 Electrode Current Sensing 

The concept of e l e c t r o d e current sens ing was d i s cus sed 

b r i e f l y in s u b s e c t i o n 2 . 5 . 3 . The a n a l y s i s of a m u l t i p l e - e l e c t r o d e 

current sens ing scheme i s more s t ra ight forward than the previous 

case because the gate v o l t a g e i s maintained a t a constant p o t e n t i a l , 

thus e l i m i n a t i n g one v a r i a b l e from the equat ions . The incremental 

charge, AQy, on the e l e c t r o d e assembly can be found simply by 

rearranging equation 5 .1 and s u b s t i t u t i n g f o r from equation 2 . 1 ; 

thus 

N 

E 
n=l 

- A 

^n^sn *n^ox 

n^ox ( + 2V^ 

V * 2^0 V . 
'FB 

5 .9 

where V i s the g a t e v o l t a g e . 

5 . 4 Numerical Analys is 

In t h i s s e c t i o n two t y p i c a l charge sens ing s t r u c t u r e s are 

analysed using the equat ions derived above: the f i r s t s t r u c t u r e 

i s a s i n g l e f l o a t i n g - g a t e t a p , as would be used in the RGR, and 

the second a 63 - tap low-pass CCD t r a n s v e r s a l f i l t e r . The l a t t e r 

case i s analysed using both the v o l t a g e and the current sens ing 

equat ions . 

5 . 4 . 1 The S i n g l e F loat ing-Gate Tap 

The s i n g l e RGR f l o a t i n g - g a t e tap had the f o l l o w i n g para-

meters: 

Electrode area 

Oxide th i ckness 

Substrate doping dens i ty 

Vg(0) 

8800wm2 

0.12wm 

IQiScm'S 

15V 
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Although the RGR i s a two-phase d e v i c e , the loading e f f e c t of the 

th i ck oxide port ion was assumed t o be l i n e a r in order t h a t the 

s imple equation 5 .7 could be used. This i s a r e a l i s t i c assumption 

because in p r a c t i c e , i t would be d e s i r a b l e t o make the th i ck oxide 

length much s h o r t e r than the t h i n oxide s e c t i o n in order t o opt imise 

the t r a n s f e r process and t o r e a l i z e a 1arge charge handling 

c a p a c i t y . Thus the loading e f f e c t w i l l , in any c a s e , be f a i r l y 

s m a l l . * Figure 5 . 2 shows p l o t s of the f l o a t i n g - g a t e v o l t a g e swing 

as a f u n c t i o n of s tored charge f o r various values of s t r a y 

capac i tance . The n o n - l i n e a r response which i s ev ident from t h e s e 

p l o t s , e s p e c i a l l y f o r small C^, i s not too important in t h i s 

p a r t i c u l a r a p p l i c a t i o n ; the most s i g n i f i c a n t observat ion i s t h a t 

w h i l s t the v o l t a g e v a r i a t i o n i s s t r o n g l y dependent upon C^, i f the 

value of t h i s parameter i s s u f f i c i e n t l y s m a l l , l arge v o l t a g e 

swings ( i . e . =10V) are o b t a i n a b l e . Figure 5 .3 shows the e f f e c t s 

of varying the s u b s t r a t e doping l e v e l s and oxide th i cknes s 

r e s p e c t i v e l y , f o r a constant s t r a y capac i tance and percentage of 

charge f i l l i n g the s torage w e l l . The f l o a t i n g - g a t e v o l t a g e swing 

i s c l e a r l y not c r i t i c a l l y dependent upon t h e s e parameters in the 

range l i k e l y t o be encountered in p r a c t i c e . 

5 . 4 . 2 The Low-Pass F i l t e r 

The a n a l y s i s on the 63- tap low-pass CCD transversa l f i l t e r 

was performed t o i n v e s t i g a t e the l i n e a r i t y of the charge sens ing 

schemes and a l s o to determine the e f f e c t s on the overa l l t r a n s f e r 

response of using e i t h e r a p o t e n t i a l e q u i l i b r a t i o n type charge 

i n j e c t i o n scheme, or the sur face p o t e n t i a l s e t t i n g (diode c u t - o f f ) 

t echnique . A low-pass t ransversa l f i l t e r was chosen f o r t h i s 

a n a l y s i s i n s t e a d of the s imple case of i d e n t i c a l e l e c t r o d e s in 

order t o i l l u s t r a t e the use of the e q u a t i o n s . I t a l s o al lowed a 

rough comparison t o be made between the a n a l y s i s and the e x p e r i -

mental r e s u l t s obtained by o ther workers , e . g . Brodersen e t a l . 

* The presence of the th i ck oxide s e c t i o n of the f l o a t i n g e l e c t r o d e 
may a l s o cause incomplete t r a n s f e r of charge. This e f f e c t w i l l 
be d i s cus sed l a t e r , but a t t h i s s t a g e i s ignored. 
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Fig 5 . 2 Response of a s i n g l e f l o a t i n g gate t o s igna l charge. Stray 
capac i tance i s the parameter. 
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Fig 5 .3 The e f f e c t of varying the oxide th i ckness and s u b s t r a t e 
doping l e v e l on the f l o a t i n g gate response . 
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and Baertsch e t a t a s tage when charge s e n s i n g s t r u c t u r e s 

of t h i s n a t u r e we re not a v a i l a b l e to the author f o r i n v e s t i g a t i o n . 

The weight ing c o e f f i c i e n t s of the f i l t e r were c a l c u l a t e d 

us ing a computer program^^ to achieve optimum e q u i - r i p p l e c h a r a c t e r -

i s t i c s and had the f o l l o w i n g parameters: f p / f ^ = 0 . 1 , f ^ / f c = 0 . 1 3 1 , 

S^/Sg = 1 , where 5^ and Sg are the passband and stopband r i p p l e s 

and f , f and f^ are the passband edge , stopband edge and clock 

f requenc ie s r e s p e c t i v e l y . The parameters of the CCD were: 

Electrode area = 1OOOwm̂  

Oxide capac i tance = O.lym 

Substrate doping d e n s i t y = lOiScm'S 

Vg(0) = 15V 

Cg = 50pf 

In order to c a l c u l a t e the o v e r a l l response , the two i n j e c t i o n 

schemes were modelled as f o l l o w s : 

( i ) Q = f o r the p o t e n t i a l e q u i l i b r a t i o n scheme; 

( " > % Cox{Vgi - " i n - V ^ n } 

diode c u t - o f f t echnique . (This equat ion i s 

simply derived from equat ion 2 . 2 where the 

sur face p o t e n t i a l beneath the input e l e c t r o d e 

i s equal t o the v o l t a g e on the d iode , i . e . V^^.) 

Vg i s the ( f i x e d ) v o l t a g e on the input 

e l e c t r o d e . 

Ord inar i ly , the se r e l a t i o n s h i p s must be s u b s t i t u t e d i n t o 

equat ions 5 .6 and 5 .9 t o obta in the o v e r a l l response . However, 

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

case when current s ens ing i s used in conjunct ion wi th the ideal 

diode c u t - o f f scheme, provided sens ing e l e c t r o d e s are at the same 
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p o t e n t i a l as the input g a t e , i . e . c o n s i d e r the nth e l e c t r o d e of 

a current s e n s i n g sys tem. We may w r i t e from equat ion 5.1 

° ' o x - • s n ' 

from which we s e e t h a t the g a t e charge i s proport iona l t o the 

s u r f a c e p o t e n t i a l . I f Vg = Vg , then w i l l s imply be the input 

v o l t a g e n c l o c k waveforms p r e v i o u s l y , and so we may w r i t e 

N 

AQt(KTc) = E - "Tc) 5-11 

n=l 

From equat ion 5 .11 we s e e t h a t i f t h i s combination i s used , a 

l i n e a r o v e r a l l response may be r e a l i z e d . 

In order to determine the o v e r a l l response f o r the remaining 

c a s e s , a computer program was used . A subrout ine was inc luded t o 

s i m u l a t e the propagat ion of charge along the CCD so t h a t t r a n s f e r 

i n e f f i c i e n c y e f f e c t s could be i n v e s t i g a t e d . Full d e t a i l s o f the 

program are g iven in Appendix 2 . By c o n s i d e r i n g s i n u s o i d a l inputs 

of appropr ia te f r e q u e n c i e s and e v a l u a t i n g the d i s c r e t e Four ier 

transform of the o u t p u t , the frequency response and harmonic 

d i s t o r t i o n of the f i l t e r could be o b t a i n e d . Full d e t a i l s of the 

r e s u l t s obta ined from the a n a l y s i s o f the 6 3 - t a p low-pass t r a n s v e r s a l 

f i l t e r are g iven in Appendix 2; they may be summarized as f o l l o w s : 

( i ) For the d e v i c e parameters chosen , the current s e n s i n g 

scheme g i v e s l e a s t o v e r a l l d i s t o r t i o n ; the b e s t c h o i c e 

of charge i n j e c t i o n technique depends upon the l e v e l 

of n o n - l i n e a r i t y introduced by charge p a r t i t i o n i n g in 

the diode c u t - o f f scheme; t h i s e f f e c t was not i n c l u d e d . 

( i i ) The d i s t o r t i o n introduced by v o l t a g e s e n s i n g can be 

decreased by i n c r e a s i n g the s t r a y capac i tance and in 

the l i m i t of l a r g e Cg approaches the d i s t o r t i o n i n t r o -

duced by the current s e n s i n g t e c h n i q u e . However, 
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increas ing a l so decreases the output vo l tage 

amplitude and s o would r e s u l t in an i n f e r i o r s i g n a l -

t o - n o i s e r a t i o during subsequent a m p l i f i c a t i o n . 

( i l l ) The a n a l y s i s shows t h a t second harmonic d i s t o r t i o n 

of the order of -49dB can be obta ined . Obviously 

no d i r e c t comparison can be drawn, but t h i s f i g u r e 

i s in reasonable agreement with r e s u l t s obtained 

by Baertsch on a s i m i l a r f i l t e r operated with 
OO 

approximately the same parameters. 

Although these r e s u l t s i n d i c a t e t h a t the b e s t performance 

i s obtained with a current s ens ing arrangement, the implementation 

of t h i s scheme requires more complex peripheral c i r c u i t r y than 
83 

the v o l t a g e s ens ing scheme. In p r a c t i c e , the advantages of a 

more s t ra ight forward implementation may outweigh i t s s l i g h t l y 

i n f e r i o r performance; thus the cho ice of sens ing technique f o r 

the non-recurs ive i n t e g r a t o r w i l l require f u r t h e r care fu l 

c o n s i d e r a t i o n . 

In the a n a l y s i s of the v o l t a g e sens ing c o n f i g u r a t i o n s , 

two minor second-order e f f e c t s were not cons idered . The f i r s t 

e f f e c t a r i s e s i f the f l o a t i n g - g a t e assembly i s not r e s e t t o V (0) 

a t some po int during every c lock c y c l e . For i n s t a n c e , i f r e s i s t i v e 

b i a s i n g i s employed, only the average value of the v o l t a g e wave-

form on the f l o a t i n g gate assembly i s clamped to the b ias v o l t a g e . 

Thus V (0) w i l l vary according to the mean amplitude of the 

f l o a t i n g - g a t e v o l t a g e . This e f f e c t has not y e t been model led, 

but i t i s f e l t t h a t i f the output v o l t a g e amplitude i s kept 

reasonably small (< IV pk-pk s a y ) , i t can be ignored. The second 

e f f e c t only occurs in s p l i t - e l e c t r o d e v o l t a g e sens ing schemes, 

and i s termed ' charge -hogg ing ' . I t i s due t o the v o l t a g e 

d i f f e r e n t i a l on the two gate assembl ies causing an unequal charge 

d i s t r i b u t i o n beneath each e l e c t r o d e s e c t i o n . Recent work has 

shown that in g e n e r a l , t h i s e f f e c t can a l s o be n e g l e c t e d . 
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5 . 5 Summary 

In t h i s Chapter, an a n a l y t i c a l technique f o r i n v e s t i g a t i n g 

both f l o a t i n g - g a t e v o l t a g e sens ing and e l e c t r o d e current sens ing 

techniques has been descr ibed . An a n a l y s i s of a s i n g l e RGR-tap 

has shown that provided s t r a y capac i tance i s minimized, 

s u f f i c i e n t l y l a r g e v o l t a g e pulses can be generated t o dr ive each 

analogue gate d i r e c t l y . 

Analys is of a 63- tap f i l t e r has shown t h a t , d e s p i t e the 

n o n - l i n e a r i t i e s introduced by d e p l e t i o n capac i tance e f f e c t s in 

both charge s ens ing schemes, acceptab le o v e r a l l d i s t o r t i o n l e v e l s 

(= -45dB) can be obtained provided the appropriate charge i n j e c t i o n 

scheme i s employed; indeed, t e n t a t i v e agreement has been obtained 

between these r e s u l t s and experimental r e s u l t s of o ther workers. 

Thus i t i s reasonable to assume t h a t a non-recurs ive i n t e g r a t o r 

could be des igned in which d i s t o r t i o n would not unduly degrade 

performance. 

I t was pointed out a t the end o f Chapter 4 that the 

recurs ive i n t e g r a t o r required a l e s s complex IC layout than the 

n o n - r e c u r s i v e . For t h i s reason , i t was decided t o p lace more 

emphasis on the development o f a r e c u r s i v e system i n i t i a l l y . In 

the next Chapter, the implementation of the recurs ive scheme i s 

cons idered in d e t a i l . 
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CHAPTER SIX 

THE CCD IMPLEMENTATION OF THE RECURSIVE INTEGRATOR 

6.1 Introduct ion 

The b a s i c concepts of the p a r a l l e l t r a n s f e r recurs ive 

i n t e g r a t o r have been d i s cus sed in Chapter 4 . In t h i s Chapter the 

des ign of a t e s t i n t e g r a t e d c i r c u i t t o eva lua te t h i s implementation 

i s presented . 

As i n d i c a t e d a l ready , the s t o r a g e s i t e s and a s s o c i a t e d 

analogue ga te s are combined as a s i n g l e - b i t CCD, thus a l lowing 

the higher operat ing speed c a p a b i l i t i e s of these s t r u c t u r e s t o be 

employed w h i l s t reducing chip complex i ty . In the dev ice descr ibed 

in t h i s Chapter, a f u r t h e r s i m p l i f i c a t i o n i s introduced by 

e l i m i n a t i n g the second RGR a s s o c i a t e d with the output ga t ing shown 

in f i g u r e 4 . 5 . This i s p o s s i b l e because the necessary addressing 

pu l ses f o r both input and output analogue gates can, in f a c t , be 

obtained from a s i n g l e RGR. 

In t h i s t e s t d e v i c e , MOST i n v e r t i n g b u f f e r s were i n s e r t e d 

between the RGR taps and the analogue ga te s so t h a t the low 

frequency performance of the RGR could be eva luated without 

e x c e s s i v e loading e f f e c t s . C l e a r l y , removing the second RGR and 

so halv ing the required number of b u f f e r s a l lows a s u b s t a n t i a l 

reduct ion in chip complexity and s i z e . 

A schematic of the t e s t dev ice i s shown in f i g u r e 6 . 1 . 

I t c o n s i s t s of a 4 - b i t RGR, four b u f f e r s and three s torage c e l l s . 

The sample/hold c i r c u i t r y , s c a l i n g a m p l i f i e r and summing network 

shown in f i g u r e 6.1 were not inc luded on the t e s t ch ip . The 

operat ion of the c i r c u i t i s as f o l l o w s : the output bus i s s e t t o 

a re f erence l e v e l and a '1' i s loaded i n t o the f i r s t b i t o f the 

RGR. The information s t o r e d in the f i r s t s torage s i t e i s thus 

gated to the output bus where i t i s sampled and h e l d . This value 



86 

MOST 
INVERTERS 

CCD 
STORAGE SITES 

ANALOGUE GATES 
RESET 

A-bit R.G.R 

Fig 6 .1 A schematic of the t e s t r ecurs ive i n t e g r a t o r . The components 

i n s i d e the dotted box are f a b r i c a t e d on-ch ip . 
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Fig 6 . 2 A c r o s s - s e c t i o n of a s torage s i t e showing i t s operat ion 

and t iming waveforms. 
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i s s c a l e d and summed with the next input; in the meantime, the 

output bus has been r e s e t . The RGR i s then c l o c k e d , t r a n s f e r r i n g 

the '1 ' t o the next b i t , thus generat ing an address pu l se enabl ing 

the f i r s t s torage s i t e t o be loaded with the new informat ion; 

s imul taneous ly , the information in the second s torage s i t e i s 

gated to the output bus. The sequence cont inues u n t i l a l l the 

s torage s i t e s have been updated. 

6 . 2 The Operation of the Storage S i t e 

A c r o s s - s e c t i o n of a s torage s i t e i s shown in f i g u r e 6 . 2 . 

This s t r u c t u r e i s operated in the l&-phase mode by the c lock 

waveform which i s a l s o used to dr ive the RGR. The input analogue 

gate i s s imply the input s e c t i o n of t h i s two-phase CCD s t r u c t u r e , 

comprising e l e c t r o d e s and and employs the charge i n j e c t i o n 

technique descr ibed in s e c t i o n 2 . 4 . 1 . As i n d i c a t e d a l ready , 

charge i n j e c t e d by t h i s method has demonstrated a high s i g n a l -

v o l t a g e to c h a r g e - p a c k e t - s i z e l i n e a r i t y . O u t p u t gat ing i s 

accomplished by puls ing fg" and thus t r a n s f e r r i n g the s igna l 

charge s tored beneath G2 to the output d i o d e . 

The operat ion of the s torage s i t e i s as f o l l o w s : cons ider 

an address pu l se from the nth b i t of the RGR a r r i v i n g a t the 

e l e c t r o d e . Signal charge prev ious ly s tored beneath Gg w i l l f low 

onto the output diode (which i s connected t o the output bus) ( s ee 

f i g u r e 6 . 2 a ) . Upon a p p l i c a t i o n of the next c lock pulse to the 

RGR, the charge represent ing the '1 ' w i l l be t r a n s f e r r e d onwards 

and so w i l l turn o f f . S imul taneous ly , the e l e c t r o d e i s 

pulsed so that i t s s torage w e l l s can accept charge from t h e i r 

adjacent diode d i f f u s i o n s ( f i g u r e 6 . 2 b ) . During the ON period of 

the s igna l v o l t a g e on the output diode i s sampled and the diode 

immediately r e s e t t o a re ference l e v e l . As *i turns o f f , the 

charge in the RGR i s t r a n s f e r r e d to the ( n + l ) t h tap causing ^2"*^ 

to p u l s e on. Since the 4,̂  wel l i s now in the ' supply' p o s i t i o n , 

the we l l formed beneath the gate G2 w i l l f i l l with charge 
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proportional to the new s ignal v o l t a g e , ( f i g u r e 6 . 2 c ) . During 

the next clock c y c l e , t h i s s igna l charge i s i s o l a t e d in the Gg 

wel l ( f i g u r e 6 . 2 d ) ; thus w i th in two c lock p e r i o d s , any s torage 

s i t e can be acces sed and updated. 

In order t h a t a s igna l i n t e g r a t o r can be used t o 

e f f e c t i v e l y reduce c l u t t e r ampl i tude , the in t erva l between 

s u c c e s s i v e radar returns from a s i n g l e bearing must be g r e a t e r 

than 100ms; consequently each return must be s tored f o r an equ i -

v a l e n t period m u l t i p l i e d by the i n t e g r a t i o n sample s i z e , m. The 

s torage times ach ievable with CCDs, as i n d i c a t e d in s e c t i o n 2 . 7 , 

are l i m i t e d by dark current g e n e r a t i o n , but must c l e a r l y be longer 

than m x 100ms i f they are t o be usable in t h i s a p p l i c a t i o n . 

Dark current generat ion rates are s t r o n g l y dependent upon the 

f a b r i c a t i o n process used and the operat ing temperature of the 

d e v i c e , as d i s c u s s e d . CCDs f a b r i c a t e d in the m i c r o e l e c t r o n i c s 

laboratory here at Southampton Univers i ty have e x h i b i t e d s torage 

times of t y p i c a l l y only 10ms, however, i t i s hoped that with the 

appropriate process ing procedures , t h i s f i g u r e can be increased 

to about 10 s e e s . The development of s u i t a b l e procedures i s 

beyond the scope of t h i s i n v e s t i g a t i o n and i s in f a c t being s tud ied 

by other workers in the l a b o r a t o r y . T h e r e f o r e , t h i s vas t t o p i c 

w i l l not be d i s c u s s e d f u r t h e r here . 

6 . 3 The Design of the Test Chip 

The procedures used t o design the t e s t dev ice and to 

ensure t h a t the three main components - the RGR, b u f f e r s , and 

s t o r a g e s i t e s - i n t e r f a c e c o r r e c t l y are descr ibed below. 

6 . 3 . 1 The Storage S i t e s 

The des ign of the t e s t dev ice i s b e s t approached by 

f i r s t cons ider ing the s torage s i t e s , s i n c e the required dr iv ing 

v o l t a g e s of these components determine the parameters of the 

b u f f e r s and RGR. 
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The p i t ch of the s torage s i t e s determines the length of 

each RGR b i t , * which from t r a n s f e r e f f i c i e n c y c o n s i d e r a t i o n s should 

be as small as p o s s i b l e . The s torage s i t e s were t h e r e f o r e designed 

using minimum geometry des ign ru les ( the s m a l l e s t f e a t u r e 

dimension i s 4um) but a l lowing f o r a reasonable charge handling 

c a p a c i t y . Although t h i s parameter i s normally determined by the 

e l e c t r o d e width a l s o , t h i s dimension had been cons tra ined to 200%m 

t o maintain a small overa l l chip s i z e . Figure 6 . 3 i s a dimension 

photomicrograph o f a s torage s i t e , and i t can be seen that in 

order to reduce the p i t c h t o lOOp the output diode has been placed 

beneath Gg. 

In order to s i m p l i f y process monitor ing, the standard CCD 

f a b r i c a t i o n schedule was used; t h i s y i e l d s th ick and th in oxide 

th i ckness of O.Swm and O.lZ^m r e s p e c t i v e l y . The s i l i c o n used in 

the process was 2-5ncm <100> n- type ( i . e . Ng = tS . lQ iScm'S) . 

The remaining des ign c o n s i d e r a t i o n s are b e s t i l l u s t r a t e d 

by r e f e r r i n g to f i g u r e 6 . 4 . In t h i s diagram the minimum and 

maximum value of s u r f a c e p o t e n t i a l tha t must e x i s t beneath the 

s torage s i t e e l e c t r o d e s s e t t o t h e i r maximum (broken l i n e ) and 

minimum p o t e n t i a l (cont inuous l i n e ) r e s p e c t i v e l y , i s shown. These 

condi t ions ensure t h a t complete charge t r a n s f e r between p o t e n t i a l 

w e l l s takes p lace and that a maximum s i z e d charge packet can be 

s t o r e d . From t h i s diagram and f i g u r e 6 . 5 , which shows the 

v a r i a t i o n of s u r f a c e p o t e n t i a l beneath the th in and th ick oxides 

as a func t ion o f gate v o l t a g e , the b ias v o l t a g e s can be c a l c u l a t e d . 

For i n s t a n c e , i f the minimum p o t e n t i a l of the waveform, OiQpp, 

i s 4V, the v o l t a g e on must swing from 4V to 17.6V so t h a t a 

f u l l charge packet can be s tored beneath G2 and subsequent ly t r a n s -

f erred to the output d iode . S i m i l a r l y , the v o l t a g e on Ĝ  must 

* There i s no p o s s i b i l i t y of making the RGR b i t length ha l f the 
s torage s i t e p i t c h by p lac ing the s t o r a g e s i t e s each s i d e of the 
RGR; the gates of adjacent s torage s i t e s must be connected 
t o g e t h e r and t h i s approach would c r e a t e an enormous in terconnec -
t i o n problem. 
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Fig 6.3 A photomicrograph of a storage site. The dimensions are 



91 

— GATES AT MINIMUM POTENTIAL ' 
— GATES AT MAXIMUM POTENTIAL 

Fig 6 . 4 The sur face p o t e n t i a l p r o f i l e s in the s torage s i t e 

t h a t w i l l ensure complete t r a n s f e r and s t o r a g e of a 

f u l l charge packet . 

92 " ' 176 0 

Fig 6 . 5 The v a r i a t i o n of s u r f a c e p o t e n t i a l beneath the th ick and 

th in oxide gates with ga te v o l t a g e . The parameters used were 

appropriate f o r the process ing used to f a b r i c a t e the d e v i c e s . 
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vary between 4V and 9.2V to ensure t h a t charge in the well i s 

i s o l a t e d from 62 , except during the appropriate c lock c y c l e when 

a f u l l charge packet may be t r a n s f e r r e d . In f a c t , the vo l tage on 

w i l l r i s e to more than 9.2V s i n c e i t i s connected to 42"*^' 

As a r e s u l t a small amount of charge w i l l be trapped beneath G^, 

and so reduce the maximum charge that can be metered i n t o Gg. 

This i s minimized by making as shor t as p o s s i b l e , i . e . 4pm; 

furthermore, s i n c e 4^ w i l l switch on be fore Ĝ  turns o f f , t h i s 

' r e s i d u a l ' charge w i l l t r a n s f e r back to beneath the e l e c t r o d e 

and not forwards. The maximum charge handling capac i ty under 

these cond i t ions i s =4pC. Since the capac i tance of each output 

diode when r e v e r s e - b i a s e d to =19V i s l e s s than 0.02pF, cons iderab le 

c a p a c i t i v e loading of the output bus i s required to reduce the 

s i g n a l v o l t a g e developed on i t to a reasonable l e v e l , say 2V pk-pk; 

o therwise d i s t o r t i o n due t o the n o n - l i n e a r sense diode capac i tance 

would be unacceptable . 

Having d i s cus sed the b i a s v o l t a g e requirements of the 

s torage s i t e , we w i l l now cons ider the b u f f e r s . 

6 . 3 . 2 The Buffers 

Each b u f f e r i s implemented as a standard MOST d r i v e r and 

load c o n f i g u r a t i o n . To ease i n t e r f a c i n g with the s torage s i t e s , 

i t would be d e s i r a b l e f o r the v o l t a g e gain of each b u f f e r to be 

as high as p o s s i b l e . However, in the l i m i t e d s i l i c o n area a v a i l -

a b l e , v o l t a g e gain can be increased only by s a c r i f i c i n g swi tch ing 

speed. The swi tch ing speed was required t o be Ips wi th each 

b u f f e r operat ing in to a capac i tance of =15pF ( the capac i tance o f 

the s t o r a g e s i t e g a t e s , in t erconnec t ing t r a c k s , bonding pad and 

scope probe) . Thus the gain o f the load dev ice was c a l c u l a t e d 

upon t h i s c r i t e r i o n . 8 6 The space a v a i l a b l e to f a b r i c a t e each 

b u f f e r was determined by the s torage s i t e p i tch and the d i s t a n c e 

between the RGR and the s torage s i t e s . This l a t e r dimension was 

s e t to 500#m in order t h a t the chip s i z e did not exceed t h a t which 
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could be handled by the s t e p - a n d - r e p e a t camera, i . e . = 1 . 5 x 1.5mm. 

The b u f f e r l a y o u t was then o p t i m i s e d us ing t h e s e c r i t e r i a , t o 

maximize the v o l t a g e ga in w h i l s t ma in ta in ing the requ ired s w i t c h i n g 

speed . As a r e s u l t , the maximum v o l t a g e ga in t h a t cou ld be r e a l i z e d 

was on ly t h r e e . (However, p r o v i s i o n was inc luded in the artwork 

f o r the ga in t o be e a s i l y i n c r e a s e d - but a t the expense o f 

s w i t c h i n g s p e e d . ) A dimensioned photomicrograph o f a b u f f e r i s 

shown in f i g u r e 6 . 6 . 

So t h a t a r easonab le degree of contro l over the o p e r a t i n g 

c h a r a c t e r i s t i c s of the b u f f e r s could be e x e r c i s e d , p r o v i s i o n was 

i n c l u d e d on the t e s t d e v i c e t o vary the source b i a s of the d r i v e r 

t r a n s i s t o r s . The t r a n s f e r c h a r a c t e r i s t i c s may be e a s i l y d e r i v e d , 

bear ing in mind t h a t t h e s u b s t r a t e s of both t r a n s i s t o r s are 

connected to g r o u n d . T h u s i n the l i n e a r reg ion the t r a n s f e r 

c h a r a c t e r i s t i c can be d e s c r i b e d by the equat ion 

(^DD - ^ o u t - ' T L - " ' t l ) 
y . ^ = — + V j | + + AV-j 

6.1 
in A 'TL " ' s " "'TD 

and in the n o n - l i n e a r reg ion 
2 

(Vpo - "out - " tL - ' " t l ) ^ \ut - ' s 
"in = + 

- "5) 

where AVy^ 

aVlD 

+ VjQ + Vg + AVjq 6 . 2 

)l/2*fVout " I 

|V̂ 4̂ S - ifz+f I 6 . 4 

VgQ i s the supply v o l t a g e = 30V 

^out the b u f f e r output v o l t a g e 
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Fig 5.6 A photomicrograph of a buffer . The dimensions are in ^m. 
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and 

i s the load MOST thresho ld v o l t a g e = 2V 

VyQ i s the d r i v e r MOST threshold v o l t a g e = 2V 

Vg i s the d r i v e r MOST source b ias 

A i s the b u f f e r gain = 3 

Vg = 0.35V 

i s the Fermi p o t e n t i a l = 0.6V. 

The e v a l u a t i o n of these equat ions was aided by the use 

of an HP-25 programmable c a l c u l a t o r and the r e s u l t s are p l o t t e d 

in f i g u r e 6 . 7 f o r severa l values o f V . Using these c u r v e s , and 

the cond i t ions that ensure c o r r e c t operat ion of the s t o r a g e s i t e s , 

the required vo l tage d e v i a t i o n of each f l o a t i n g - g a t e tap in the 

RGR can be obta ined . Further d e t a i l s o f t h i s procedure w i l l be 

postponed unt i l the des ign of the RGR has been descr ibed . 

6 . 3 . 3 The RGR 

As descr ibed in Chapter 4 , the RGR i s a f l o a t i n g - g a t e 

tapped two-phase CCD. This device i s operated in the l&-phase 

mode with a l t e r n a t e e l e c t r o d e s ( the f l o a t i n g e l e c t r o d e s ) b iased 

by the s u r f a c e leakage of charge from the adjacent e l e c t r o d e s . 

Figure 6 . 8 shows an e q u i v a l e n t c i r c u i t of the s t r u c t u r e ; C and 

Rg represent the i n t e r - e l e c t r o d e capac i tance and r e s i s t a n c e , C 

and R represent the g a t e - t o - s u b s t r a t e capac i tance and r e s i s t a n c e 

and Cg the s t r a y c a p a c i t a n c e . Cg (being e f f e c t i v e l y the p a r a l l e l 

p l a t e capac i tance between the edges of adjacent e l e c t r o d e s ) i s 

n e g l i g i b l e compared with Cg + Ĉ  and under normal c ircumstances 

R i s much larger than R^, the l a t t e r being approximately lOi^n 

(the v a l i d i t y of these assumptions w i l l be d i s c u s s e d in the next 

Chapter). The time cons tant o f (Cg + Cg) and R^ i s approximately 

10 s e e s . , cons iderably longer than the c lock p e r i o d , and so the 

v o l t a g e a t X w i l l be simply the average value o f the waveform. 
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Fig 6 . 8 The e q u i v a l e n t c i r c u i t of the f l o a t i n g e l e c t r o d e 

b ia s ing arrangement. 
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Fig 6 .9 Incomplete t r a n s f e r caused by l arge charge packets 
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I t was shown in the l a s t Chapter, t h a t i f the f l o a t i n g -

gate i s required t o generate large v o l t a g e swings , the c a p a c i t i v e 

loading on the ga te should be s m a l l . However, in a two-phase 

d e v i c e , where the f l o a t i n g - g a t e i s simply a t h i c k / t h i n ox ide 

s t r u c t u r e , an add i t iona l l i m i t i s imposed upon the minimum p o t e n t i a l 

t o which the ga te can f a l l . Consider f i g u r e 6 . 9 : these diagrams 

i l l u s t r a t e the sur face p o t e n t i a l p r o f i l e when a small charge 

packet ( f i g u r e 6 . 9 a ) and a large charge packet ( f i g u r e 6 .9b ) i s 

t r a n s f e r r e d along the RGR. The continuous l i n e shows the cond i t ion 

when i s o f f and the broken l i n e when i s on. I t can be seen 

t h a t w h i l s t the smal ler charge i s t r a n s f e r r e d c o m p l e t e l y , the 

f a l l i n g p o t e n t i a l of the f l o a t i n g - g a t e in response to the l a r g e r 

charge packet prevents complete charge t r a n s f e r . Consequently a 

c e r t a i n amount of charge w i l l be trapped in the w e l l ; more 

important ly though, the f l o a t i n g - g a t e v o l t a g e w i l l be clamped a t 

a value corresponding to the c o n d i t i o n t h a t i t s th ick oxide 

s u r f a c e p o t e n t i a l i s approximately equal t o the th in oxide sur face 

p o t e n t i a l beneath the e l e c t r o d e s . Thus i f the minimum 

p o t e n t i a l i s 4V, then from the graphs in f i g u r e 6 . 5 , we see that 

the minimum f l o a t i n g - g a t e p o t e n t i a l w i l l be =9.2V. This should 

correspond t o a vo l tage on or Gg o f 17.6V; by using the curves 

drawn in f i g u r e 6 . 7 , i t can be seen that t h i s c o n d i t i o n can be 

achieved by applying a source b ias of approximately 3.5V to the 

b u f f e r s . The ' o f f p o t e n t i a l on Ĝ  and Gg should be 4V which from 

f i g u r e 6 . 6 , and using the same value f o r V , corresponds to a 

f l o a t i n g - g a t e b ias of 36V. For a 4V o f f s e t c l o c k , t h i s would 

require a c lock v o l t a g e amplitude of 64V. Apart from the 

d i f f i c u l t i e s of generat ing a c lock waveform of t h i s magnitude, the 

maximum v o l t a g e i s approaching the breakdown v o l t a g e o f the t h i n 

oxide l a y e r . I n any c a s e , the c lock generators a v a i l a b l e to 

the author could generate a maximum amplitude of only 27V; thus 

with a 4V o f f s e t , the f l o a t i n g e l e c t r o d e s would be b iased to =17.5V. 

This corresponds to an output v o l t a g e from the b u f f e r o f 

approximately 6 .5V, but t h i s i s not low enough to prevent charge 

f l owing from the well i n t o the s torage we l l under Gg a t every 
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c lock c y c l e . In f a c t , i t i s imposs ib le t o achieve s a t i s f a c t o r y 

i n t e r f a c i n g of a l l the components on the t e s t dev ice due t o the 

low gain o f the b u f f e r s . However, by modifying the waveform 

appl ied t o the input g a t e , Gg, t h i s s i t u a t i o n may be r e t r i e v e d . 

I t w i l l be r e c a l l e d from f i g u r e 6 . 2 that the input s igna l 

i s c o n t i n u a l l y appl ied to Gg; however, i f t h i s waveform i s s trobed 

so that when i s o f f the v o l t a g e on G2 f a l l s to *Topp« c o r r e c t 

operat ion o f the s torage s i t e s can be obta ined , e . g . assume t h a t 

*10FF " i f the above m o d i f i c a t i o n i s implemented, then the 

v o l t a g e on Ĝ  need only swing between 4V and 9.2V. The f l o a t i n g -

gate w i l l swing between 15.5V and 9 .2V, thus the v o l t a g e swings 

required f o r and Gg can be obtained by s e t t i n g the b u f f e r source 

b i a s to =1.5V. 

I t has been assumed thus f a r t h a t the c a p a c i t i v e loading 

of the f l o a t i n g - g a t e s does not l i m i t the vo l tage swing. In f a c t , 

the width of the RGR was chosen t o be 200um and the l ength o f 

t h i n ox ide port ion o f the gates t o be 44pm. The r a t i o of the 

s t r a y capac i tance to the gate capac i tance was then = 0 . 2 5 , thus 

ensuring the above c o n d i t i o n . Although an e l e c t r o d e length of 

50nm i s rather long f o r low t r a n s f e r i n e f f i c i e n c y , i t was 
3 8 

e s t i m a t e d , based upon s e l f - i n d u c e d d r i f t c a l c u l a t i o n s , t h a t a t 

f = 700kHz, E = 10"3. Since the RGR i s only 4 - b i t s l o n g , t h i s 

l eve l of E i s u n l i k e l y to cause t r a i l i n g charges large enough to 

cause spurious swi tch ing of the analogue g a t e s . 

6 . 4 Device Fabricat ion 

Fabr icat ion of the t e s t dev ice required s i x masks; these 

were l a i d out in Rubyl i th , 250 times the f i n a l s i z e . The f a b r i c -

a t i o n of the i n t e r - e l e c t r o d e gaps was carr ied out using the 

obl ique evaporat ion shadowing technique descr ibed in Chapter 2. 

An added advantage of using t h i s technique i s tha t small f e a t u r e s 

can be f a b r i c a t e d wi thout the need t o al low f o r the p o s s i b i l i t y 

o f mask misa l ignments . For i n s t a n c e , the input gate G^, which i s 
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only 4pm l o n g , and i t s in t erconnec t ion track i s de f ined complete ly 

with the shadow technique ( see f i g u r e 6 . 1 0 ) , i . e . the ' l eading 

edge' i s de f ined by the oxide s t e p , and the t r a i l i n g edge by the 

edge o f Gg. Full d e t a i l s of the process ing schedule can be found 

in Appendix 4 . A photomicrograph of the complete dev i ce i s shown 

in f i g u r e 6 . 1 1 . 

During the f a b r i c a t i o n o f these d e v i c e s , severa l problems 

were encountered which s e r i o u s l y impeded the production of 

p o t e n t i a l l y working i n t e g r a t o r s . A cons iderab le amount of e f f o r t 

was required to overcome these d i f f i c u l t i e s which are d i s cus sed 

b r i e f l y below: 

( i ) Mask Reso lu t ion: As a lready i n d i c a t e d , in order to 

minimize the gate l engths of the RGR, the s torage areas had to be 

des igned with geometries as small as 4wm. Since mask production 

involved a t l e a s t one contac t ing s t a g e be fore s t e p - a n d - r e p e a t i n g 

and three a f t erwards , cons iderab le care had to be e x e r c i s e d a t 

each s t a g e , in order t h a t the small f e a t u r e s were a c c u r a t e l y 

de f ined and that d e f e c t s due to dust or emuls ion b lemishes , e t c , 

were suppressed. 

( i i ) High Threshold Vol tages : At the time t h a t these 

dev ices were being proces sed , i t became imposs ib le to f a b r i c a t e 

aluminium gate MOS dev ices with thresho ld v o l t a g e s on the th in 

and th ick ox ides of l e s s than =12V and =25V r e s p e c t i v e l y . Attempts 

to i s o l a t e the cause o f t h i s problem by running process check 

s l i c e s conta in ing MOS c a p a c i t o r s proved f u t i l e , s i n c e these could 

be f a b r i c a t e d with the expected thresho ld v o l t a g e s (e2V and =6V) 

c o n s i s t e n t l y ! Extensive e f f o r t s were made to improve process ing 

c l e a n l i n e s s , p a r t i c u l a r l y during the photomechanical and e t ch ing 

s t a g e s , e . g . the e t c h i n g of phosphorous doped oxide and ordinary 

oxide was carr i ed out in separate beakers . Experiments on the 

f a u l t y dev i ce s e s t a b l i s h e d that phosphorous auto-doping during 

f a b r i c a t i o n s t e p s subsequent to the n+ d i f f u s i o n s t e p were not 
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Fig 6.11 A photograph of the recursive test device. 
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taking p l a c e . The cause was f i n a l l y a t t r i b u t e d to sodium 

contamination o f the oxide a t the aluminium evaporation s t a g e , 

when i t was learned t h a t the tungsten heat ing s p i r a l s in the 

evaporator were sa turated with sodium as a necessary part of t h e i r 

product ion. Indeed, the a c q u i s i t i o n o f an E-gun evaporator in 

which the aluminium was evaporated from a carbon c r u c i b l e enabled 

low thresho ld dev ices to be f a b r i c a t e d c o n s i s t e n t l y . Furthermore, 

the thresho ld v a r i a t i o n s over a 2" wafer could be kept r e l a t i v e l y 

low with t h i s sys tem, e . g . 2V ± 0.2V and 6V ± 0.5V f o r the thin 

and th i ck oxides r e s p e c t i v e l y . Unfortunate ly the apparent cause 

of the problem ( i . e . sodium contamination) i s not e n t i r e l y c o n s i s -

t e n t with the f a c t tha t capac i tors could be s u c c e s s f u l l y f a b r i c a t e d 

using tungsten evaporated aluminium. The reason f o r t h i s has not 

y e t been e s t a b l i s h e d . 

( i i i ) Aluminium Spikes: As was mentioned above, the 

aluminium source in the E-gun was contained in a carbon c r u c i b l e . 

However, each carbon c r u c i b l e l a s t s only severa l evaporat ions s i n c e 

the molten aluminium tends to 'soak' i n t o the carbon and p u l v e r i s e 

i t . A l so , during the l i f e of a carbon c r u c i b l e , the evaporated 

f i l m th ickness v a r i e s cons iderably and i s p a r t i c u l a r l y ' g r a i n y ' . 

These f e a t u r e s are u n d e s i r a b l e , e s p e c i a l l y f o r the three-phase 

shadow technique used to f a b r i c a t e the input gate , s i n c e the 

gap i s dependent upon the he ight and shape of the aluminium s t e p . 

The use o f cermet c r u c i b l e s enabled more reproducible and uniform 

aluminium f i l m s to be evaporated , but during subsequent low 

temperature a l l o y i n g and anneal ing t r e a t m e n t s , * a cons iderab le 

number o f aluminium ' s p i k e s ' grew out of the aluminium l a y e r ( see 

f i g u r e 6 . 1 0 ) , and produced v i s i b l e s h o r t s between the e l e c t r o d e s 

of the CCD s t r u c t u r e s . The s i z e and number of s p i k e s i n c r e a s e s 

with temperature and time o f the heat treatment . The cause of 

* The anneal ing treatment a f t e r evaporat ion was necessary to remove 
X-ray damage produced in the E-gun. 
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t h i s phenomena i s contamination of the aluminium from i n t e r a c t i o n 

with the c r u c i b l e , and p o s s i b l y a l s o due t o the evaporat ion o f the 

cermet s i n c e i t has been observed that the l i p of the c r u c i b l e 

becomes eroded a f t e r prolonged u s e . Careful observat ion has in 

f a c t shown t h a t most c r u c i b l e s ( e . g . carbon, boron n i t r i d e ) 

produce t h i s e f f e c t to some e x t e n t and the most promising s o l u t i o n 

appears t o be the use o f aluminium oxide c r u c i b l e s , or pre ferab ly 

a water -coo led 'hearth' type E-gun. 

( i v ) Scr ib ing and Mounting: Test ing procedures subsequent 

to bonding revea led t h a t many dev ices had f a i l e d due to i n t e r -

e l e c t r o d e shor t s caused by conductive dust p a r t i c l e s ( e . g . s i l i c o n ) 

wedged in the sub-micron i n t e r - e l e c t r o d e gap reg ion . Thus a 

s p e c i a l procedure was developed to prevent damage to the gaps 

during s c r i b i n g and mounting. I t e n t a i l e d cover ing the a c t i v e 

area of the wafer with a p o s i t i v e p h o t o r e s i s t pa t tern (using the 

f i n a l aluminium mask) before s c r i b i n g . A f t e r s c r i b i n g , the wafers 

were f i r s t c leaned upside-down in an u l t r a s o n i c water bath and 

then the d e f e c t i v e dev ices were i n k - s p o t t e d . The wafer was then 

broken up and the ind iv idua l chips mounted onto headers with s i l v e r 

loaded Arald i te and baked f o r 30' a t 150°C. Then j u s t p r i o r to 

bonding, the dev i ce s were u l t r a s o n i c a l l y c leaned upside-down in 

a c e t o n e . A m o d i f i c a t i o n of t h i s technique in which the a c t i v e 

area i s permanently enc losed in aluminium oxide i s under 

c o n s i d e r a t i o n . 

6 . 5 Summary 

In t h i s Chapter, the operat ion of a r e c u r s i v e i n t e g r a t o r 

to t e s t the performance of the RGR and the s torage s i t e s has been 

descr ibed in d e t a i l , t o g e t h e r with the des ign procedure of the 

t e s t d e v i c e . 

In the next Chapter, the r e s u l t s obtained from experiments 

on t h i s dev i ce are presented . 
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CHAPTER SEVEN 

TEST INTEGRATOR RESULTS 

7.1 Introduct ion 

In t h i s Chapter the r e s u l t s of experiments performed on 

the t e s t i n t e g r a t o r w i l l be presented . They are d iv ided i n t o 

three s e c t i o n s : in the f i r s t and second s e c t i o n s the f l o a t i n g -

gate tap t r a n s f e r response ( q u a s i - s t a t i c operat ion of the RGR), 

and the dynamic operat ion of the RGR w i l l be descr ibed . D e t a i l s 

of the s torage s i t e s w i l l be d i s c u s s e d in the t h i r d s e c t i o n . 

7 . 2 The Q u a s i - S t a t i c Operation of the RGR 
r-~ " 

Before d e t a i l e d measurements of the operat ion of the t e s t 

dev ices were undertaken, the device parameters were f i r s t 

e s t a b l i s h e d . These are l i s t e d below: 

S p e c i f i c a t i o n Measured Units 

Substrate doping l e v e l , 
No 

Thin oxide depth, tgy^N 

1.8x1015 ~ - cm"3 Substrate doping l e v e l , 
No 

Thin oxide depth, tgy^N 0 .12 0.11 wm 

Thick oxide depth , toyy^ 0 .5 0.51 pm 

ÔTN 
0 .35 0 .29 V 

ÔTK 
6 . 0 8 6 . 3 2 V 

Thin oxide f la tband 
v o l t a g e , 

1 1 V 

Thick oxide f la tband 
v o l t a g e , 

4 . 5 4 . 5 V 

RGR gate c a p a c i t a n c e , 
r ^ 2 . 5 3 3 . 0 4 pF 

ox 

F l o a t i n g - g a t e s t r a y 
c a p a c i t a n c e , Cg 

0 .63 1 .33 PF 

M 0.25 0 .44 
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The oxide t h i c k n e s s e s were determined during process ing by 

observing the co lour of the o x i d e , and the f la tband v o l t a g e s were 

c a l c u l a t e d from measurements of the thresho ld v o l t a g e s of MOSTs 

f a b r i c a t e d on the t h i n and th ick o x i d e s . I t can be seen that the 

f l o a t i n g - g a t e loading f a c t o r , M, i s l a r g e r than expected . This 

was due t o an i n c r e a s e in area o f the gate of the b u f f e r d r i v e r -

MOST which occurred during mask product ion. The capac i tances 

and Cg were c a l c u l a t e d from the dimensions of the RGR and b u f f e r s 

measured on large photomicrographs of these f e a t u r e s . 

The o b j e c t of the experiments presented in t h i s s e c t i o n 

was to i n v e s t i g a t e the t r a n s f e r response of the RGR f l o a t i n g - g a t e 

t a p s . The experimental approach was to t r a n s f e r a s e r i e s of v a r i -

able s i z e d charge packets along the RGR, then by c h a r a c t e r i z i n g 

the i n v e r t e r s , the f l o a t i n g - g a t e t r a n s f e r response could be d e t e r -

mined. Since the b u f f e r s are employed pr imari ly to reduce 

c a p a c i t i v e loading on the RGR t a p s , there are no ex terna l connec-

t i o n s t o the b u f f e r input; thus the t r a n s f e r response of the 

b u f f e r s could not be r e a d i l y determined. In f a c t , the only way 

to gain access to the b u f f e r inputs was to short the f l o a t i n g taps 

to the e l e c t r o d e s ( f i g u r e 6 . 1 1 ) , consequent ly des troy ing the 

RGR. Thus an experiment on a dev ice could only be carr ied out once. 

In s p i t e of t h i s d i f f i c u l t y , experiments were performed on severa l 

dev ices and c o n s i s t e n t r e s u l t s were obta ined . The experimental 

s e t - u p i s shown in f i g u r e 7 . 1 . To e v a l u a t e the q u a s i - s t a t i c 

performance of the RGR, the input diode was connected t o a v a r i a b l e 

v o l t a g e source in s e r i e s with an RC network. The charge being 

i n j e c t e d and t r a n s f e r r e d in the RGR could be c a l c u l a t e d by measuring 

the v o l t a g e drop across the r e s i s t o r with a DVM. The r e l a t i o n s h i p 

between the charge , Q. , and the v o l t a g e drop, V, can be derived 

as f o l l o w s . The charge being i n j e c t e d i n t o the dev ice g i v e s r i s e 

t o a current , i , f l owing through the RC network. This current i s 

g iven by 

1 = ^ ^ 7.1 
R dt 
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RGR INPUT 
DODE 

BUFFER OUTPUTS 

CRO 

CLOCK 
GENERATOR 

TEST DEVICE 

Fig 7 .1 The experimental s e t - u p t o measure the t r a n s f e r 

response of the RGR f l o a t i n g gate t a p s . 

RGR CHARGE PACKET SIZE (pC) 
A in 12 14 

TOTAL 
SYSTEM 
RESPONSE 

Buffer ga ins BUFFER 
RESPONSE 

6 10 12 

BUFFER INPUT VOLTAGE 

Fig 7 . 2 The t r a n s f e r response of b u f f e r s and of the 

overa l l system, i e the RGR and b u f f e r s . 
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If the RC time constant i s s u f f i c i e n t l y long compared with the 

c lock p e r i o d , then dv = o. Thus 
dt 

where T i s the c lock per iod . 

The abso lu te v o l t a g e l e v e l s a t the b u f f e r outputs were 

measured on a Tektronix 7704A o s c i l l o s c o p e with a 7A18 p l u g - i n . 

A source b ias was appl ied to the b u f f e r dr ivers and adjusted to 

ensure t h a t the MOSTs were always operat ing in s a t u r a t i o n over the 

complete range of f l o a t i n g - g a t e p o t e n t i a l v a r i a t i o n , thus providing 

maximum s e n s i t i v i t y . In f i g u r e 7 . 1 , the b u f f e r s are des ignated 

'A' to ' D ' , 'A' being n e a r e s t the input of the RGR. 

In order to c h a r a c t e r i z e the b u f f e r s , the f l o a t i n g e l e c t -

rodes were shorted to the e l e c t r o d e s with s i l v e r - l o a d e d A r a l d i t e ; 

a v a r i a b l e v o l t a g e source was then connected to w h i l s t the 

b u f f e r outputs were monitored on the o s c i l l o s c o p e . In the 

d i s c u s s i o n on the RGR des ign in s e c t i o n 6 . 3 . 3 , i t was i n d i c a t e d 

that an incomplete t r a n s f e r mode of operat ion could occur in the 

RGR which would l i m i t the maximum t r a n s f e r a b l e charge. In order 

t h a t the f l o a t i n g - g a t e response could be i n v e s t i g a t e d over a 

r e l a t i v e l y large range o f charge packet s i z e s , incomplete t r a n s f e r 

was suppressed by operat ing the dev ice with a zero o f f s e t c l ock . 

Consequently when switched o f f , the s t o r e d charge was forced 

to t r a n s f e r to beneath the f l o a t i n g e l e c t r o d e s , any exces s 

recombining in the s u b s t r a t e . The c lock amplitude was 27.5V; 

d e t a i l s of the c lock generat ion c i r c u i t r y are g iven in Appendix 5 . 

Care had to be taken when analys ing the r e s u l t s of 

experiments on the RGR, s i n c e two e f f e c t s were observed t h a t could 

cause e r r o r s . The f i r s t was due to c lock feedthrough v i a i n t e r -

e l e c t r o d e c a p a c i t a n c e , and the second arose because of accumulation 
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THEORY 
A.e.m MEASURED 

-i 1 i 1 1 

% 
10 pC^ 

Fig 7 . 3 A comparison of the measured and t h e o r e t i c a l response 

the f l o a t i n g taps . 

TO 
FLOATING 
GATE 

4 k 

BUFFER 0 BUFFER C BUFFER B 

D̂D 

DIFFUSION 
RESISTANCE 

BUFFER A 

Fig 7 . 4 The equ iva l en t c i r c u i t of the b u f f e r array on the t e s t 

dev ice inc luding the Vgg and source b ias bus d i f f u s i o n 

r e s i s t a n c e . 
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of charge beneath the f l o a t i n g e l e c t r o d e s due to dark current 

g e n e r a t i o n . Both these e f f e c t s caused a small output to appear 

when the RGR input was biased o f f . Although the output due to 

dark current generat ion could be i d e n t i f i e d and suppressed by 

increas ing the c lock frequency , both e f f e c t s could be compensated 

by simply subtrac t ing the output produced with no charge i n j e c t e d 

i n t o the RGR from the regular output . 

Measurements were undertaken on severa l d e v i c e s , and 

t y p i c a l r e s u l t s are presented in f i g u r e 7 . 2 and f i g u r e 7 . 3 . The 

t r a n s f e r responses o f the b u f f e r s of one dev ice are p l o t t e d in 

f i g u r e 7 . 2 , t oge ther with the overa l l t r a n s f e r response of the RGR 

and the b u f f e r s . The measured t r a n s f e r response of some f l o a t i n g -

gate taps are shown in f i g u r e 7 . 3 , the t h e o r e t i c a l response i s 

a l s o p l o t t e d (continuous c u r v e s ) . I t can be seen t h a t the model 

g i v e s a very c l o s e f i t to the measured response , and t h i s led the 

author to f e e l c o n f i d e n t t h a t the model could be used to des ign 

subsequent devi c e s . 

Two anomalous e f f e c t s were observed during the experiments 

and these can be seen in f i g u r e 7 . 2 . I t i s e v i d e n t t h a t the ga ins 

o f the i n v e r t e r s d i f f e r from each o ther in s p i t e of the f a c t t h a t 

they al1 have the same geometr i e s . Furthermore, on a l l the 

dev ices t e s t e d , the ga ins c o n s i s t e n t l y decreased from b u f f e r A to 

b u f f e r D. The dominant cause o f t h i s was thought t o be the 

r e s i s t a n c e of the underpass d i f f u s i o n s providing the source b i a s 

to each d r i v e r , and the supply v o l t a g e This hypothes is was 

i n v e s t i g a t e d using the e q u i v a l e n t c i r c u i t shown in f i g u r e 7 . 4 of 

the b u f f e r array; the r e s i s t a n c e s R^, Rg Rg represent the 

appropriate d i f f u s i o n r e s i s t a n c e s . In order to s i m p l i f y the 

a n a l y s i s , however, only a s i n g l e b u f f e r was considered us ing the 

c i r c u i t shown in f i g u r e 7 . 5 . If the MOSTs are assumed to operate 

in s a t u r a t i o n , then the equat ions d e s c r i b i n g t h i s c i r c u i t are as 

f o l l o w s 
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Fig 7 . 5 The e q u i v a l e n t c i r c u i t of the s i n g l e b u f f e r used in 

the a n a l y s i s . 

SERIES RESISTANCE (0) 

Fig 7 .6 The t h e o r e t i c a l v a r i a t i o n of b u f f e r gain as a f u n c t i o n 

of s e r i e s r e s i s t a n c e . 
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ID = (Vin - iD^a " " Vy - AVi^) 7 . 3 

ID = Y ('OD - lD«b - "out - "T - ^ " T / 7 -4 

where AYŷ  - ( V ' d " ! * *s * ' ^ f ' 

and ^ ( V ^ o u t + 2 4 - V ^ f ) 

where 1^ i s the drain current of each t r a n s i s t o r , 

g-j and 62 arc the ga ins of the d r i v e r and load MOSTS 

r e s p e c t i v e l y , 

i s the b u f f e r input v o l t a g e , 

Rg, are the underpass d i f f u s i o n r e s i s t a n c e s a s s o c i a t e d 

with d r i v e r and load r e s p e c t i v e l y , 

Vg i s the d r i v e r source b i a s , 

Vy i s the thresho ld v o l t a g e of each t r a n s i s t o r , 

and AVy and AV̂  are the thresho ld i n c r e a s e s due to back-gate 
'1 '2 

b i a s . 

The parameters and gg were c a l c u l a t e d us ing geometries measured 

from large photographs of the b u f f e r s ; the m o b i l i t y was 206cm2/V-s 

which was c a l c u l a t e d from the V versus c h a r a c t e r i s t i c of 

another more e a s i l y a c c e s s i b l e MOST on the d e v i c e . The equat ions 

7 .4 to 7 .6 are more e a s i l y e v a l u a t e d , f o r various va lues of R and 

R^ by s o l v i n g f o r ; t h i s was cons iderably f u r t h e r s i m p l i f i e d 

by employing the computer program d e t a i l e d in Appendix 3 . 

Figure 7 .6 shows a p l o t o f the t h e o r e t i c a l v o l t a g e gain 

v a r i a t i o n as a f u n c t i o n of s e r i e s r e s i s t a n c e , when R = R^. D i r e c t 

measurement of the s e r i e s r e s i s t a n c e a s s o c i a t e d with each b u f f e r 

shows t h a t in f i g u r e 7 . 4 



112 

Rl = Rr 

Rr = Rc 

7 
= Rr 

2.1 kn 

1.6kn 

1.6kn 

1.7kn 

To p r e d i c t the gain of each b u f f e r , these values must be modif ied 

t o take i n t o account the i n t e r a c t i o n of the b u f f e r s v i a the s e r i e s 

r e s i s t a n c e s . To a f i r s t approximation, i f the currents drawn by 

each b u f f e r are approximately e q u a l , then R̂  and R2 must be 

increased by a f a c t o r o f f o u r , Rg and R^ by a f a c t o r of three and 

Rg and Rg by a f a c t o r of two; i . e . s i n c e R̂  and Rg supply current 

to four b u f f e r s , the v o l t a g e drop across them w i l l be four t imes the 

magnitude caused by a s i n g l e b u f f e r , e t c . Thus the e f f e c t i v e 

s e r i e s r e s i s t a n c e s f o r each b u f f e r are 

B u f f e r A Buffer B Buf fer C Buffer D 

Ra = Rb 8 .4kn 13.2ko 16.4ko IB . lkn 

However, i f the se v a l u e s are i n s e r t e d in to equat ions 7.3 to 7 .6 , 

the c a l c u l a t e d gain i s cons iderab ly smal ler than the measured 

v a l u e s , as seen from f i g u r e 7 .6 . The reason f o r t h i s has y e t to 

be e s t a b l i s h e d , but the i n d i c a t i o n of the a n a l y s i s i s t h a t the 

p r o g r e s s i v e reduct ion in gain o f b u f f e r A to b u f f e r D i s caused by 

s e r i e s r e s i s t a n c e . 

The second e f f e c t i s a s s o c i a t e d with the r e s t i n g p o t e n t i a l 

of the f l o a t i n g e l e c t r o d e s . The mark space r a t i o of the 27.5V 

amplitude c lock was 1 . 3 : 1; thus the r e s t i n g p o t e n t i a l of the 

f l o a t i n g e l e c t r o d e s should be 15.6V according t o the s imple theory 

However, i t can be seen from f i g u r e 7 . 3 t h a t the measured values 

d i f f e r s i g n i f i c a n t l y from the t h e o r e t i c a l v a l u e . In d e r i v i n g the 

s imple model of the f l o a t i n g - g a t e s t r u c t u r e in s e c t i o n 6 . 3 . 3 , the 
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gate leakage was assumed t o be cons iderably smal l er than the i n t e r -

e l e c t r o d e l eakage; t h i s assumption may in f a c t be i n v a l i d f o r very 

low humidity ambients . To i n v e s t i g a t e t h i s p o s s i b i l i t y , f u r t h e r 

cons idera t ion was given to the f l o a t i n g - g a t e s t r u c t u r e . 

The gate to subs tra te leakage r e s i s t a n c e of a f l o a t i n g -

gate tap can be c a l c u l a t e d using the bulk r e s i s t i v i t y of SiCL, 
OO ^ 

t y p i c a l l y > lO^^ncm, to be > 1 . 2 . lO^Sn. However, the s h e e t 
r e s i s t i v i t y of the oxide may vary from 8 x lO^^n/o a t 40% humidity 

89 

to 1 0 i 5 # / o a t 100% humidity, thus a s imple c a l c u l a t i o n using 

the dimensions shown in f i g u r e 7 . 7 f o r a t y p i c a l oxide s t e p , shows 

that the i n t e r - e l e c t r o d e r e s i s t a n c e can vary between = 5 . 5 x 10* 

and 5 . 5 x lO^^n f o r 40% and 100% humidity r e s p e c t i v e l y . 

0 4 j j m 

1 
O'Sjum 

Fig 7 .7 A simple model o f the oxide s t e p and the 
shadowed i n t e r - e l e c t r o d e gap 

For a typ i ca l humidity o f 70%, the i n t e r - e l e c t r o d e r e s i s t a n c e 

w i l l be = 5 X lO^^n. So f o r the c lock amplitude s p e c i f i e d above, 

the r e s t i n g p o t e n t i a l o f the f l o a t i n g e l e c t r o d e s w i l l be =14V. 

Clear ly then , the value of r e s t i n g p o t e n t i a l w i l l depend upon 

humidity , and f o r ind iv idua l e l e c t r o d e s upon the shape of the 

i n t e r - e l e c t r o d e gap; i t was found t h a t in general the r e s t i n g 

p o t e n t i a l s of the f l o a t i n g e l e c t r o d e s of an RGR d i f f e r e d by 
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approximately 0.8V. Although t a p - t o - t a p vo l tage v a r i a t i o n s are 

l i k e l y to cause f i x e d pat tern n o i s e in the s tored s i g n a l , i t was 

decided to postpone the treatment of t h i s t o p i c to a l a t e r s t a g e , 

when the f e a s i b i l i t y of CCD p a r a l l e l process ing a r c h i t e c t u r e s had 

been wel l e s t a b l i s h e d . However, some thought was given to how 

the f l o a t i n g - p o t e n t i a l could be more r e l i a b l y d e f i n e d . For 

i n s t a n c e , the e f f e c t s of g a t e to s u b s t r a t e leakage could be 

cons iderably reduced i f the DC coupl ing between e l e c t r o d e s was 

increased . This could be done f o r example, by d e p o s i t i n g a thin 

l a y e r (=0.1%m) of s i l i c o n onto the oxide sur face before the f i r s t 

aluminium evaporat ion . Such a m o d i f i c a t i o n would a l s o reduce 

short- term v a r i a t i o n in f l o a t i n g p o t e n t i a l due to l oca l humidity 

f l u c t u a t i o n s (although there was no ev idence t h a t t h i s occurred) . 

7 .3 The Dynamic Operation of the RGR 

Figure 7 . 8 shows the dynamic operat ion of the RGR when 

propagating a s i n g l e charge packet ; the waveform a t the top i s the 

input p u l s e appl i ed t o the RGR and the i n v e r t e r outputs are shown 

below. The small t r a i l i n g pu l se i s caused by incomplete t r a n s f e r , 

as d i s cus sed p r e v i o u s l y . The c lock waveform has been o f f s e t by 

4V to demonstrate t h i s e f f e c t which becomes more pronounced as the 

charge packet s i z e i s increased ( f i g u r e 7 . 9 ) . As was d i s c u s s e d 

in the l a s t s e c t i o n , incomplete t r a n s f e r can be suppressed by 

operat ing the dev ice with a be low-threshold o f f s e t c l o c k . A second 

method, invo lv ing s epara t ing the th i ck and t h i n oxide reg ions of 

the f l o a t i n g e l e c t r o d e s , w i l l be d i s c u s s e d in the next Chapter. 

The t r a n s f e r i n e f f i c i e n c y of the RGR was determined by 

monitoring the output from the f i r s t f l o a t i n g - g a t e b u f f e r , i . e . 

b u f f e r A. Accurate measurements of t h i s parameter were d i f f i c u l t 

s i n c e the charge packet s i z e had to be kept small to minimize 

incomplete t r a n s f e r e f f e c t s . * Thus the magnitude of the main pulse 

* If charge i s trapped in the source w e l l , the l a s t s t a g e s of ' f r e e 
charge t r a n s f e r are slowed down, thus causing an increase in the charge t r a n s f e r 
i n t r i n s i c t r a n s f e r i n e f f i c i e n c y 
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Fig 7 . 8 An osc i l lograph of the dynamic operation of the 

RGR. The s c a l e i s as shown. 

Fig 7.9 The dynamic operation of the RGR showing incomplete 

t r a n s f e r . The sca l e i s as shown. 

FEEDTHROUGH 

Fig 7 .10 An osc i l l ograph of the RGR operation showing 

the feedthrough of pulses from adjacent buf fers 
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at the b u f f e r output was of the order of IV. Since the charge 

packet had only undergone a s i n g l e t r a n s f e r at t h i s s t a g e , i f a 

t r a n s f e r i n e f f i c i e n c y of 10 ^ was to be measured, a t r a i l i n g pu l se 

amplitude of the order of ImV had to be accurate ly measured. Although 

measurements a t these l e v e l s could be made, the accuracy of the 

r e s u l t s was ques t ionable ; t h i s was because feedthrough of the main 

pulse from adjacent buf fers p a r t i a l l y cance l l ed the required wave-

form and so made the es tabl i shment of a reference l e v e l d i f f i c u l t . 

This c a n c e l l a t i o n e f f e c t can be s een , considerably exaggerated in 

the device under t e s t , on the pulses preceding the main pulse in 

f i g u r e 7 . 1 0 . 

In s p i t e of these d i f f i c u l t i e s , however, the t r a n s f e r 

i n e f f i c i e n c y a t 700kHz was est imated to be l e s s than 2 x 10"%. As 

the charge packet s i z e was increased to a l eve l corresponding to 

the onset of incomplete t r a n s f e r , the t r a n s f e r i n e f f i c i e n c y 

increased by a f a c t o r of about f i v e . This was a t t r i b u t e d to the 

f a c t tha t as the f l o a t i n g e l e c t r o d e po tent ia l swings more p o s i t i v e 

with larger charge packets , the underlying potent ia l wel l ' l ooks ' 

l e s s l i k e an i n f i n i t e s ink to the t rans ferr ing charge. 

The r i s e time of the buf f er s was measured to be =700ns 

which i s in reasonable agreement with the designed va lue . 

7 .4 The Storage S i t e s 

Unfortunate ly , due to a mask e r r o r , i t was not p o s s i b l e 

to operate the s torage s i t e s . The e r r o r , two missing channel 

s top d i f f u s i o n s , caused p a r a s i t i c MOST ac t ion between the s torage 

s i t e input diodes and the supply vo l tage d i s t r i b u t i o n bus d i f f u s i o n , 

and between the output bus d i f f u s i o n and the s ignal input bus 

d i f f u s i o n . Since the mask artwork was hand cut in Rubyl i th, i t 

was not p o s s i b l e to correc t the f a u l t e a s i l y . However, s ince the 

storage s i t e s are simply standard CCD s t r u c t u r e s , they should work 

s a t i s f a c t o r i l y . Furthermore, a p r e - s c r i b i n g wafer t e s t procedure 

to e s t a b l i s h d e f e c t i v e dev ices included a t e s t to operate the RGR 
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and s torage s i t e s CCDs as MOSTs. This t e s t could be carr i ed out 

s a t i s f a c t o r i l y on the s torage s i t e s s i n c e a l l unused pads were 

connected t o ground; the t e s t confirmed that each e l e c t r o d e of 

the s t r u c t u r e could act independently as a control ga te . 

7 .5 Conclusions 

The experiments performed on the t e s t i n t e g r a t o r dev ice 

and presented in t h i s Chapter have e s t a b l i s h e d the f e a s i b i l i t y of 

using a f l o a t i n g - g a t e tapped CCD as an on-chip address r e g i s t e r . 

In p a r t i c u l a r , measurements on the t r a n s f e r response of the 

f l o a t i n g - g a t e taps have demonstrated a c l o s e c o r r e l a t i o n with 

theory and so confirms the e a r l i e r f l o a t i n g - g a t e a n a l y s i s which 

showed that large amplitude p u l s e s can be generated a t each tap; 

thus i t i s p o s s i b l e to connect the tap outputs d i r e c t l y to the 

analogue ga te s wi thout intermediate a m p l i f i c a t i o n , and so enable 

the high speed c a p a b i l i t y of CCD s t r u c t u r e s to be u t i l i z e d . 

Although a mask f a u l t prevented the s torage s i t e s from 

working, the se untes ted f u n c t i o n s employ convent ional CCD techniques 

Thus, ra ther than c o r r e c t the f a u l t on the e x i s t i n g d e s i g n , i t was 

decided to proceed with the des ign of a second r e c u r s i v e t e s t 

d e v i c e , incorporat ing severa l m o d i f i c a t i o n s a r i s i n g from the 

exper ience gained from operat ing the f i r s t t e s t i n t e g r a t o r . In 

the next Chapter the m o d i f i c a t i o n s and the dev ice design are 

d i s c u s s e d in d e t a i l , and some prel iminary experimental r e s u l t s 

presented . 



118 

CHAPTER EIGHT 

DESIGN AND OPERATION OF THE MODIFIED INTEGRATOR 

8.1 Introduct ion 

At the o u t s e t of the development of the p a r a l l e l process ing 

s igna l i n t e g r a t o r , i t was intended that CCD s t r u c t u r e s should be 

used e x c l u s i v e l y t o enable high speed operat ion t o be r e a l i z e d . 

The r e s u l t s of experiments performed on the t e s t i n t e g r a t o r chip 

and presented in the l a s t Chapter, demonstrated t h a t t h i s i s 

p o s s i b l e . 

This Chapter descr ibes the design and opera t ion of a 

second t e s t r e c u r s i v e i n t e g r a t o r which employs d i r e c t address ing 

from the RGR. Several o ther des ign m o d i f i c a t i o n s are a l s o included 

which improve the propagation and d e t e c t i o n of the charge in the 

RGR, and which could enable an i n c r e a s e in s torage s i t e packing 

d e n s i t y t o be ach ieved . 

8 . 2 The Design M o d i f i c a t i o n s 

The s t r u c t u r e of the r e c u r s i v e i n t e g r a t o r was modi f ied in 

the f o l l o w i n g ways. ^ 

(a) Since the analogue gates are inc luded in the s t r u c t u r e 

of the s torage s i t e s , the d i r e c t address ing scheme requires a 

radica l m o d i f i c a t i o n of the s torage s i t e o p e r a t i o n , as n e g a t i v e 

l o g i c must now be used f o r the address ing . A c r o s s - s e c t i o n of a 

s i n g l e s torage s i t e and i t s t iming sequence i s shown in f i g u r e 8 . 1 ; 

the feedback c i r c u i t i s a l s o shown in t h i s diagram. Gates Ĝ  and 

Gg form the input and output analogue ga te s r e s p e c t i v e l y , and are 

both connected d i r e c t l y t o the nth tap o f the RGR. Gg a l s o serves 

as the s t o r a g e ga te f o r the charge metered by the input e l e c t r o d e 

Gg; the ga te Ĝ  enables Gg t o be used f o r t h i s purpose. The 

sequence o f operat ion i s as f o l l o w s . Normally Ĝ  and Gg are at a 
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Fig 8 .1 The c r o s s - s e c t i o n and t iming diagram f o r the modif ied 

r e c u r s i v e i n t e g r a t o r s t o r a g e s i t e . 
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Fig 8 . 2 A method of i n c r e a s i n g packing d e n s i t y by combining the 

input and output d i f f u s i o n s of adjacent s torage s i t e s . 
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Fig 8 . 3 A second method of i n c r e a s i n g packing d e n s i t y by b ias ing 

the output ga te from the output d i o d e . 
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high p o t e n t i a l equal to the r e s t i n g p o t e n t i a l of the RGR f l o a t i n g 

e l e c t r o d e s (time s l o t 1 ) ; thus the p o t e n t i a l well beneath i s 

c o n t i n u a l l y 'primed' wi th charge, and the s igna l charge i s s t o r e d 

beneath Gg. When the charge packet in the RGR i s t r a n s f e r r e d 

beneath the nth t a p , the p o t e n t i a l s on Ĝ  and Gg f a l l and so the 

s i g n a l charge t r a n s f e r s onto the output diode (time s l o t 2 ) . The 

output v o l t a g e i s immediately summed with the corresponding range 

bin sample o f the next radar return and the r e s u l t i n g s ignal i s 

appl ied t o the input gate Gg. Since the p o t e n t i a l wel l beneath 

Ĝ  has c o l l a p s e d t o the 'supply' p o s i t i o n , charge corresponding 

to the input s igna l i s metered i n t o the p o t e n t i a l wel l beneath Gg. 

As the address charge i s t r a n s f e r r e d along the RGR, the p o t e n t i a l s 

on Ĝ  and Gg r i s e t o t h e i r o r i g i n a l values and the updated s ignal 

charge t r a n s f e r s t o beneath Gg, where i t i s again s tored (time 

s l o t 3 ) . I t can be seen that s torage s i t e updating i s carr i ed out 

during only one c lock c y c l e , and so a sample/hold func t ion in the 

feedback c i r c u i t r y i s unnecessary. 

(b) Two m o d i f i c a t i o n s t o the b a s i c s torage s i t e c o n f i g u r -

a t i o n d i s cus sed in (a) were implemented. The f i r s t m o d i f i c a t i o n 

was to f a b r i c a t e the output diode of one s torage s i t e and the input 

diode of the next s torage s i t e as a s i n g l e d i f f u s i o n ( s e e f i g u r e 

8 . 2 ) . This may be done s i n c e the input diode merely primes the 

p o t e n t i a l wel l beneath Ĝ  and any v a r i a t i o n of i t s p o t e n t i a l , 

provided i t i s r e l a t i v e l y s m a l l , i s not c r i t i c a l . As a r e s u l t , 

the s torage s i t e p i t c h may be reduced s i n c e a channel s top d i f f u s i o n 

need not be f a b r i c a t e d between the s torage s i t e s . 

The second m o d i f i c a t i o n was simply to b ias the gate Ĝ  by 

connect ing i t d i r e c t l y to the output diode ( f i g u r e 8 . 3 ) Again, 

t h i s enables an increase in packing d e n s i t y t o be achieved s i n c e 

an add i t iona l b i a s i n g i n t e r c o n n e c t i o n i s not required . 

These m o d i f i c a t i o n s were implemented s e p a r a t e l y on the 

t e s t dev i ce in the form of two s e t s of s torage areas driven from 
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a common RGR. In t h i s way, the operat ing ranges o f the two types 

of s torage s i t e could be e s t a b l i s h e d and the p o s s i b i l i t y of 

combining the m o d i f i c a t i o n s i n v e s t i g a t e d . 

(c ) Another advantage of the modif ied operat ion of the 

s torage s i t e i s that adjacent s i t e s do not need t o be in terconnected 

as in the previous d e s i g n . Thus i t i s p o s s i b l e t o p o s i t i o n 

s torage s i t e s on each s i d e of the RGR, one s e t of which operate 

from even taps and the o ther from odd t a p s . This enables the 

b i t length o f the RGR to be reduced to 50^m; the width was increased 

t o 400%m, to ensure that the s t r a y capac i tance loading f a c t o r , M, 

would be s m a l l . The s torage s i t e e l e c t r o d e s are lOO^m wide and 

14pm l o n g , 4wm of which i s over th i ck o x i d e , thus M < 0 . 2 7 ; * the 

output g a t e , G^, i s 4#m long . 

(d) So t h a t more p r e c i s e control could be e x e r c i s e d over 

the t r a n s f e r of charge in the RGR, and to a id the suppress ion of 

incomplete t r a n s f e r , the th i ck and th in oxide s e c t i o n s of the 

f l o a t i n g - g a t e were separated; the th i ck oxide s e c t i o n , r e f e r r e d to 

as the t r a n s f e r g a t e , i s e x t e r n a l l y b iased to a DC l e v e l . 

(e ) By employing the two-phase charge i n j e c t i o n scheme 

descr ibed in s e c t i o n 2 . 4 . 1 , the charge packet s i z e in the RGR can 

be more p r e c i s e l y c o n t r o l l e d . 

( f ) The charge propagating to the end o f the RGR i s 

de tec ted using the novel sample/hold c i r c u i t shown in f i g u r e 8 . 4 . 

I t c o n s i s t s of a f l o a t i n g - g a t e which i s sensed with an MOST b u f f e r 

v ia a t r i p l e - g a t e sampling MOST swi t ch . The two outer e l e c t r o d e s 

of the MOST swi tch are s e t t o a DC bias in order t h a t sample pu l se 

feedthrough may be reduced. The f l o a t i n g - g a t e i s b iased through 

a very low gain (6 x 10"GS/v) MOS d iode . Cp and Cg represent the 

* The s t r a y capac i tance of the f l o a t i n g - g a t e i s composed pre-
dominantly of the gate capaci tance of Gn and Gg which w i l l vary 
according t o the charge s tored beneath them. 
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Fig 8 . 5 The s u r f a c e p o t e n t i a l p r o f i l e s in the s t o r a g e s i t e f o r 

complete t r a n s f e r and s torage of a f u l l s i z e charge packet . 
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Fig 8 . 6 The s u r f a c e p o t e n t i a l p r o f i l e s in the RGR f o r 4^ OFF and ON. 

(a) i s a t y p i c a l b i a s i n g c o n d i t i o n , and (b) shows the t r a n s f e r 

gate b ias s e t to t r a n s f e r a maximum charge packet . 



123 

capac i tance a s s o c i a t e d with the f l o a t i n g - g a t e and the input of the 

MOST b u f f e r r e s p e c t i v e l y . During o p e r a t i o n , the t o t a l charge on 

Cp and Cg remains constant and simply p a r t i t i o n s between the 

c a p a c i t o r s , depending upon the magnitude of the charge beneath the 

f l o a t i n g - g a t e . Red i s t r ibut ion of charge occurs every time the 

sample swi tch i s c l o s e d . 

This c i r c u i t w i l l permit e a s i e r coupl ing of the address 

b i t between chips i f severa l dev ices are cascaded t o g e t h e r . I t s 

use as a charge d e t e c t o r in the non-recurs ive p a r a l l e l process ing 

i n t e g r a t o r s which were descr ibed in Chapter 4 , i s a l s o being 

cons idered . 

8 . 3 The Design Procedure 

The des ign procedure f o r the modif ied i n t e g r a t o r i s made 

s l i g h t l y e a s i e r than f o r the f i r s t t e s t dev ice s i n c e only two CCD 

s t r u c t u r e s need t o be i n t e r f a c e d . Although many modes of operat ion 

are p o s s i b l e , by studying the operat ion of both the RGR and s torage 

s i t e s , the most s a t i s f a c t o r y c o n d i t i o n s can be r e l a t i v e l y e a s i l y 

deduced. For example, the cond i t i ons f o r complete t r a n s f e r in the 

s torage s i t e s i s i l l u s t r a t e d in f i g u r e 8 . 5 . Again, the minimum 

value o f sur face p o t e n t i a l t h a t must e x i s t beneath the s torage 

s i t e when and are a t t h e i r maximum p o t e n t i a l i s shown as the 

dotted l i n e . The maximum value of sur face p o t e n t i a l when Ĝ  and 

G are a t t h e i r minimum p o t e n t i a l i s shown by the continuous l i n e . 

The operat ion of the RGR i s s l i g h t l y more complex. The 

t y p i c a l sur face p o t e n t i a l p r o f i l e of the empty dev ice i s shown in 

f i g u r e 8 . 6 a . I t can be seen t h a t the DC b i a s on the t r a n s f e r gate 

should be high enough t o ensure complete t r a n s f e r from the *-] w e l l , 

and that the f l o a t i n g - g a t e r e s t i n g p o t e n t i a l , or c lock ampli tude, 

should be appropriate t o a l low complete t r a n s f e r i n t o the w e l l . 

Another c r i t e r i o n governing the value of the DC b i a s on the t r a n s f e r 

gate i s the maximum s i z e of charge packet t h a t i s required t o 

propagate along the RGR; furthermore, the DC b i a s w i l l a l s o a f f e c t 
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the r e s t i n g p o t e n t i a l of the f l o a t i n g e l e c t r o d e and thus the 

maximum amplitude of the address p u l s e . C lear ly there are many 

i n t e r r e l a t e d f a c t o r s which w i l l i n f l u e n c e the performance of the 

d e v i c e . For the i n i t i a l des ign s t e p s t h e r e f o r e , the b i a s i n g 

c o n d i t i o n s were chosen t o g i v e the most s a t i s f a c t o r y operat ion 

based upon an i n t u i t i v e a s s e s s m e n t . 

I t was assumed t h a t a maximum s i z e d charge packet could 

be t r a n s f e r r e d along the RGR, i f the s u r f a c e p o t e n t i a l beneath the 

t r a n s f e r g a t e was equal to the t h i n ox ide s u r f a c e p o t e n t i a l of 

the e l e c t r o d e s when was OFF ( s e e f i g u r e 8 . 6 b ) . Thus f o r a 

g iven c lock ampl i tude , the f l o a t i n g - g a t e r e s t i n g p o t e n t i a l can 

be determined (ga te t o s u b s t r a t e leakage i s ignored a t t h i s s t a g e ) . 

I t i s a l s o apparent t h a t the magnitude o f the f l o a t i n g - g a t e v o l t a g e 

v a r i a t i o n w i l l be l i m i t e d by the maximum charge packet t h a t can 

be s t o r e d beneath the f l o a t i n g - g a t e ra ther than the l oad ing 

c a p a c i t a n c e (assuming the l a t t e r i s s m a l l ) . Thus in order t o 

c a l c u l a t e the amplitude of the address p u l s e , the maximum charge 

packet t h a t could be s t o r e d beneath the f l o a t i n g e l e c t r o d e must 

be f i r s t determined. This can be done by rearranging equat ion 5 . 5 , 

which, f o r a s i n g l e g a t e , i s 

Qin ^ 2 q e ^ 1^*5(0,Vg(0) -

Vg(Q) Vg(0) 8.1 

where Q. i s the s i g n a l charge in Coulombs and A i s the e l e c t r o d e 

a r e a . By s u b s t i t u t i n g f o r Vg(Q) and Vg(0) in terms o f and 

r e c a l l i n g that iJSql^N = C ^ ^ V ^ » we can w r i t e : 

= A C . Qin ' A CoxlfZV^ i ^ * s ( 0 ' V g ( 0 ) V * s ( O i / g ( Q ) 

A CpyCs 

A.Cox + Cc 
*s (0 ,Vg (0 ) k 2 
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Thus by i n s e r t i n g the i n i t i a l (^g { 0 , V g ( 0 ) } ) and f i n a l 

(*s IQ. V (Q)}) values of the s u r f a c e p o t e n t i a l beneath the 

f l o a t i n g e l e c t r o d e in to equation 8 . 2 , the maximum charge packet can 

be c a l c u l a t e d . 

As d i scovered when des igning the f i r s t t e s t i n t e g r a t o r , 

the most expedient way of determining the b i a s i n g cond i t i ons f o r 

a g iven s e t o f dev ice parameters i s to use a s e t of des ign curves . 

These c o n s i s t of p l o t s of the sur face p o t e n t i a l beneath the th ick 

and t h i n ox ides as a f u n c t i o n o f gate v o l t a g e ; the f l o a t i n g - g a t e 

p o t e n t i a l v a r i a t i o n as a f u n c t i o n of s ignal charge , ( equat ion 5 . 7 ) , 

and the maximum s tored charge beneath the f l o a t i n g e l e c t r o d e as 

a f u n c t i o n of empty we l l sur face p o t e n t i a l (equat ion 8 . 2 ) . The 

c o m p a t i b i l i t y o f the s torage s i t e s and RGR when f a b r i c a t e d with 

the standard process ing schedule was i n v e s t i g a t e d i n i t i a l l y , i . e . 

the s u b s t r a t e r e s i s t i v i t y was assumed to be 2-5n.cm with t h i n 

and t h i c k oxide depths of 0.12wm and 0.5%m r e s p e c t i v e l y . With a 

clock amplitude of 27.5V, no s a t i s f a c t o r y b i a s i n g c o n d i t i o n can 

be achieved that would ensure complete t r a n s f e r in the s torage 

s i t e s . The o b s t a c l e t o ach iev ing t h i s i s t h a t the sur face 

p o t e n t i a l d i f f e r e n t i a l beneath the th in and th ick ox ides i s too 

l a r g e . Thus the e f f e c t s of reducing t h i s by: 

( i ) i n c r e a s i n g the t h i n oxide depth t o 0 .2;m; 

or by ( i i ) decreas ing the th ick oxide depth to O.Apm 

were i n v e s t i g a t e d . 

The des ign curves f o r case ( i ) are shown in f i g u r e s 8 . 7 

to 8 . 9 , and f o r case ( i i ) in f i g u r e s 8 . 1 0 t o 8 . 1 2 . Consider 

case ( i ) f i r s t : the des ign proceeds by f i r s t e s t a b l i s h i n g the 

b i a s l eve l f o r the t r a n s f e r g a t e , i . e . i f i s o f f s e t by lOV, 

then from f i g u r e 8 .7 the DC bias should be 18.4V. If the c lock 

amplitude i s 27.5V, then the r e s t i n g p o t e n t i a l o f the f l o a t i n g 

e l e c t r o d e s i s 21.1V. Thus using f i g u r e 8 . 7 a g a i n , the i n i t i a l and 
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Fig 8 . 7 The s u r f a c e p o t e n t i a l versus gate v o l t a g e f o r case ( i ) . 
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Fig 8 . 8 The maximum s tored charge beneath a f l o a t i n g gate as a 
func t ion of empty well sur face p o t e n t i a l ; case (1) . 
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Fig 8 . 9 The f l o a t i n g gate p o t e n t i a l v a r i a t i o n versus s tored 

charge; case ( i ) . 
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Fig 8 . 1 0 The s u r f a c e p o t e n t i a l versus gate v o l t a g e f o r case ( i i ) . 
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Fig 8 .11 The maximum s t o r e d charge beneath a f l o a t i n g gate as a 
f u n c t i o n of empty wel l sur face p o t e n t i a l ; case ( i i ) . 
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Fig 8 . 1 2 The f l o a t i n g gate p o t e n t i a l v a r i a t i o n versus s tored 

charge; case ( i i ) . 
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f i n a l va lues o f the sur face p o t e n t i a l beneath the f l o a t i n g 

e l e c t r o d e can be determined. The maximum t r a n s f e r a b l e charge 

packet can be found from f i g u r e 8 . 8 , and thus the magnitude of 

the address pu l se can be e s t a b l i s h e d from f i g u r e 8 . 9 . Since the 

s torage s i t e has the same MOS parameters, f i g u r e 8 . 7 can be used 

to determine whether the address pu l se amplitude i s s u f f i c i e n t to 

ensure complete t r a n s f e r . I t can be shown t h a t f o r the above 

example complete t r a n s f e r does not occur; in f a c t approximately 

19% of a f u l l charge packet w i l l be trapped. If the des ign 

procedure i s repeated f o r a c lock o f f s e t of 8V, complete t r a n s f e r 

i s s t i l l unobta inable , but only =9% of the f u l l charge packet i s 

r e t a i n e d . 

A s i m i l a r a n a l y s i s f o r case ( i i ) i n d i c a t e s that f o r lOV 

and 8V o f f s e t c l o c k s , =19% and =11% r e s p e c t i v e l y of a f u l l charge 

packet i s r e t a i n e d . 

A second method of reducing the sur face p o t e n t i a l 

d i f f e r e n t i a l , i s to reduce the s u b s t r a t e doping l e v e l . The des ign 

curves shown in f i g u r e s 8 . 1 3 t o 8 .15 are f o r a dev ice f a b r i c a t e d 

on 8-16n.cm material with O.lwm and O.Swm oxide t h i c k n e s s e s . I f 

the des ign procedure i s undertaken f o r these c o n d i t i o n s , i t i s 

found t h a t complete t r a n s f e r in the s torage s i t e s i s p o s s i b l e , 

even with a lOV o f f s e t c l o c k . Therefore i t would be d e s i r a b l e 

to f a b r i c a t e the d e v i c e s on the lower doped s u b s t r a t e . However, 

a t the t i m e , 8-16n.cm mater ia l was not a v a i l a b l e to the author and 

so i t was decided t o use a 2-5n.cm s u b s t r a t e , and increase the 

th in oxide depth to 0.2#m. The a n a l y s i s i n d i c a t e d that the charge 

trapping in t h i s case would be l e s s s e r i o u s than f o r case ( i i ) . 

The modi f ied t e s t dev ice c o n s i s t s o f a 9 - b i t RGR and e i g h t 

s torage s i t e s . Four s i t e s with common input and output d i f f u s i o n s 

were p o s i t i o n e d below the RGR and four s torage s i t e s in which 

i s connected to the output diodes were p o s i t i o n e d above the RGR. 

Both s e t s have t h e i r own f l o a t i n g d i f f u s i o n charge d e t e c t i o n 

c i r c u i t r y which conta ins an MOST b u f f e r with approximately uni ty 

g a i n . 
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Fig 8 . 1 3 The sur face p o t e n t i a l versus gate v o l t a g e f o r a low 
doped s u b s t r a t e . 
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«yo) 

Fig 8 .14 The maximum s tored charge beneath a f l o a t i n g ga te as a 
f u n c t i o n of empty wel l sur face p o t e n t i a l on a low doped 
s u b s t r a t e . 
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Fig 8 .15 The f l o a t i n g gate p o t e n t i a l v a r i a t i o n versus s tored 

charge on a low doped s u b s t r a t e . 
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Each mask was l a i d out us ing a rudimentary computer-aided 

des ign system developed by the CAD group in the E l e c t r o n i c s 
9n 

Department. I t c o n s i s t s b a s i c a l l y of a vector-coded rec tangular 

pat tern generator which i s used t o c o n s t r u c t the artwork of each 

mask in s o f t w a r e . When each mask has been coded, a paper tape i s 

generated t h a t i s used t o dr ive a photo-composing r e t i c l e camera, 

a l s o developed by the CAD group. The r e t i c l e i s then used to 

produce the f i n a l mask using standard process ing t echn iques . 

C l e a r l y , the advantage of generat ing artwork with a CAD system i s 

tha t complex pat terns can be generated more a c c u r a t e l y , and that 

error c o r r e c t i o n i s cons iderab ly s i m p l i f i e d s i n c e i t can be 

performed in s o f t w a r e . 

A photomicrograph of the complete dev ice measuring 

1 .25 X 1.25mm, inc luding contac t pads, can be seen in f i g u r e 8 . 1 6 . 

8 . 4 Operation of the Modified In tegra tor 

In accordance with the des ign procedure presented in the 

l a s t s e c t i o n , the standard process ing schedule was modif ied t o 

increase the t h i n oxide depth to 0.2pm. Unfortunate ly during the 

f a b r i c a t i o n of the f i r s t batch of w a f e r s , a process ing f a u l t 

caused the th ick oxide t o be increased to O.G^m from 0.5pm. Since 

subsequent developments in the process ing laboratory i n d i c a t e d 

t h a t the f a b r i c a t i o n of more wafers would be delayed c o n s i d e r a b l y , 

i t was decided to carry out some exp loratory t e s t s on the dev i ce s 

in hand f i r s t . The wafers were d i c e d , as expla ined in Chapter 6 , 

and mounted on 40-pin DIL p l a s t i c headers . 

The r e l e v a n t parameters of the dev ices t e s t e d were: 
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Fig 8.16 A photomicrograph of the modified t e s t recursive 

integrator chip. 

RGR input 
5V/vert .d iv 

jpKTk; : 

Storage s i te 

input; 20V/vert.div. 

Storage s i t e 

output; 50mV/vert.div, 

Fig 8.17 An osc i l lograph showing the s torage of a rectangular ^ 

waveform in the upper s e t of storage s i t e s . 
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S p e c i f i c a t i o n Measured Units 

Substrate doping l e v e l . 

Thin oxide depth, tgyy^ 

1 . 8 X 1015 cm"3 Substrate doping l e v e l . 

Thin oxide depth, tgyy^ 0 . 2 0 . 2 nm 

Thick oxide depth, tgyy^ 0 . 5 0 .6 m̂ 

VOTN 0.97 0 .97 V 

VOTK 6 . 3 2 8 . 6 3 V 

Thin oxide f la tband 
v o l t a g e , 

1 1 V 

Thick oxide f l a tband 
v o l t a g e , 

4 . 5 3 V 

RGR gate c a p a c i t a n c e , 1 .45 1 . 5 * PF 
^ox 

F l o a t i n g - g a t e s t r a y 
c a p a c i t a n c e , C 

0.39 0 .48* PF 

M 0 .27 0 .32 " — 

* These values were c a l c u l a t e d from the geometries of the 

f i n i s h e d d e v i c e s . 

I t was expected t h a t , due t o the increase in th in oxide 

depth, incomplete t r a n s f e r in the s torage s i t e s would be a 

s i g n i f i c a n t problem, and furthermore, operat ion of the lower s e t 

of s torage s i t e s would be prevented. The reason f o r t h i s i s that 

these s torage s i t e s have common input and output d i o d e s , and in 

order t o c o r r e c t l y b ias the d i f f u s i o n so t h a t i t both r e c e i v e s 

the s i g n a l charge and primes the we l l beneath , complete charge 

t r a n s f e r between w e l l s i s a p r e r e q u i s i t e . Therefore , a dev ice 

was s e t up simply to s t o r e a rec tangular waveform in the upper 

s e t of s torage s i t e s . This was done by f i r s t s e t t i n g the b ias 

v o l t a g e s so that a s u i t a b l e address pu l se was propagating along 

the RGR. This could be monitored by observing the output from 

the sample/hold c i r c u i t . A photograph o f the dev ice operat ing in 

t h i s s torage mode i s shown in f i g u r e 8 . 1 7 ; the top t race i s the 
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RGR input waveform; the middle t race i s the s igna l waveform, and 

the lower t race i s the output from the s torage s i t e s which occurs 

during a l t e r n a t e clock c y c l e s due t o the p o s i t i o n i n g of the s i t e s . 

The l a r g e s t output v o l t a g e obta inable was only =30mV. Since the 

t o t a l loading capac i tance on the output diodes i s =1.5pF, and the 

output b u f f e r gain i s =1, t h i s i n d i c a t e s t h a t a charge of only 

0.045pC could be complete ly t r a n s f e r r e d through the s torage s i t e s . 

In f a c t with the b ia s ing c o n d i t i o n s used, the maximum charge t h a t 

could be s tored was =0.7pC, thus =93% of the charge was being 

incomplete ly t r a n s f e r r e d . 

The delay duration of the s ignal i s equal to the period 

between the data p u l s e s appl ied t o the input of the RGR; in t h i s 

case i t i s 700ws. In f i g u r e 8 . 1 8 the e f f e c t of introducing 

addi t iona l pu l ses i n t o the RGR can be seen; aga in , the waveform 

a t the top shows the input to the RGR. The l e f t - h a n d pulse can 

be cons idered as a ' s t o r a g e ' p u l s e . The second pulse i s used t o 

ouput the s t o r e d in format ion , thus the time delay i s simply the 

duration between the two p u l s e s , in t h i s case 80ws. 

By reducing the amplitude of the s tored s i g n a l , i t was 

p o s s i b l e to observe a v a r i a t i o n in the amplitude of the output 

p u l s e s . However, a large amount of f i x e d pat tern no i s e was a l s o 

observed which prevented any use fu l information being gathered 

on the analogue performance o f the d e v i c e s . The f i x e d pat tern 

no i s e was assumed to be predominantly due to the v a r i a t i o n of 

the f l o a t i n g - g a t e r e s t i n g p o t e n t i a l from tap t o tap . However, 

as exp la ined in the l a s t Chapter, i t was decided not to 

i n v e s t i g a t e t h i s e f f e c t f u r t h e r a t t h i s s t a g e . Since analogue 

operat ion was d i f f i c u l t , i t was not p o s s i b l e t o perform analogue 

r e c u r s i v e i n t e g r a t i o n ; however, an attempt was made to operate 

the dev ice as a r e c i r c u l a t i n g d i g i t a l s h i f t r e g i s t e r . The output 

was connected t o the input v ia an a m p l i f i e r ; a d i g i t a l word, 

c o n s i s t i n g of four ' I ' s was then i n s e r t e d in to the feedback path 

and s tored in the d e v i c e . Figure 8 . 1 9 i l l u s t r a t e s t h i s c a p a b i l i t y ; 
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Fig 8 .18 The s torage and read 
out of a rectangular waveform 
with two consecut ive RGR 
p u l s e s . The s c a l e i s as shown 
in Fig 8 . 1 7 . 

• i.-' _ f 

. f » . . " . f . r . ' P . " . r . " . r . 

- > i ; r "i -

Fig 8 .19 The r e c i r c u l a t i n g 
d i g i t a l s torage c a p a b i l i t y 
of the i n t e g r a t o r . The top 
trace i s the RGR input; 
2 . 5 V / v e r t . d i v . The s torage 
s i t e input and output are 
shown r e s p e c t i v e l y below. 
The middle trace i s ZOOmV/ 
v e r t . d i v . and the bottom 
trace i s 5mV/vert .div . 

Fig 8 . 2 0 The operat ion of 
the sample/hold c i r u i t . The 
top trace i s the RGR input; 
I V / v e r t . d i v . The middle trace 
i s the sample and held output 
and the bottom trace i s the 
normal f l o a t i n g gate v o l t a g e . 
Both t r a c e s are 5 V / v e r t . d i v . 



138 

the t race a t the top i s the RGR input , the middle trace i s the 

input t o the s torage s i t e s , and the lower t race i s the output . 

Only three pu l ses are observed s i n c e the fourth s torage s i t e has 

f a i l e d . The information could be erased from the dev ice by 

momentarily breaking the feedback loop. 

The operat ion o f the sample/holding charge d e t e c t i o n 

c i r c u i t on the RGR i s shown in f i g u r e 8 . 2 0 . The upper t race i s 

the input to the RGR; the lower t race i s the conventional output 

waveform from the f l o a t i n g g a t e , and the middle t race i s the sample 

and held form. A rather large amount of sample pu l se breakthrough 

can be observed on the middle t r a c e ; the reason f o r t h i s has y e t 

t o be e s t a b l i s h e d . 

8 . 5 Conclusions 

In t h i s Chapter the des ign and performance of a p a r a l l e l 

t r a n s f e r s igna l processor employing e x c l u s i v e l y CCD s t r u c t u r e s has 

been presented . The des ign procedure showed t h a t the use o f a 

low doped s u b s t r a t e (8-16n.cm) should permit s a t i s f a c t o r y i n t e r -

fac ing of the RGR and s torage s i t e s . However, s i n c e a s u i t a b l e 

s u b s t r a t e material was not a v a i l a b l e a t the t ime , the d e v i c e s 

were f a b r i c a t e d on 2-5n.cm material (but with a th in oxide depth 

of 0.2wm t o reduce incomplete t r a n s f e r ) . During the f a b r i c a t i o n 

o f the f i r s t batch of d e v i c e s , the th i ck oxide was i n a d v e r t e n t l y 

grown t o a depth of O.Gym i n s t e a d of 0.5pm. In s p i t e of t h i s , i t 

was decided t o mount and t e s t these d e v i c e s . Although, as e x p e c t e d , 

s i g n i f i c a n t incomplete t r a n s f e r and f i x e d pattern n o i s e prevented 

the e v a l u a t i o n of the analogue performance of the d e v i c e s , i t was 

p o s s i b l e t o s t o r e a rec tangular waveform and operate the dev ice 

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

The s u c c e s s of these pre l iminary i n v e s t i g a t i o n s on the 

d i g i t a l s torage c a p a b i l i t y of the se dev i ce s i n d i c a t e s that i f the 

c o r r e c t s u b s t r a t e material were used, an analogue s t o r a g e 

c a p a b i l i t y would be r e a l i z e d and thus permit the c o n s t r u c t i o n o f 
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a prototype radar recurs ive s igna l i n t e g r a t o r . S i l i c o n wafers of 

8-16n.cm r e s i s t i v i t y have r e c e n t l y been acquired and the 

f a b r i c a t i o n o f dev i ce s on t h i s material i s current ly in progres s . 

This Chapter concludes the work done t o date on the 

implementation of a CCD p a r a l l e l process ing recurs ive i n t e g r a t o r . 

In the next Chapter, the implementation of the non-recurs ive 

system w i l l be d i s c u s s e d . 
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CHAPTER NINE 

THE CCD IMPLEMENTATION OF THE NON-RECURSIVE INTEGRATOR 

9.1 Introduct ion 

In Chapter 4 , the concept of p a r a l l e l process ing CCD 

s t r u c t u r e s f o r s igna l i n t e g r a t i o n was proposed. Two techniques 

were d e s c r i b e d , one performing non-recurs ive i n t e g r a t i o n and the 

o ther recurs ive i n t e g r a t i o n . I t was a l s o i n d i c a t e d t h a t , although 

the f e a t u r e s o f both techniques were complementary, the r e c u r s i v e 

approach would be i n v e s t i g a t e d f i r s t s i n c e t h i s implementation 

required a l e s s complex chip l a y o u t . 

Whilst the f a b r i c a t i o n o f a non-recurs ive dev ice would 

not be p o s s i b l e a t Southampton Univers i ty because the s i z e of 

such a dev i ce would exceed the U n i v e r s i t y ' s present mask production 

c a p a b i l i t y , some thought has been g iven to the implementation of 

t h i s approach; in a d d i t i o n , some i n v e s t i g a t i o n s of the l i n e a r i t y 

of the i n t e g r a t i o n method have a l s o been performed. 

9 . 2 CCD Implementation o f the Non-Recursive In tegrator 

I t w i l l be r e c a l l e d t h a t in the non-recurs ive i n t e g r a t o r , 

each radar return i s s e q u e n t i a l l y gated i n t o a s e r i e s of tapped 

m-bi t CCDs which comprise the range bin s torage areas . Information 

reaching the end o f each CCD i s t r a n s f e r r e d onto a drain d i f f u s i o n 

and des t royed , thus a t any i n s t a n t each CCD conta ins the l a s t 

m-returns from one p a r t i c u l a r range b i n . The i n t e g r a t i o n of the 

m samples i s achieved using conventional t ransversa l f i l t e r 

techniques and the r e s u l t i n g s igna l i s gated t o the output . 

The s igna l charge in the range bin CCDs may be sensed 

using e i t h e r f l o a t i n g - g a t e vo l tage s ens ing or e l e c t r o d e current 

s e n s i n g . In a d d i t i o n , there are a l s o two methods o f t r a n s f e r r i n g 

the charge along the range bin CCDs, i . e . by c lock ing each CCD 

i n d i v i d u a l l y from an on-chip source such as the RGR, or by c lock ing 
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a l l the dr iv ing e l e c t r o d e s toge ther with an external source . 

Thus there are b a s i c a l l y f o u r implementations of the non-recurs ive 

i n t e g r a t o r ; proposals f o r r e a l i z i n g these are considered below. 

9 . 2 . 1 Current Sensing wi th On-Chip Clocking 

This scheme i s i l l u s t r a t e d in f i g u r e 9 . 1 . Each range bin 

CCD i s a two-phase dev i ce wi th i t s sense e l e c t r o d e s connected 

toge ther and a l s o to the sens ing e l e c t r o d e s of the o ther range 

bin CCDs. The charge i n j e c t i o n scheme used i s the two-phase 

input technique descr ibed in Chapter 2; the f i r s t e l e c t r o d e of 

t h i s s t r u c t u r e , and the c locked e l e c t r o d e s of each CCD i s driven 

from i t s corresponding RGR tap . However, because of the large 

capac i tance a s s o c i a t e d with the driven e l e c t r o d e s , i t would be 

necessary to b u f f e r the RGR taps with an MOST a m p l i f i e r . The mode 

of operat ion i s as f o l l o w s : As the address b i t propagates along 

the RGR, the p o t e n t i a l wel l beneath the f i r s t e l e c t r o d e of each 

range bin CCD i s primed with charge and subsequent ly metered 

according to the s igna l appl ied t o the input e l e c t r o d e ; 

s imul taneous ly , the s t o r e d s i g n a l samples a s s o c i a t e d with each 

range bin are s h i f t e d t o the next b i t . Since current s ens ing i s 

employed, the charge samples may be de tec ted during the t r a n s f e r 

o p e r a t i o n , thus by employing the proposed sens ing e l e c t r o d e 

c o n f i g u r a t i o n , the s tored data i s au tomat i ca l ly mul t ip lexed onto 

the s e r i a l output bus. 

The disadvantage of t h i s implementation i s tha t MOST 

b u f f e r s are required f o r each RGR tap output , thus prevent ing 

high speed opera t ion . 

9 . 2 . 2 Float ing-Gate Voltage Sensing wi th On-Chip Clocking 

This scheme, i l l u s t r a t e d in f i g u r e 9 . 2 , i s a r c h i t e c t u r a l l y 

s i m i l a r t o the l a s t scheme except t h a t m u l t i p l e x i n g of the output 

has to be done in conjunct ion with f l o a t i n g - g a t e v o l t a g e s e n s i n g . 

The i n t e g r a t e d s igna l from the nth range bin i s mul t ip lexed onto 

the output bus v i a a b u f f e r which i s switched on by the (n+ l ) th 



142 

BUFFERS 

SENSE 
"^ELECTRODES 

CLOCKED ^ 
ELECTRODES RANGE mN 

CCDS 

0/P 

RGR 

Fig 9 .1 The implementation of the non-recurs ive i n t e g r a t o r using 

current sensed range bin CCDs i n d i v i d u a l l y c locked from 

the RGR. 

BUFFERS 

SENSE 
ELECTRODES 

RANGE BJN 
CCDS 

OfP 

DO 

RGR 

Fig 9 . 2 The implementation of the non-recurs ive i n t e g r a t o r using 

v o l t a g e sensed range bin CCDs i n d i v i d u a l l y c locked from 

the RGR. 
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address p u l s e . 

Again, the necessary use o f MOS b u f f e r s prec ludes high 

speed o p e r a t i o n . 

# 

9 . 2 . 3 Current Sensing wi th Off-Chip Clocking 

As in the previous implementat ions , t h i s scheme ( see 

f i g u r e 9 . 3 ) employs two-phase CCDs f o r each range b i n , but the 

driven e l e c t r o d e s o f a l l the d e v i c e s are connected toge ther and 

clocked from an o f f - c h i p c lock d r i v e r which a m p l i f i e s the address 

pu l se a r r i v i n g a t the end of the RGR. The standard two-phase 

charge i n j e c t i o n scheme i s employed, but the f i r s t e l e c t r o d e of 

the s t r u c t u r e i s driven d i r e c t l y from the appropriate RGR tap. 

Thus the p o t e n t i a l wel l adjacent t o the input d i f f u s i o n i s primed 

c o n t i n u a l l y , except when the o v e r l y i n g e l e c t r o d e i s addressed 

from the RGR. When t h i s happens, a charge proport ional to the 

input s i g n a l i s metered in to the adjacent p o t e n t i a l w e l l . The 

charge samples in a l l the CCDs are t r a n s f e r r e d s imul taneous ly , 

when the address pu l se has t raversed the RGR. The i n t e g r a t e d 

s igna l from each range bin i s de t ec t ed as a charging current t h a t 

r e s t o r e s the corresponding f l o a t i n g e l e c t r o d e s to a r e f e r e n c e 

p o t e n t i a l as the appropriate output MOST switch i s operated. I t 

w i l l be noted t h a t i t i s necessary to i n v e r t the RGR tap waveform 

to operate these s w i t c h e s . Whilst t h i s would prevent the 

operat iona l speed of a t o t a l l y CCD system being r e a l i z e d , the 

data ra te of t h i s scheme could be h igher than t h a t ach ievab le with 

the implementations descr ibed b e f o r e , s i n c e the loading capac i tance 

on the b u f f e r s would be cons iderably l e s s . 

9 . 2 . 4 Float ing-Gate Voltage Sensing with Off-Chip Clocking 

This system, i l l u s t r a t e d in f i g u r e 9 . 4 , uses a s i m i l a r 

a r c h i t e c t u r e to the l a s t sys tem, but v o l t a g e sens ing i s employed 

and the in tegra ted s igna l i s mul t ip lexed onto the output bus using 

a charge t r a n s f e r technique . A c r o s s - s e c t i o n of a range bin CCD 
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RANGE BIN 
CCDS 

CLOCKED 
ELECTRODE 

SENSE 
ELECTRODES 

RGR 

Fig 9 . 3 The n o n - r e c u r s i v e implementation employing current sensed 

range bin CCDs clocked s imul taneous ly from the RGR. 

FROM 
RGR TAP 

CLOCKED ELECTRODES 

RGR 

RANGE BIN 
CCDS 

CLOCKED 
ELECTRODES 

— OUTPUT GATING 

FLOATING 
ELECTRODES 

RANGE BIN CCD OUTPUT STRUCTURE 

Fig 9 . 4 The non-recurs ive implementation us ing v o l t a g e sensed 

range bin CCDs vtlth o f f - c h i p c l o c k i n g . A c r o s s - s e c t i o n 

of the output s t r u c t u r e i s a l s o shown. 
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and i t s output gat ing s t r u c t u r e i s shown in f i g u r e 9 . 4 b . The o u t -

put scheme comprises the input e l e c t r o d e s of a ' z e r o - b i t ' CCD. 

The f i r s t e l e c t r o d e o f t h i s s t r u c t u r e i s driven by the RGR tap 

output , and the in tegra ted s ignal v o l t a g e from the range bin CCDs 

i s appl i ed t o the second e l e c t r o d e . Thus upon a p p l i c a t i o n of the 

address p u l s e , charge proport ional to the i n t e g r a t e d s ignal i s 

metered onto the output d iode , which i s common t o a l l o ther range 

b i n s ; the s ignal charge can then be sensed with a conventional 

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

Clear ly the most d e s i r a b l e system would be one t h a t 

minimized d i s t o r t i o n , n o i s e , chip complexity and should pre ferab ly 

be capable o f high speed o p e r a t i o n . The a n a l y s i s of the charge 

sens ing schemes which was presented in Chapter 5 , i n d i c a t e d that 

high l i n e a r i t y can be achieved by using a current sens ing scheme 

in conjunct ion with the diode c u t - o f f charge i n j e c t i o n method. 

However, s i n c e the charge i n j e c t e d with t h i s technique can e x h i b i t 

high n o i s e and n o n - l i n e a r i t y due to p a r t i t i o n i n g e f f e c t s , i t was 

decided to avoid t h i s scheme. Although a vo l tage sens ing scheme 

i s i n h e r e n t l y l e s s l i n e a r than a current sens ing method, the 

implementaions descr ibed above, using the l a t t e r sens ing t echn ique , 

employ on-ch ip MOST b u f f e r s and so would not be capable o f high 

speed o p e r a t i o n . Furthermore, the sens ing node capac i tance could 

be q u i t e high and t h e r e f o r e l i m i t the s i g n a l - t o - s y s t e m no i se r a t i o . 

On the o ther hand, the implementation descr ibed in s e c t i o n 

9 . 2 . 4 employs e x c l u s i v e l y CCD s t r u c t u r e s , has a r e l a t i v e l y low 

chip complex i ty , and by using double c o r r e l a t e d sampling a t the 

output , d e t e c t i o n no i s e could be kept reasonably low. Thus i t i s 

proposed t h a t t h i s implementation should be i n v e s t i g a t e d in g r e a t e r 

d e t a i l when a f a c i l i t y f o r producing larger masks becomes 

a v a i l a b l e . 
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9 . 3 Voltage Sensing Linear i ty 

As mentioned a l ready , the f a b r i c a t i o n of a complete t e s t 

non-recurs ive i n t e g r a t o r would be d i f f i c u l t . However, i t was 

decided to i n v e s t i g a t e the l i n e a r i t y of the f l o a t i n g - g a t e vo l tage 

sens ing scheme which i t i s recommended would be used in the proto -

type system. 

These i n v e s t i g a t i o n s were carr ied out on a 5 0 - b i t two-

phase CCD; on t h i s dev ice the second phase e l e c t r o d e s are connected 

to an on-chip MOST, thus forming the b a s i s of a f l o a t i n g - g a t e 

v o l t a g e s e n s i n g scheme. This arrangement not on ly minimizes the 

s t r a y capac i tance a s s o c i a t e d with the sens ing e l e c t r o d e s , but 

a l s o ensures t h a t i t s value (which i s f a i r l y c r i t i c a l ) does not 

a l t e r unpredictably during the experiments . Consequently, an 

accurate experimental determination of t h i s parameter could be 

made f o r subsequent computer a n a l y s i s of the s t r u c t u r e . The 

dev ice has a 400wm wide channel and each e l e c t r o d e i s 14wm l o n g , 

4pm of which are on th ick o x i d e . Charge reaching the end of the 

dev ice i s de tec ted with a f l o a t i n g d i f f u s i o n charge d e t e c t o r which 

c o n t a i n s a nominally un i ty gain b u f f e r ; the d i f f u s i o n i s loaded 

with the capac i tance o f a lOOwm x lOOwm c o n t a c t pad t o increase 

d e t e c t i o n l i n e a r i t y . A dummy sense c i r c u i t i s a l s o i n c l u d e d , so 

t h a t r e s e t pu l se feedthrough can be reduced. Figure 9 . 5 shows a 

photomicrograph of the d e v i c e . 

Whilst the experiments were in p r o g r e s s , grea t care was 

taken t o ensure t h a t spurious responses were being suppressed. 

For i n s t a n c e , in the f i r s t experimental s e t - u p , a p l u g - i n a m p l i f i e r 

type 7A18 on a Tektronix 7704A monitoring o s c i l l o s c o p e was used 

t o match the s igna l under s c r u t i n y to a Marconi Instruments 

TF2370 spectrum a n a l y s e r . During measurements on the l i n e a r i t y 

of the f l o a t i n g - g a t e sense a m p l i f i e r , anomalous r e s u l t s were 

observed. These were traced to the 7A18 p l u g - i n ; although the 

d i s t o r t i o n of t h i s u n i t was r e l a t i v e l y low, i t was found to vary 

with beam p o s i t i o n . A s i m i l a r e f f e c t was a l s o n o t i c e d when using 
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the d i f f e r e n t i a l a m p l i f i e r p l u g - i n type 7A13. I t was f i n a l l y 

decided to use a Brookdeal P r e c i s i o n AC Ampl i f i er type 425 f o r 

impedance matching purposes; t h i s a m p l i f i e r has an input impedance 

of lOMn and a s p e c i f i e d l i n e a r i t y o f 0.001%; with the input shor t -

c i r c u i t e d , the 3kHz bandwidth no i se l e v e l was more than 70dB 

below the fundamental s igna l component a t a l l f r equenc ie s of 

i n t e r e s t . Although care was taken to prevent intermodulat ion 

d i s t o r t i o n caused by over loading the spectrum ana lyser input , 

d e t e c t i o n o f t h i s c o n d i t i o n was sometimes d i f f i c u l t . Therefore 

i t was decided to use an HP310A wave ana lyser s i n c e , although 

measurements were more t e d i o u s , an overload condi t ion was more 

e a s i l y d e t e c t e d . The input impedance o f t h i s u n i t i s between 

lOkn and lOOkn. Figure 9 .6 shows a schematic of the f i n a l 

experimental s e t - u p . 

The input s i g n a l , from a Lyons Instruments SQIO s i n e 

wave g e n e r a t o r , was connected t o the CCD input ga te v ia a simple 

RC l e v e l s h i f t i n g network; the DC bias l e v e l of the s ignal was 

measured with a Solartron 7040 DVM. An MLIOIB MOST was connected 

as a load f o r the on-chip f l o a t i n g - g a t e s ens ing MOST; f o l l o w i n g 

t h i s arrangement was an a t t enuator to prevent over loading of the 

425 a m p l i f i e r . 

The experimental procedure adopted was f i r s t t o determine 

the d i s t o r t i o n a s s o c i a t e d with charge packet being i n j e c t e d i n t o 

the CCD. This was done by measuring the l i n e a r i t y o f the CCD when 

used as a conventional delay l i n e , and then subtrac t ing the 

d i s t o r t i o n due t o the f l o a t i n g d i f f u s i o n charge d e t e c t o r . This 

r e s u l t , and measurements of the n o n - l i n e a r i t y o f the f l o a t i n g - g a t e 

a m p l i f i e r , could then be used to determine the f l o a t i n g - g a t e 

l i n e a r i t y . 

A c lock waveform of 200kHz and amplitude 27.5V o f f s e t by 

5V was connected to the d e v i c e , and the var ious b i a s v o l t a g e s s e t 

to achieve lowest t r a n s f e r i n e f f i c i e n c y ; t h i s parameter was found 

to be 2 . 1 0 r 3 . A IV pk-pk s i n e wave a t IkHz with l e s s than -60dB 
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harmonic d i s t o r t i o n was then connected t o the input gate and the 

harmonic components at the output of the f l o a t i n g d i f f u s i o n 

d e t e c t o r were measured as a func t ion of input DC b i a s ; the DC b i a s , 

^DCmin' which gave lowest d i s t o r t i o n was noted . A s i n e wave was 

then appl i ed to the drain of the r e s e t MOST, and i t s gate was 

biased on. The DC l e v e l and amplitude o f the s ignal was then 

adjusted t o s imulate charge packets represent ing a IV pk-pk s i n e 

wave wi th a DC bias of V arr iv ing a t the sense d iode . Thus 

the d i s t o r t i o n o f the d e t e c t o r under the previous operat ing 

c o n d i t i o n s was determined. In f a c t , the magnitude o f the second 

harmonic component generated by the d e t e c t o r was i n d i s t i n g u i s h a b l e 

from that of the s igna l source , w h i l s t the th i rd harmonic was more 

than 75dB below the fundamental. The harmonic components generated 

at the CCD input as a f u n c t i o n of DC b i a s , are shown in f i g u r e 9 . 7 . 

The IV pk-pk s i g n a l b iased at V^Q^̂  was reconnected t o 

the CCD input and the harmonic components a t the output of the 

f l o a t i n g - g a t e sense a m p l i f i e r were measured as a func t ion of 

frequency up to lOkHz (measurements of harmonics l e s s than -55dB 

was l i m i t e d by the no i s e generated in the CCD). The s ignal source 

was then connected t o the input of the sense a m p l i f i e r t o 

s imulate the f l o a t i n g - g a t e s i g n a l . The harmonic d i s t o r t i o n of 

t h i s a m p l i f i e r was measured and found t o be more than 50dB below 

the fundamental. In view of the f a c t t h a t the second and t h i r d 

harmonics generated by the charge i n j e c t i o n technique and the 

sense a m p l i f i e r were more than 20dB below the harmonics generated 

by the o v e r a l l f l o a t i n g - g a t e sys tem, i t seems reasonable to deduce 

t h a t these l a t t e r r e s u l t s are a d i r e c t measurement o f the f l o a t i n g -

gate n o n - l i n e a r i t y . 

An a n a l y s i s o f the f l o a t i n g - g a t e s t r u c t u r e was a l s o 

carr ied out us ing the charge balance model presented in Chapter 5 

and the computer program descr ibed in Appendix 2 . The parameters 

used in the c a l c u l a t i o n s were measured on the dev i ce under t e s t 
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and were 

Thin oxide f la tband v o l t a g e , " O-BV 

Thick oxide f la tband v o l t a g e , = 2.5V 

VoTN = » • « 

«OTK = 

F l o a t i n g - g a t e oxide c a p a c i t a n c e , C = 0.96pF 

F l o a t i n g - g a t e s t ray c a p a c i t a n c e , C = 10.9pF 

Fat -zero charge l e v e l , = 1.19pC 

Pk-pk s igna l charge l e v e l , Qp^ = 0.94pC 

The oxide c a p a c i t a n c e , , was c a l c u l a t e d form the CCD input 

t r a n s f e r response , and the s t r a y capac i tance was measured with 

a capac i tance br idge . Great care was e x e r c i s e d in the l a t t e r 

measurement t o ensure t h a t a l l s t r a y capac i tances were inc luded , 

i . e . p i n - t o - p i n capac i tance of the package, bonding wire 

c a p a c i t a n c e , input capac i tance of the sense MOST, capac i tance 

of the in t erconnec t ion t r a c k s , capac i tance of the th ick oxide 

port ion of the f l o a t i n g - g a t e s and the i n t e r - e l e c t r o d e capac i tance . 

The t h e o r e t i c a l and measured response are p l o t t e d t o g e t h e r 

in f i g u r e 9 . 8 ; OdB on the v e r t i c a l s c a l e represents a s igna l o f 

0.54V pk-pk measured on the f l o a t i n g - g a t e . I t can be seen t h a t 

the model g i v e s a very c l o s e f i t to the measured response , and 

thus g i v e s f u r t h e r conf idence in the use of the charge balance 

model f o r analys ing f l o a t i n g - g a t e s t r u c t u r e s . 

9 . 4 Conclusions 

In t h i s Chapter, several implementations of the p a r a l l e l 

process ing non-recurs ive i n t e g r a t o r have been descr ibed . I t i s 

proposed t h a t a system employing v o l t a g e sens ing of the range bin 

CCDs with s imultaneous c lock ing of these s t r u c t u r e s from an o f f -

chip source should be i n v e s t i g a t e d in g r e a t e r d e t a i l , s i n c e t h i s 
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scheme can be designed using CCDs e x c l u s i v e l y . Construct ion of 

a prototype chip could be done, i f f a c i l i t i e s f o r making larger 

masks were made a v a i l a b l e . 

An i n v e s t i g a t i o n of the n o n - l i n e a r i t y of the vo l tage 

sens ing technique has a l s o been presented . The measured t r a n s f e r 

response and harmonic component l e v e l s agreed very wel l with 

c a l c u l a t i o n s based upon the charge balance model. Thus i t i s 

f e l t t h a t the l i n e a r i t y of f l o a t i n g - g a t e v o l t a g e sens ing schemes 

can be pred ic ted f a i r l y a c c u r a t e l y , and t h a t s u i t a b l e s t r u c t u r e s 

could be designed in which the s t ray capac i tance i s chosen t o 

opt imise l i n e a r i t y and no i se performance. 
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CHAPTER TEN 

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 

This t h e s i s has been concerned with the a p p l i c a t i o n of 

charge-coupled dev ices to analogue s ignal p r o c e s s i n g . In the 

e a r l i e r Chapters, b a s i c CCD techniques were descr ibed t o g e t h e r 

with a f e a s i b i l i t y study t o i n v e s t i g a t e the use of a CCD t ime-

compressor to i n s e r t the audio information of a TV transmiss ion 

onto redundant video l i n e s . Although a f u l l broadcast compatible 

system could not be i n v e s t i g a t e d , the system t h a t was cons tructed 

s u c c e s s f u l l y demonstrated the f e a s i b i l i t y of t h i s a p p l i c a t i o n . 

The bulk of the t h e s i s , however, descr ibes the a p p l i c a t i o n 

of CCDs t o the development of a CCD s ignal i n t e g r a t o r to obtain 

s i g n a l - t o - c l u t t e r improvements in marine radar s i g n a l s . Although 

CCDs had p r e v i o u s l y been used t o implement the de lay l i n e of such 

sys tems , the s i g n a l - t o - c l u t t e r improvement t h a t could be obtained 

with an i n t e g r a t o r employing a conventional ( i . e . s e r i a l ) CCD was 

l i m i t e d by the bui ld-up of s igna l r e s i d u a l s caused by t r a n s f e r 

i n e f f i c i e n c y . Methods of c a n c e l l i n g the r e s i d u a l s had been 

suggested by var ious authors , but i t was c l e a r t h a t a more 

s a t i s f a c t o r y technique was required . The system adopted was one 

in which al1 redundant CCD t r a n s f e r s were e l iminated by the use 

of a p a r a l l e l t r a n s f e r s t r u c t u r e . In t h i s approach, the s igna l 

undergoes a minimal number of t r a n s f e r s and so r e s i d u a l s are main-

t a i n e d at a very low l e v e l . 

Two b a s i c i n t e g r a t i o n techniques were i n v e s t i g a t e d ; one 

uses non-recurs ive i n t e g r a t i o n in which the l a s t 'm' returns are 

summed with equal w e i g h t i n g , and the o ther uses r e c u r s i v e 

i n t e g r a t i o n in which the returns are summed with exponent ia l 

w e i g h t i n g . In both sys tems , each radar return i s s e q u e n t i a l l y 

gated i n t o s torage areas using an on-chip address ing scheme c a l l e d 

a range gate r e g i s t e r (RGR). The RGR c o n s i s t s of a f l o a t i n g - g a t e 
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tapped two-phase CCD operated as a d i g i t a l s h i f t r e g i s t e r . I t 

was proposed that each tap should drive the corresponding analogue 

ga te s d i r e c t l y without intermediate a m p l i f i c a t i o n , thus enabl ing 

the high speed c a p a b i l i t y of an e x c l u s i v e l y CCD system t o be 

r e a l i z e d . 

In order t h a t the f e a s i b i l i t y of t h i s proposal could be 

i n v e s t i g a t e d , and a l s o s i n c e the i n t e g r a t i o n scheme in the non-

recurs ive i n t e g r a t o r was l i k e l y t o use f l o a t i n g - g a t e v o l t a g e 

s e n s i n g , a d e t a i l e d a n a l y s i s of f l o a t i n g - g a t e s t r u c t u r e s was 

carr i ed o u t . However, rather than use a c a p a c i t i v e model which has 

given r i s e t o d i f f i c u l t i e s in the p a s t , a charge balance model was 

used; t h i s led t o the d e r i v a t i o n of a general express ion f o r the 

p o t e n t i a l v a r i a t i o n on a mul t ip l e f l o a t i n g - g a t e assembly, loaded 

by a n o n - l i n e a r s t r a y capaci tance (such as the th ick oxide s e c t i o n 

of a two-phase e l e c t r o d e ) , as a f u n c t i o n of s tored charge. A 

numerical a n a l y s i s f o r two s p e c i a l cases was then carr ied o u t ; the se 

were a 63- tap low-pass t ransversa l f i l t e r , and a s i n g l e RGR tap . 

I t was shown t h a t , although the p o t e n t i a l v a r i a t i o n i s h igh ly 

dependent upon the magnitude o f the s t ray c a p a c i t a n c e , i f t h i s 

parameter i s s u f f i c i e n t l y s m a l l , address p u l s e s large enough t o 

operate an analogue gate d i r e c t l y from an RGR tap could be 

generated . In add i t ion to the vo l tage sens ing c o n f i g u r a t i o n , a 

low-pass CCD f i l t e r was a l s o ana lysed , assuming an e l e c t r o d e 

current sens ing scheme. The e f f e c t s of using two types of charge 

i n j e c t i o n scheme, i . e . p o t e n t i a l e q u i l i b r a t i o n and diode c u t - o f f , 

were a l s o i n v e s t i g a t e d . The r e s u l t s i n d i c a t e d that in general 

the current sens ing scheme e x h i b i t e d the l e a s t n o n - l i n e a r i t y , and 

i f charge p a r t i t i o n i n g was ignored, the diode c u t - o f f i n j e c t i o n 

scheme would y i e l d a l i n e a r o v e r a l l response . However, because the 

peripheral c i r c u i t r y f o r the v o l t a g e sens ing technique i s s impler 

than f o r the current sens ing method, the cho ice o f charge sens ing 

technique f o r the non-recurs ive i n t e g r a t o r i s not s t ra ight forward . 
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Since the recurs ive i n t e g r a t o r could be implemented with 

a f a i r l y s imple chip l a y o u t , a t e s t chip was designed and f a b r i c a t e d 

t o i n v e s t i g a t e the performance of the RGR and s torage areas . MOST 

b u f f e r s were included on t h i s d e s i g n , so t h a t a r igorous e v a l u a t i o n 

of the f l o a t i n g - g a t e tap response could be made. Experimental 

measurements of the t r a n s f e r response of the RGR taps agreed very 

wel l with the t h e o r e t i c a l p r e d i c t i o n s , and e s t a b l i s h e d the f e a s i -

b i l i t y of us ing a CCD f o r on-chip address ing . An anomalous 

v a r i a t i o n of the b u f f e r ga ins was observed which was a t t r i b u t e d t o 

the s e r i e s r e s i s t a n c e of the power and s o u r c e - b i a s d i s t r i b u t i o n 

d i f f u s i o n s . Also a discrepancy between the measured f l o a t i n g -

gate r e s t i n g p o t e n t i a l s and the pred ic ted va lues was noted. This 

appeared t o be due t o g a t e - t o - s u b s t r a t e leakage e f f e c t s . Since 

t h i s a l s o caused a v a r i a t i o n in r e s t i n g p o t e n t i a l from t a p - t o - t a p 

which could g ive r i s e t o a large amount of f i x e d pat tern n o i s e , 

f u r t h e r work t o suppress these v a r i a t i o n s , with say a process 

m o d i f i c a t i o n , w i l l be neces sary . Another p o s s i b l e way of reducing 

f i x e d pat tern no i s e would be t o employ an i d e n t i c a l s e t of s torage 

s i t e s driven from the same RGR t a p s . By s t o r i n g a DC l eve l in 

these s i t e s and subtrac t ing t h e i r outputs from the regular s i t e s , 

tap r e s t i n g p o t e n t i a l and thresho ld v a r i a t i o n s could be c a n c e l l e d . 

Unfor tunate ly , a mask error prevented the operat ion of the 

s torage s i t e s . Rather than c o r r e c t t h i s , however, i t was decided 

t o proceed with the des ign of another layout which incorporated 

severa l improvements. The major m o d i f i c a t i o n s were t o employ 

d i r e c t dr iv ing o f the analogue g a t e s , and t o separate the t h i n and 

th i ck oxide por t ions o f the RGR t a p s . A s e t of design curves were 

used t o ensure t h a t s torage s i t e s and RGR taps would i n t e r f a c e 

proper ly . Even s o , the design procedure was rather t e d i o u s , and 

could u s e f u l l y be t r a n s f e r r e d t o a computer f o r future d e s i g n s . 

I f t h i s were done, the e f f e c t s of parameter changes and t o l e r a n c e 

to b ias v o l t a g e v a r i a t i o n could e a s i l y be eva lua ted . 
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The des ign procedure ind ica ted that s a t i s f a c t o r y operat ion 

should be achieved i f dev i ce s were f a b r i c a t e d on 8-16ncm s u b s t r a t e s 

with the standard two-phase CCD process s chedule . However, s ince 

t h i s material was not a v a i l a b l e , 2-5ncm s u b s t r a t e s were used and 

the t h i n oxide depth increased t o 0.2pm from 0.1pm. In s p i t e of 

the f a c t t h a t a process error caused an increase in th ick oxide 

depth, working chips were bonded and t e s t e d . As expec ted , a large 

amount of incomplete t r a n s f e r prevented the e v a l u a t i o n of the 

analogue performance of the d e v i c e , but a rectangular waveform 

was s u c c e s s f u l l y s tored and the dev ice could be operated as a 

r e c i r c u l a t i n g d i g i t a l s h i f t r e g i s t e r . Again, however, a large 

amount of f i x e d pat tern no i s e was observed. 

Devices are c u r r e n t l y being f a b r i c a t e d on 8-16ncm material 

and f u t u r e work w i l l invo lve c h a r a c t e r i z i n g these d e v i c e s f o r 

l i n e a r i t y and n o i s e performance. I t i s expected t h a t a complete 

non-recurs ive i n t e g r a t o r could a l s o be constructed with these 

d e v i c e s . 

Although the f a b r i c a t i o n of a CCD p a r a l l e l t r a n s f e r non-

r e c u r s i v e t e s t chip would be d i f f i c u l t a t p r e s e n t , some thought 

was given as to how such a system could be implemented. A scheme 

employing v o l t a g e s ens ing o f the s tored charge and o f f - c h i p c lock ing 

o f the range bin CCDs appears t o be the b e s t cho ice s i n c e the 

chip complexity of t h i s implementation i s r e l a t i v e l y low, and CCD 

s t r u c t u r e s could be used e x c l u s i v e l y . The measured n o n - l i n e a r i t y 

o f the v o l t a g e s e n s i n g scheme was compared with t h a t predicted by 

the f l o a t i n g - g a t e a n a l y s i s and c l o s e agreement was observed. Thus 

i t i s f e l t t h a t the performance o f a complete non-recurs ive 

i n t e g r a t o r could be pred ic ted f a i r l y a c c u r a t e l y . 

Two f a i r l y major t o p i c s concerning the i n t e g r a t o r s were 

purposely omitted from the d i s c u s s i o n s in t h i s t h e s i s . The f i r s t 

i s the s torage time c a p a b i l i t y of the d e v i c e s . I t was mentioned 

in Chapter 4 that s torage t imes in e x c e s s of a t l e a s t m x 100ms 
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are necessary f o r e f f i c i e n t c l u t t e r reduct ion . Future work would 

n e c e s s a r i l y i n v o l v e the i n c l u s i o n of s u i t a b l e f a b r i c a t i o n 

procedures t o c o n s i s t e n t l y y i e l d s torage t imes of t h i s order. The 

enormity of t h i s s u b j e c t , however, precluded f u r t h e r d i s c u s s i o n 

here . 

The second t o p i c concerns the c a p a b i l i t y of the i n t e g r a t i o n 

system t o operate with moving platform radars . No problem a r i s e s 

as long as the t a r g e t does not move out of i t s range r e s o l u t i o n 

c e l l during the a c q u i s i t i o n of a t l e a s t m radar re turns . However, 

i f t h i s cond i t ion i s v i o l a t e d , then a prov i s ion f o r e l e c t r o n i c a l l y 

a d j u s t i n g the range gat ing operat ion must be made so that 'm' 

c o n s e c u t i v e t a r g e t echoes can be properly i n t e g r a t e d . This could 

be accomplished f o r i n s t a n c e , by providing a number of p a r a l l e l 

input s e c t i o n s along the RGR so that the sequent ia l ga t ing operat ion 

could be incremented or decremented by a r e s o l u t i o n c e l l , as 

appropr ia te . C l e a r l y , however, t h i s s u b j e c t warrants i n v e s t i g a t i o n 

in much g r e a t e r d e t a i l . 

As mentioned in Chapter 4 , the p a r a l l e l process ing 

s t r u c t u r e s descr ibed in t h i s t h e s i s could be appl ied t o many o ther 

areas o f s igna l p r o c e s s i n g . This l eaves a wide scope f o r f u r t h e r 

i n v e s t i g a t i o n s . 
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APPENDIX 1: Analys i s of the Two-Phase Charge I n j e c t i o n Scheme 

The input s t ruc ture of the two-phase charge i n j e c t i o n 

scheme i s shown in f i g u r e A l . l . Consider the s i t u a t i o n when 

i s swi tch ing o f f . As the p o t e n t i a l on the e l e c t r o d e c o l l a p s e s , 

the s u r f a c e p o t e n t i a l d i f f e r e n t i a l beneath the th ick and th in 

ox ides decreases and e x c e s s charge w i l l f low back onto the d iode . 

There w i l l come a po int when the p o t e n t i a l on i s equal to 

( f i g u r e A l . l a ) ; subsequent to t h i s occurr ing , charge w i l l begin 

to t r a n s f e r forward i n t o the metering wel l created by . The 

charge , , a t t h i s i n s t a n t i s g iven by equat ion 2 . 2 , and i s 

Ol = Cox ( *o - VpBTN - *STK " ^/ZVoTN *STK ) AT'l 

where w i l l be equal t o i s the sur face p o t e n t i a l beneath 

the th i ck oxide o f held a t a p o t e n t i a l , and the s u b s c r i p t 

TN denotes a th in ox ide parameter. 

As cont inues to f a l l , more charge w i l l be metered i n t o 

the wel l below ; when i s OFF ( f i g u r e A l . l b ) , the charge 

remaining, Q2, can again be found from equation 2 . 2 , and i s 

^2 " ^ox ^* loFF " ^FBTN " *STK " ^f^^oTN *STK ^ 

The s igna l charge , Q^, metered by i s g iven by the d i f f e r e n c e 

between equat ion A l . l and equat ion A . l . ^ i . e . 

Os = Ql - 02 = Cox (*o - f l n p r ) 

Since = V.^, 

Os = (V.^ - +TQpp) A1.4 
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I t can be seen that the s igna l charge i s l i n e a r l y r e l a t e d to the 

input v o l t a g e . 

Equation A1.4 was derived f o r the case when the input 

s i g n a l i s cont inuous ly appl ied to . I f the input s igna l i s 

s trobed so t h a t i t i s appl ied to only when i s o f f , the 

express ion f o r Q can be derived as f o l l o w s . The charge s tored 

beneath when both and are o f f ( see f i g u r e A1.2a) i s 

^ox ^ *loFF " ^FBTN " A1.5 

When i s strobed on ( s ee f i g u r e A1 .2b) , charge w i l l f l ow beneath 

Ĝ  l eav ing a charge, Qg, behind g iven by 

^2 = Cox ( *10FF " VpBTN " A1.6 

The s ignal charge , Q* , i s thus g iven by 

^1 " ^2 = ^ox *S2 - + Y^^oTN { V ^ " A1.7 

S u b s t i t u t i n g of and rearranging equat ion 2 . 2 to obta in 

e x p r e s s i o n s f o r in terms of the gate v o l t a g e , equat ion A1.7 

becomes 

Qc ox oTK ' "*oTK{*loFF"^FBTK 
+ 2V. 

( ^oTK^ * Z^oTK {^ in " 'FBTK 

A1 

Clear ly now, the s i g n a l charge i s n o n - l i n e a r l y r e l a t e d to the 

s igna l v o l t a g e . 
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APPENDIX 2: Analys i s of F loat ing-Gate Voltage and Electrode 

Current Sensing Structures 

In t h i s Appendix, a paper r e c e n t l y publ ished by the author 

in the I EE Journal o f S o l i d - S t a t e and Electron Devices present ing 

an a n a l y s i s of d e p l e t i o n capac i tance- induced d i s t o r t i o n in t r a n s -

versa l f i l t e r s , i s reproduced. Both vo l tage and current sens ing 

are d i s c u s s e d and the e f f e c t s o f using e i t h e r a p o t e n t i a l e q u i -

l i b r a t i o n or the diode c u t - o f f charge i n j e c t i o n scheme are i n v e s t i -

gated . 

Two computer programs used t o eva lua te the equat ions are 

a l s o inc luded . Program 1 enables the response of a three-phase 

s p l i t ga te t ransversa l f i l t e r t o be analysed using any combination 

of charge i n j e c t i o n and sens ing scheme. The subrout ines p r e f i x e d 

SN determine the harmonic components a t a frequency f xNNF/NNN. 

The l a s t two l e t t e r s of the subroutine name i n d i c a t e the type of 

charge input and sens ing scheme used, i . e . V in the t h i r d p o s i t i o n 

i n d i c a t e s v o l t a g e s e n s i n g , w h i l s t Q i n d i c a t e s charge s e n s i n g . S in 

the l a s t p o s i t i o n i n d i c a t e s the diode c u t - o f f input scheme, and Q 

represents the p o t e n t i a l e q u i l i b r a t i o n scheme, e . g . c a l l i n g sub-

rout ine SNVQ (NNF, NNN, QPK, QDC) would eva luate the harmonic 

components at f^xNNF/NNN f o r a s igna l charge of QPK and a f a t - z e r o 

l e v e l of QDC. 

Subroutines p r e f i x e d LF eva lua te the low frequency harmonic 

components. Again, the l a s t two l e t t e r s s p e c i f y the type of charge 

s e n s i n g and charge i n j e c t i o n scheme used. 

Subroutines p r e f i x e d DC can be used to determine the DC 

c h a r a c t e r i s t i c s of the s t r u c t u r e , s i m i l a r l y the l a s t two l e t t e r s 

are used t o s p e c i f y the charge sens ing and i n j e c t i o n t e c h n i q u e s . 

The term VGG i s a dummy parameter, and NFLG i s g e n e r a l l y s e t to 0. 
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The charge t r a n s f e r i n e f f i c i e n c y can be s p e c i f i e d in the 

subroutine EPSILON(Q), and the tap weight ings are simply included 

as data at the end of the program. 

Program 2 was used t o eva luate the n o n - l i n e a r i t y of the 

dev ice descr ibed in Chapter 9 . The computations include the loading 

e f f e c t of the th ick oxide s e c t i o n of each g a t e . The subroutine 

CLOCKIT (W, 0 . 9 3 8 , 1 .119) e v a l u a t e s the harmonic components at 

frequency W, with a peak-to-peak s ignal charge of 0.938pC and a 

f a t - z e r o of 1.119pC. 

Following t h i s i s a s imple HP-25 programmable c a l c u l a t o r 

rout ine f o r determining the p o t e n t i a l v a r i a t i o n of a s i n g l e f l o a t i n g -

gate as a f u n c t i o n of charge. 
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PROGRAM 1 

l E L l O l u . P A U l C O M P I L E D b Y F O R T R A N L A R G E B A T C H C O M P I L E R M A R K 2 S A 1 A T 1 2 : 2 9 : 1 5 

C O M P I L E R O P T I O N S ' — -

F U L L L I S T ^ 
NC PAGE S K I P S 
kC A T T h l k U T E S L I S T 
N C C R O S S R E F E R E N C E L I S T 
SO F X T E R N A L R E F E R E N C E L I S T 
hO O B J E C T C O D E L I S T 
P E D I U M M E S S A G E S 
A L L M E S S A G E S L I S T E D 
K F S S A G E S I N T E R S P E R S E D 
C O M M E N T S L I S T E D 
D I R E C T I V E S L I S T E D 
KO S K I P P E D L I N E S L I S T E D 
hOT SHAREABLE 
NOT L I k R A R Y PROCEDURE 
C O D E P k O L U C E D U N L E S S E R R O R S 
P O S T P O R T E * L E V E L = 2 
f A P P l N C O P T I O N S : - E = b D = g Q = 1 6 R = 4 1 = 4 J = 8 K = 4 L = 4 M = 8 N = 1 
P A X I M U K T R A C E O P T I O N S A L L O W E D A R E A L L 
DEFAULT TRACE O P T I O N S ARE NONE 

l # : f E R E h C E C I A G N O d T I C S O U R C E L l f T r M T 
1 P R O G R A M P A U L S L I S T 
2 C FLOTTTlNt; C A T E C C D A N A L Y S I S 
3 C K O A T G A T E A N A L Y S I S AS IN C C D 7 6 

CCMMON/n L O C K ( 1 0 0 ) ,CCX,VGir rvTbyC S,VO,DEL v c . g 
d 5 * C R A P ( 9 4 ) , V B , C R I P ( 5 ) , C C S 

15 C I N I T l A L D A T A 
7 C C H A R G E S IN P C , C A P A C I T A N C E S IN P f 

i r ' C ^ N U M B E R O F G A T E S 
9 M = 63 

f D ' C V F B = F L A T B A N D V O L T A G E 
11 V F B = 0 . ? 

T Z I! t O X = 0 XI n E C A P A C I T A N C E P E R G A T E 
1 3 C 0 X = 0 . 3 
T ? C C C S = S T R A V C A P A C I T A N C E 
1 5 C C S = 5 0 . 

"yg C Vt: = K S I * Q * N * T 0 T * T 0 X / K 0 X * K 0 X * E P S I L 0 N ( 7 ) 
1 7 V 0 = 0 . 1 7 3 

TB C VGC=GATL VOLTS WITH NO SIGNAL CHARGE 
1 9 V G C = 1 5 . 

' Z D C V b = DrOTTE B I A S A T Z E R O C H A R G E I N P U T 
2 1 V B = 1 2 . « 8 8 

-ZZ CALL LEIGH 
2 3 C 

C ISSERT ITEOUIPkB SUBROUTINES HER̂ E * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
2 5 C E . G . : 

- 2« CALL S N V S ( 1 U U , ^ U , j . 1 , U . 5 ) 
2 7 C A L L L F V R d . 0 , 0 . 0 _ _ _ _ _ 
V» ~ ^ " ~ ~TAC[ CTcniTcrrsTcxm'HTToi 

"3TJ ~ _ _ _ _ _ _ ^ ^ ' "" ' — — 
3 1 S T O P 

-7Z on; 
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NO D I A G N O S T I C M E S S A G L S IN M O D U L E P A U L S L I S T 

k E F E k F N C E 
j3 

D I A G N O S T I C S O U R C L L I S T I N G 
S U B R O U T I N E L F Q O ( O P K , Q D C ) 

3 4 C G I V E S L O W - F R E O U E N C Y D I S T O R T I O N C H A R A C T E R I S T I C S 
3 5 C FUR L I N E A R C H A R G E IN 
3 6 c F O R C H A R G E S E \ S E O U T 
3 7 c D F T C O r p O H F N T S E V A L U A T E D E X P L I C I T L Y 
3 8 CIM^CNLUCK/M,Q(100) ,CCX,VFC,CS,VO,VCO,DELVG,COMPT(5), 
3.9 * C R A P ( 9 3 ) , N P R I N T , 0 M A % , C C S , P H I 
4 0 c 
41 W R I T E ( 2 , 2 7 0 ) M , V O , V F B , C O X , V G O 
4 2 2 7 C F C R M A T C I H O , 
4 3 1 1 4 , ' G A T E S V O * , F 7 . 3 , ' V F G = ' , F 6 . 2 , 
^ 4 3 ' O X I U F C A P = ' , F 6 . 3 , 
4 5 4 ' I N I T I A L G A T E V O L T S = ' , F 6 . 3 , 
4 6 5 ' L O W F R E Q U E N C Y ' ) 
4 7 W R I T E ( 2 , 2 7 1 ) k P K , O D C 
4 8 
4 9 c 

2 /I F O R N A T C O P K = ' , F 7 . 4 , ' C D C = ' , F 7 . 4 ) 

5 0 0 1 N = 0 D C + Q P K * 2 . 0 
51 C A L L D C « Q ( G 1 N , V G 1 , 1 ) 
5 2 
5 3 c 

I F ( V G 1 . L E . C . ) R E T U R N 

5 4 0 I N = 0 D C + 0 P K * 1 . 5 
5 5 C A L L D C & Q ( 0 I N , V G 2 , 2 ) 
5 6 a i N = Q D C + Q P K 
S 7 C A L L D C U 0 ( Q I N , V G 3 , 2 ) 
5 8 G 1 N = O D C + Q P K * 0 . 5 
5 9 C A L L D C C 0 ( 0 I N , V G 4 , 2 ) 
.',0 
6 1 c 

C A L L D C a Q ( a D C , V G S , 2 ) 

f 2 c E V A L U A T I O N OF C O M P O N E N T S 
6 3 C O M P T ( 1 ) = ( V G 1 - V G 5 ) / 2 . 
6 4 C C K P T ( 2 ) = ( V G 1 - 2 . * V G 3 + V G 5 ) / 4 . 
6 5 C C h P r ( 3 ) = ( V l i 5 - 2 . * V G 4 + Z . * V G 2 - V G 1 ) / 6 . 
0 6 c 
6 7 n o 7 6 N H=1 , 3 
6 8 C O M P T ( N H ) = A U S ( C O M P T ( N H ) ) 
6.9 I F ( C O K P T ( N H ) . I T . 1 . E - 2 0 ) C O M P T ( N H ) = 1 . E - 2 0 
7 0 D F = 2 0 . * A L O n 1 0 ( C O M P T ( N H ) ) 
71 W H T E ( 2 , 2 7 2 ) NH , C O M P T (NH) , 0 8 
7 2 /6 C O N T I N U L 
7 3 2 7 2 F O R M A T C A M P L I T U D E OF ' , I 2 , ' T H C O M P O N E N T = ' , 1 P E 1 0 . 3 , 
7 4 
7 5 C 

1 ' = ' , u P F 6 . 1 , ' D B ' ) 

76 R E T U R N 
7 7 E N D 

kC D I A G N O S T I C M E S S A G E S IN M O D U L E L f O Q 

R E F E R E N C E D I A G N O S T I C S O U R C E L I S T I N G 
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— /B S U B R O U T I N E D C U O ( O D C , O O U T , N F L C ) 
7 9 C L P M 0 N / U L 0 C K / M , U ( 1 C C ) , C C X , V F B , C S , V 0 , V G 0 , D E I V G , C R A P ( 9 8 ) , N P R I N T , 
8 0 C D . C . C H A R A C T E R I S T I C 
81 c FUR L I N E A R C H A R G E IN 
i(2 c FUR C H A R G E S E N S E O U T 
<i3 c N F I G = C U N L E S S C A L L D E BY L F O Q 
8 4 * Q M A X , C C S , P H 1 

k A R N l N E d C * ) C O M M E N T S S H O U L D N O T I N T E R S P E R S E C O N T I N U A T I O N L I N E S 
8 5 C O M M O N / W A 1 T / W ( 1 C O ) , W B A R ( 1 C O ) , H ( 1 C O ) , W 2 ( 1 0 0 ) , W b 2 ( 1 0 0 ) , W W B ( 1 0 0 ) , 
8 6 * S U K W ^ S U K k ' O A f S U M W W B 
8 7 l F ( N F L f ^ . E W . 2 ) G O T O 12 
8 8 I K N F L C . E Q . 1 ) G O T O 11 
8 9 W k I T E ( 2 , 2 1 C 0 ) M , V C , V F B , C O % , V G 0 
9 0 2 1 0 0 F C R K A T ( 1 H G , 
91 1 1 4 , ' G A T E S VO = ' , F 7 . 3 , ' V F B = ' , F 6 . 2 , 
9 2 3 ' O X I D E C A P = ' , F 6 . 3 , 
9 3 4 ' I N I T I A L G A T E V O L T S = ' , F 6 . 3 , 
9 4 5 ' C H A R G E S E N S E ' ) 
9 5 11 C O N T I N U E 
9 6 C C H E C K FOR C H A K G E O V E R F L O W 
9 7 Q^ AX = C O X * ( V G O - V F B ) 
9 8 I f ( Q D C . G T . Q M A X ) G O T O 9 5 C 
9.9 12 C O N T I N U E 

1 0 0 S = S G R T ( V C * ( V 0 + 2 . * ( V G C - V F P ) ) ) 
i n i OKUF = ( 0 D C / C O X ) - S + S Q R T ( V G O - V F e - 0 D C / C O X ) 
1 0 2 Q P L U S = S U M W * Q D U M 
1 0 3 O M I N = S U M W G A * O D U M 
104 Q O U T = Q P L U S - O M I N 
1 7 5 I F ( N F L G . N L . 0 ) R E T U R N 
1 0 6 G A I N = Q O U T / Q D C 

^ ( 1 7 W K I T E ( i : , 2 1 0 1 ) Q D C , Q 0 U 1 , 6 A I N 
1 0 8 2 1 C 1 F O R M A T C O D C = ' , F 6 . 3 , ' F C " , 
1 J9 1 ' QCUT = ' , F 8 . 4 f ' P C , 
1 1 0 2 ' G A I N = ' , F 7 . 3 ) 

8 1 1 1 R E T U R N 
* 1 1 2 9 S C W R I T E ( 2 , 2 9 5 ) Q O C f O M A X 

2 , 5 F C R M A I ( ' C H A K G E C A P A C I T Y E X C E E D E D O I N = ' , F B . 4 , ' Q * A X = * , F 8 . 4 ) 
1 1 4 0 0 U T = - 1 . 
1 1 5 R E T U R N 
1 1 6 E N D 

kO E R R O R S , 1 W A R N I N G A N D N O C O M M E N T S IN M O D U L E D C Q O 

w e j C K E N C k D I A G N O S T I C S O U R C E L I S T I N G 
T"r7 g U H R O U T I NE S N C O ( N N N , N N F , 0 P K ; Q 6 r ) ; 
1 1 8 C F U N D A M E N T A L A N D H A R M O B I C S AT F R E Q U E N C Y f C * N N F / N N N 
n ? C FCK LINCAk CHARGE IN 
1 2 0 C FOR C H A P G E S E N S E OUT 
inn c D F T CO*WroinnTT% of O / f kAVEFTTRP G I V E N G Y S / R F O U R I E R 
1 2 2 C A L L O W S FOR F I N I T E E P S I L C N U S I N G F U N C T I O N E P S I L O N 
1 Z 3 n r N m 7 N 7 H L 0 C k / ^ , l ) ( 1 U U ) , C C X , V F G , C S , ^ V U ^ V G 0 , D E L V G f C R A P ( 9 8 ) , N P R I N T , 
1 2 4 * Q M A X , C C S , P H 1 
T 2 ? D I M E N S K T R — a c C 1 S G C ) 
1 2 6 C A L L R E D U C k ( N N N f N N F , N N , N F ) 
T Z 7 F = FLOAT(WFT/FLOAT(NN) 
1 2 8 W r Y F C = 6 . 2 & 3 1 8 5 3 0 7 1 8 * F 

1 f29 WT" iTg t J, k,ti;,VFB,C&X,VGO,Nf 
1 3 0 2 2 0 F 0 R M A T ( 1 H 0 , 
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1 
1 3 2 

1 1 4 , ' G A T E S V O = % F 7 . 3 , ' V F B « ' , f 6 . 2 , 
3 ' O X I D E C A P = ' , f 6 . 3 . 

. 1 3 3 
1 3 4 

4 ' I N I T I A L G A T E V O L T S = ' , F 6 . 3 , 
5 ' F / F C = ' , 1 3 , ' / ' , 1 4 , ' = ' , F 5 . 4 

1 3 5 
1 3 6 C 

6 / ) 

1 3 7 
1 3 8 

C I N I T I A L I S A T I O N 
C M A X = V G O - V F b 

1 39 
1 4 0 

Q M A X = O M A X * C O X 
I F ( ( Q P K + Q D C ) . G E . O M A X ) G C T O 9 5 0 

1 4 1 
1 4 2 

DO 5 0 1 = 1 , M 
5 C Q ( I ) = 0 . 0 

1 4 3 
1 4 4 

c 
N K A X = M + N N 

1 4 5 
1 4 6 

c 
c C L O C K I N G 

1 4 7 
1 4 8 

D(j 5 2 N = 1 , N M A X 
M 2 = M + 2 

1 4 9 
1 5 0 

DO 51 1 = 2 , M 
; i = K 2 - i 

1 5 1 
1 5 2 

51 0 ( 1 I ) = E P S 1 L 0 N ( Q ( 1 I ) ) * 0 ( 1 1 ) 
1 + ( 1 . - E P 5 I L 0 N ( Q ( 1 I - 1 ) ) ) * 0 ( I I - 1 ) 

1 5 3 
1 5 4 

c 
c I N P U T 

1 5 5 ' 
1 5 6 c 

Q ( 1 ) = Q D C + ( . P K * ( 1 . + C 0 S ( W B Y F C * N ) ) 

1 5 7 
I S B 

c O U T P U T 
I F ( N . G E . M ) C A L L S O L V Q ( O G ( N ) ) 

' ' 1 5 9 
1 6 0 

c 
5 2 C O N T I N U E 

1 6 Y 
1 6 2 

c 
C A L L F 0 U R I E R ( K m A X , N N , N F , 0 G , 1 , C 0 K P N T 1 ) 

1 6 3 
1 6 4 

C A L L F O U R I E R ( N M A X , N N , N F , U G , 2 , c o r P N T 2 ) 
C A L L FOURIER(N*AX ,NN,NF,QG,3,C0KPNT3) 

1 6 5 
1 6 6 

RETURN 
9 5 C k k l T E ( 2 , 2 9 5 ) 0 ( 1 ) , O M A X 

1 6 ? " -
1 6 8 

2 9 5 F O R M A I C C H A R L E C A P A C I T Y E X C E E D E D O I N = ' , F 8 . 4 , ' Q M A X 
R E T U R N 

= ' , F 8 . 4 ) 

1 6 9 END 

N O D I A G N O S T I C M E S S A G E S IN M O D U L E S N Q Q 

CIACNOSTIC SOURCE L ISTING 
1 7 0 SUBROUTINE SNUS(NN ,NF,VFK,VDC) 
TuTT C F L k n A W E N T A L AND H f ^ y O W I C S AT FREQUENCY ? C * N N F / N N N 
1 7 2 C F O R S U R F A C E P O T E N T I A L S E T T I N G I N P U T 
17 3 c nnrctiARGE SEkSE C(rr — 
1 7 4 C O M M O N / k ^ L U C K / M ^ O ( 1 0 0 ) , C O X , V C O , V F B , C S , V O , O E L V G , 
17 5 r—T^^lr{?^),vE,x RTF m y r r ? 
1 7 6 D I M E N S I O N 0 G ( 1 5 C C ) 
17 7 FTTTErSTtyfTH uD (15 00) 
1 7 8 C C L O C K S A S I G N A L C H A R G E ' Q I N " A L O N G C C D 

— f 7 3 c mmnrr fkurmrArrNiriiTTE AHP ervî N av s/R soLViT 
180 C OFT C O M P O N E N T S OF Q / P W A V E F O R K G I V E N BY S /R FOURIER 
I R l C A L L O W S f d t F I N I T E E T S I L C N U S I N G F U N C T I O N E P S I L O N 
1 K 2 k = ( 6 . ^ H 2 1 G 5 3 0 7 1 8 * N F ) / N N 

"fn ^RITE(2,Z?C) K^Vc,VFB,COX,VGC,NF,NN,VE<,VPK,VDC 
1 8 4 2 2 0 F O R M A T f l H O , 
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— 1 * 5 1 1 4 , ' G A T E S V O = ' , f 7 . 3 , ' V F B = ' , F 6 . 2 , 
1 8 6 3 ' O X I D E C A P * ' , F 6 . 3 , 

. 1 8 7 4 ' I N I T I A L G A T E V O L T S * ' , F 6 . 3 , 
1PB 5 ' F / F C = ' , 1 3 , ' / ' , 1 3 
189 6/ ' D I O D E M A S = ' , F 8 . 4 , 
1 9 0 7 ' VPK = ' , F B . 4 , ' V D C - ' , F 8 . 4 , 
191 6 ' S V Q S ' / ) 
1 9 2 C 
1 9 3 C I N I T I A L I S A T I O N 
1 9 4 DO 5 0 1 = 1 , M 
195 5C 0 ( I ) = C . C 
1 9 6 c 
1 9 7 N K A X ' h + N N 
1 9 8 DO 52 N = 1 , N M A X 
ivi" c 
2 0 0 c C L O C K I N G 

M 2 = K + 2 
2 0 2 DO 51 1 = 2 , r 

' 20'3 I 1 = M 2 - I 
2 0 4 5 1 Q ( I 1 ) = F P S I 1 0 N ( Q ( I I ) ) * Q ( I I ) 
2 0 5 1 + ( 1 . - E P S I L 0 N ( G ( I I - 1 ) ) ) * Q ( I I - 1 ) 
2 0 6 c 
2 0 7 c I N P U T 
2 0 8 V D = V I N ( w , N , V P K , V D C , V B ) 
2 0 9 e ( . G ( N ) » C O X * ( V G O - V D - S O N T (2 . * V O * V D ) ) 
2 1 0 Q ( 1 ) = 0 Q 0 ( N ) 
2 1 1 c 
2 1 2 c O U T P U T 
2 1 3 
2 1 4 c 

C A L L S O L V W ( O G ( N ) ) 

2 1 5 C O N T I N U E 
2 1 6 c 
2 1 7 W R ) t E ( 2 , 2 5 9 ) 
2 1 8 2 5 9 F C R M A T C ' I N P U T C H A R G E ' ) 
2 1 9 C A L L F 0 U R I E h ( N M A X , N N , N F , 0 U Q , 1 , C ) 
2 2 0 C A L L f O U R l E R ( N M A X , N N , N F , Q U Q , 2 , C ) 
221 C A L L F O U R I E R ( N M A X , N N , N F , 0 3 Q , 3 , C ) 
2 2 2 W R I T E ( 2 , 2 5 9 ) 

j F O R M A T * ' OUTPUf C H A R G E ' ) 
2 2 4 C A L L F 0 U R 1 E R ( N M A X , N N , N F , 0 G , 1 , C 0 M P N T 1 ) 
2 ^ 5 C A L L F O U R 1 E R ( N M A X , N N , N F , H G , 2 , C O P P N T 2 ) 
2 2 6 C A L L F O U R I C K ( N M A X , N N , N F , 0 C , 3 , C 0 M P N T 3 ) 
t 2 7 RETURN 
2 2 8 E N D 

NO DIAGNOSTIC MESSAGES IN MODULE SNOS 

HEfFRENCE niACKOSTIC SOURCE 1.1 ST INC 
7 ( 3 SUkROUflNL SOLVQ(LDIFF) 
Z 3 0 C F L O A T l N t G A T E C C D A N A L Y S I S 

T n ~ ~ r O t " T A I K S " " t H I T F O T a D I F F ' T D f i C H A R G E S E N S E O U T P U T 
-1 2 3 2 C FUR A k P I T P A k Y C H A R G E P A C K E T S Q ( 1 ) , . . . , 0 ( M ) 

"TT3 CCKrON/kAIT/Wd uU),WBATrn-0D),H(1LU),W,̂ ( TlIU) ,Wb̂  (1UU),WWD( 1UU), 
234 * SUKk,SUmWBAySUMWWO 
%35 COMKOir/FT:u'(n(7T'7y(i(1OC),CCX,VFBXS,VC,VG0,l!iELVG7%rRAP(98),NPRINT, 

6 * 0FAX,CCS,PH1 

1 !TI 238 S=saRT(vO*(VO+2.*(VCO-VFn))) 
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< 3 9 O P L U S = 0 . 0 
2 4 0 a M I N = C . 
2 4 1 DO 2 0 1 = 1 , M 
2 4 2 0 P = 0 ( l ) / C u X - S + 
2 4 3 1 S U R T ( V 0 * ( V J + 2 . * ( V G C - V F D - Q ( I ) / C 0 X ) ) ) 
2 4 4 C KN ICKERS 
2 4 5 Q r i U S = b r L U S * W ( % ) * Q P 

2 4 6 Q M N = G ^ I K 4WBAR ( I ) * Q P 

2 4 7 ' 2 0 C C N T I N U E 
2 4 8 Q P L U S = O P L U S * C 0 X 
2 4 9 Q M I N = U M N * C O X 
2 5 0 O D I F F = W P L U S - Q M I N 
2 5 1 RETURN 
2 5 2 E N D 

N O D I A G N O S T I C M E S S A G E S IN M O D U L E S O L V Q 

w E f E k E N C E D I A G N O S T I C S O U R C E L I S T I N G 
2 5 3 S U B R O U T I N E D C V Q ( Q D C , V G 6 , N f L C ) 
2 5 4 C B . C . C H A R A C T E R I S T I C 
2 5 5 C F O R L I N E A R C H A R G E IN 
2 5 6 c V O L T A G E S E N S I N G O U T P U T 
2 S 7 c N F L 6 = C U N L E S S C A L L D E B Y L F V Q 
2 5 8 C U M M O N / r L O C K / h , Q ( 1 0 0 ) , C 0 X , V F R , C S , V 0 , V G 0 , D E L V G , C R A P ( 9 8 ) , N P R I N T , 
2 5 9 * Q M A X , C C S , P H I 
2 6 0 C O M M O N / k A I T / C R I P ( 6 0 0 ) , S L M W , S U M W B A , S U M W W B 
c 6 l C S = C C S / C O X 
2 6 2 P h l = 1 . 0 + ( V G O - V F B ) * 2 . / V O 
2 6 3 I F ( N F L G . E 0 . 2 ) G O T O 12 
2 6 4 I F ( N F L C , . E ( . . 1 ) G O T O 11 
c 6 5 W k l T L ( 7 , 2 1 0 0 ) M,VC ,VFB,CCS,COX,VCO 
< 6 6 t l C u F O R M A T ( 1 H U , 
2 6 7 1 1 4 , " G A T E S V O = ' , F 7 . 3 , ' V F R = ' , F 6 . Z , 
2 6 8 3 ' S T R A Y C A P = ' , F 6 . 3 , 
2 6 9 3 ' O X I I . E C A P = ' , F 6 . 3 , 

2 7 0 4 ' I N I T I A L G A T E V O L T S = ' , f 6 . 3 . 
2 7 1 6 ' D C V O ' / ) 
2 7 2 11 C O N T I N U E 
2 7 3 c C H E C K F O R C H A R G E O V E R F L O W 
2 7 4 OK A% = (S(. R T ( P H I ) t P H I * C S / ( S U M W * 2 . ) ) / ( 1 . » C S / S U M W ) 
2 7 5 G : . b = ( S ; j k T ( P H I ) 4 P H I * C S / ( S U h W B A « 2 . ) ) / ( 1 . + C S / S U M k B A ) 
2 7 6 I F ( U M b . L T . O h A X ) QMAX=QMe 
< 7 7 QKAX = V 0 * C O X * ( l h A X 
2 7 8 I F ( Q D C . G T . O M A X ) GOTO 9 5 C 
2 7 9 12 CONTINUE 
2*10 P $ I = V C / C S + V C * S O R T ( P H I ) 
2 8 1 Q S I G = Q D C 
2 R 2 A k G « P C T * P S I - 2 . * 0 S I ( ; * V C * ( 1 . + ( 1 . / C S ) ) / C 0 X 
2 8 3 V ( , G = ( ( B S I G / C O X ) - P S I + S Q R T ( A R G ) ) / C S 
2 8 4 I F ( N F L G . N E . O ) RETURN 
2 8 5 SEX = VGC/Q i ,C 
2 8 6 W k I T E ( 2 , 2 1 C 1 ) 8 D C , V G G , S E X 
2P / 2 1 C 1 f O R M A T C Q D C = % F 6 . 3 , ' P C , 
2 8 8 1 ' VOItT = ' , F 7 . 3 , ' V , 
2 8 9 
2 9 0 

2 ' V O U T / U l N = ' , F 8 . 4 , ' / P F ' 
3 ) 

2 V 1 RETURN 
2 9 2 9 5 C W K I T E ( 2 , 2 9 5 ) O D C , ( i M A X 
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2 9 3 f O R M A T C " C H A R G E C A P A C I T Y E X C E E D E D Q I N = ' , F 8 . 4 , ' Q M A X = ' , F B . 4 ) 
2 9 4 V C G = - 1 . 
< 9 5 R E T U R N 
Z 9 6 E N D 

hC D I A G N O S T I C M E S S A G E S IN M O D U L E D C V U 

k E F E R k N C E D I A G N O S T I C S O U R C E L I S T I N G 
297 SUBROUTINE LFVW(QPK,QDC) 

* c C^lS LOW-FRFQUENCY DISTORTION CHARACTERISTICS 
2<%l C FOR LINCAK CHARGE IN 
300 C VOLTAKl SENSING OUTPUT 
3Cf" " ^ OFT COMPONENTS EVALUATED EXPLICITLY 

_3 0 2 Cli^KO N ̂  L O C K / r , O ( 1 0 0 ) , C C X , V F e ^ C S , V 0 , V G 0 , D E L V G , C 0 K P T ( 5 ) , 
'̂ (̂ 3 * CHAy(9'3),NPRlNT,QMAX,CCS,PHi 
30^ C 
3 0 5 " W R I T E ( 7 0 ) M , V O , V F B , C C S , C O X , V G O 
3 C 6 2 2 C F C R M A T ( 1 H 0 , 

'ITPT 1 l 4 , ' G A I E S VO = ' , F 7 . 3 , ' V F B = ' , F 6 . 2 , 
30 6 2' STRAY CAP = ' ,F6 .3 , 
3CS 3 ' O X I D E CAP = ' , F 6 . 3 , 
3 1 0 T I A L G A T E V O L T S = ' , F 6 . 3 , 
3111 Lina FREwuEifcYi; 
3 1 2 6 ' L F V O ' / ) 
3 1 3 WP ITEir2;271) QPK,Qi)C 

_ 3 1 4 271 F U R M A T ( ' U P K = ' , F 7 . 4 , ' O D C = ' , F 7 . 4 ) 
3 l S N P R 1 N T = 0 

_ 3 1 6 _ ^ G l N = O D C + Q P K * 2 . 0 
5 T ? C A L L C C V C ( C I N , V C 1 , 1 1 
31*1 I F ( V n l . L E . q . ) R E T U R N 

' nT=UDCT6PKTnT$ 
3 2 0 C A L L D C V Q ( q l N , V G 2 , 2 ) 

3ZT QTN^nr+%rFK—— 
3 2 2 C A L L D C V 0 ( a i N , V G 3 , 2 ) 
323" " " %nTi=TFrr&monrnr 
J 2 4 C A L L D C V Q ( Q I N , V G 4 , 2 ) 
jZT CALL DC\r<rr(nrc,VG5,%) 
3 2 * C 

-szir — 
^328 C E V A L U A T I O N OF C O M P O N E N T S 
32? CCRPT(1) = r(rrr:T/G!,)/2. 

^ 3 0 C O M P T ( 2 ) = ( V C 1 - 2 . * V G 3 + V G 5 ) / 4 . 
3̂ 1"̂  TDMPT (j) = ( VG)-2 .AVGA + i: .*VG2-\/G1 ) / 6 . 

j 3 2 C 
373" DO /6 NH = 1 , j 

C O M P T ( N H ) = A B S ( C O M P T ( N H ) ) 
i f ( cowr i ( N H ) . L T . 1 . E-2Ur CCMPT(NH)=1.E-2C 

3 3 6 D F = Z 0 . * A L O G 1 0 ( C O M P T ( N H ) ) 
^ 3 7 w N H , ( ! C M P T ( N H ) , b B 
3 3 8 76 C O N T I N U E 

'733 ZTf! FOKMAIC AMPLITUDE OF ',I2,'TH COMPONENT =',1PE1U.3, 
3 4 0 1 ' = ' , C P F 6 . 1 , ' D B ' ) 

"34T RETURb 
3 4 2 E N D 
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k C D I A G N O S T I C m r s S A G E S IN M O D U L E I F V Q 

k E F E R E N C E D I A G N O S T I C S O U R C E L I S T I N G 

J 

] 

3 6 3 S U B R O U T I N E S N V Q ( N N N , N k f , Q P K , Q D C ) 
3 4 4 C F U N D A M E N T A L A N D H A R M O N I C S A T F R E Q U E N C Y f C * N N F / N N N 
3 4 5 C F U R L I N E A R C H A R G E I N 
3 6 6 c V O L T A G E S E N S I N G O U T P U T 
3 4 7 c D F T C O M P O N E N T S OF 0 / P W A V E F O R M G I V E N B Y S / R F O U R I E R 
3 4 8 c A L L O W S F O R F I N I T E E P S I L G N U S I N G F U N C T I O N E P S I L O N 
3 4 9 C C y r C N / W L O C K / K , Q ( 1 0 0 ) , C O % , V F B , C S , V O , V G O , D E L V G , C R A P ( 9 8 ) , N P R 1 N T , 
3 S 0 * O P A X f C C S f P H I 
35:1 C O M M O N / k A I T / W d & 0 ) , W B A R ( 1 0 0 ) , H ( 1 0 0 ) , W 2 ( 1 0 0 ) , W B 2 ( 1 0 0 ) y W W B ( 1 0 0 ) , 
3 5 2 * S U f w ^ S U M k ' B A f S U K W W B 
3 5 3 D I M E N S I O N V G ( 1 5 0 C ) 
3 5 4 C A L L R E P U C E ( N N N , N N F , N N , N F ) 
3 5 5 F = F L O A T ( N f ) / F L O A T ( N N ) 
3 5 6 W d Y F C * 6 . 2 k 3 1 8 5 3 0 7 1 8 * F 
3 5 7 w k I T E ( 2 , . 2 ^ C ) h , V C , V F B , C C S , C O X , V G C , N F , N N , F 
2 5 8 2 ^ r F O R M A T ( 1 H 0 , 

11.4,' G A T E S V O = ' , F 7 . 3 , ' V F B = ' , F 6 . 2 , 
3 6 0 2 ' S T R A Y C A P = ' , F 6 . 3 , 
3 6 1 3 ' O X I D E C A P = ' , F 6 . 3 , 
3 6 2 4 ' I N I T I A L G A T E V O L T S = ' , F 6 . 3 , 
3 o 3 
3 6 4 

5 ' F / F C = ' , I 3 , '/ ' , I 4 , ' = ' , F 6 . 4 , 
6 ' S N V Q ' / ) 

3 6 $ c 
3 6 6 c I N I T I A L I S A T I O N 
2 6 7 P H I = 1 .1;+ ( V G U - V F B ) * 2 . / V O 
3 6 8 C S * C C S / C O X 
3 6 9 0 M A X = ( S 0 R T ( P H 1 ) + P H I * C S / ( S U M W * 2 . ) ) / ( 1 . + C S / S U M W ) 
3 7 0 Q r & = ( S C R T ( P H I ) + P H I * C S / ( S U K W B A * 2 . ) ) / ( 1 . + C S / S U M W 6 A ) 
3 7 1 I F ( O M h . G T . O K A X ) O M A X * a M G 
3 7 2 Q K A X = V C * C O X ^ O M A X 
3 7 3 = U DC + 2 
3 7 4 I F ( ( I M . G E .OMAX) G O T O 9 5 0 
3 7 5 D O 5 0 1 = 1 , M 
3 7 6 5 C Q ( I ) = C . O 
3 7 7 N k A X = M + N N 
3 7 8 c 
3 7 9 c C L O C K I N G 
3 8 0 DO 5 2 N = 1 , N M A X 
3 8 1 N Z = M + 2 
3 8 2 D O 5 1 1 = 2 , M 
3 * 3 I 1 = M 2 - I 
3 8 4 51 Q ( I 1 ) = E P S I L 0 N ( Q ( I I ) ) * ( I ( I I ) 
3 X 5 
3 8 6 c 

1 + ( 1 . - E P S I L 0 N ( O ( I I - 1 ) ) ) * Q ( I I - 1 ) 

3 8 7 c I N P U T 
3 8 8 Q ( 1 ) = ( , D C + O P < * ( 1 . + C 0 S ( W B Y F C * N ) ) 

c 
3 9 0 c O U T P U T 
a V T 
3 9 2 c 

CALL S 0 L V V ( V 6 ( k ) ) 

3 9 3 c 
3 9 4 5 2 C O N T I N U E 

C A L L F 0 U R I E R ( N M A X , N N , N F , V G , 1 , C 0 M P N T ) 
3 9 6 C A L L F O U R I E R ( N M A X , N N , N F , V G , 2 , C 0 M P N T ) 
3 9 7 C A L L F O U R I E R ( N M A X , N N , N F , V G , 3 , C O m P N T ) 
3 9 8 R E T U R N 
J9<; 95'J W h I T E ( 2 , Z 9 5 ) Q M , Q M A X 
4 C O 2 9 5 F O R M A r ( ' C H A R G E C A P A C I T Y E X C E E D E D Q I N = ' , F 8 . 4 , ' O M A X = ' , F 8 . 4 ) 
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4 0 1 R E T U R N 
4 0 2 E N D 

S O D l A t N O S T I C M E S S A G E S IN M O D U L E S N V Q 

R E F E R E N C E D I A G N O S T I C S O U R C E L I S T I N G 
4 0 3 
4 0 4 

S U B R O U T I N E DCVS <VV) 
C B . C . C H A R A C T E R I S T I C 

- 4 0 i 
4 0 6 

C V C L T A C C SENSING O U T P U T 
C FOR S U K f A C F P O T E N T I A L S E T T I N G I N P U T 

4 0 7 
4 0 8 

C U ? ' « O W / f L O C K / h ' , Q C 1 C 0 ) , C C X , V G 0 , V f B , C S , V 0 , D E L V G , 
« C R A P ( V 4 ) , v m , C R I P ( 5 ) , C C S 

4 0 9 
4 1 0 

W R I T E ( 2 , 2 1 C u ) M , V G , V F 8 , C O X , V G O , V B 
2 1 C C F O R M A T d H O , 

4 1 1 
4 1 2 

1 1 4 , ' G A T E S V O = ' , F 7 . 3 , ' V F B = ' , f 6 . 2 , 
3 ' O X I D E C A P = ' , F 6 . 3 , 

4 1 3 
4 1 4 

4 I N I T I A L G A T E V O L T S ' ' , F 6 . 3 , 
* 1 X 

4 1 5 
4 1 6 

* / ' D I O D E B I A S = ' , F 8 . 4 , 
5 ' D C V S ' / ) 

4 1 7 
4 1 8 

V [ = V B - V V 
Q D C = C O X * ( V G 0 - V D - S Q R T ( 2 . * V 0 * V D ) ) 

4 1 9 
4 ? 0 

D O 1 0 1 1 = 1 , M 
1 CI 0 ( I ) * Q D C 

4 2 1 
4 2 2 

C A L L S O L V I T W ( Q O U T ) 
S E X = « O U T / V V 

4.^3 
4 2 4 

W R I T E ( 2 , 2 1 0 1 ) V V , V D , O D C , G O U T , S E X 
2 1 0 1 F O R M A T ( 

- ;?5-
4 2 6 

* ' V I k = ' , F 8 . 4 , 
* ' D I O D E V O L T S * ' , F 8 . 4 , 

4 Z 7 
4 2 8 

* ' I / P C H A R G E P A C K E T = ' , F 8 . 4 , 
* ' 0 / P C H A R G E = ' , F 8 . 4 , 

- f j ? 
4 3 0 

* ' O O U T / V I N = ' , F 8 . 4 , 
* 1 X ) 

4 3 1 
4 3 2 

R E T U R N 
E N D 

k C D I A G N O S T I C M E S S A G E S IN M O D U L E O C V S 

R E F E R E N C E D I A G N O S T I C S O U R C E L I S T I N G 
-433 SUBROUTINE LFVS(VPK,VDC) 
4 3 4 C G I V E S l O W - F R E Q U E N C Y D I S T O R T I O N C H A R A C T E R I S T I C S 

C FCR SURFACE P C T E S E T T I N G IkPUT 
436 C V O L T A G E SENSING O U T P U T 

zr37 c inn-nrD\TT)TmnrnEVATurrETrT%prrrrrrv 
4 3 8 C O r M O N / C L O C K / M , 0 ( 1 0 0 ) , C C X , V G O , V f B , C S , V O , D E L V G , 

-%319 
4 4 0 C 

T z n W H I T E ( Z , Z / U ) M , V U , V F B , C O X , V G U , V e f V P K , V P d 
4 4 2 2 7 3 F O R M A T ( 1 H O , 



A2.2Q 

4 4 3 1 1 4 , ' G A T E S V O c ' , F 7 . 3 , ' V f B « ' , F 6 . 2 , 
4 4 4 3 ' O X i n f C A P = ' , f 6 . 3 . 
4 4 5 4 ' I M T I A L G A T E V C L T S = ' , F 6 . 3 , 
4 4 6 5 ' L O W F R E Q U E N C Y " , 
4 4 7 * 1 X 
4 4 8 6 / ' D I O D E P I A S = ' , F 8 . 4 , 
44.9 7 ' V P K = ' , F B . 4 , ' V O C « ' , F B . 4 , 
4 5 0 5 ' L F V S ' / ) 
4 5 1 C 
4 5 2 V D = - 2 . C * V P K - V D C + V B 
4 5 3 0(.1 = C O X * ( V C O - V D - S O R T ( 2 . * V C * V D ) ) 
4 5 4 DO 71 1 = 1 , M 
6 S 5 71 0 ( I ) = 6 Q 1 
4 5 6 C A L L S O L V V ( V G I ) 
4 5 7 c 
4 5 8 V D = - 1 . 5 * V P K - V D C + V B 
4 5 9 Q t y 2 = C O X * ( V G C - V D - S Q R T ( 2 . * V C * V C ) ) 

4 6 0 DO 7 2 1 = 1 , M 
46.1 7 2 0 ( I ) = 0 0 2 
4 6 2 C A L L S 0 L V V ( V G 2 ) 
4 6 3 c 
4 6 4 V D = - 1 . 0 * V P K - V D C + V B 
4 6 5 0 K 3 = C 0 X * ( V G 0 - V D - S Q R T ( 2 . * V 0 * V D ) ) 
4 6 6 DO 7 3 1 = 1 , M 
4 6 ? 7 3 a ( I ) * Q 0 3 
4 6 8 C A L L S 0 L V V ( V G 3 ) 
< 6 . 9 c 
4 7 0 V & = - C . 5 * V P K - V D C + V B 
4 7 1 0 0 4 = C O X * ( V G O - V D - S O R T ( 2 . * V C * V D ) ) 
4 7 2 D O 7 4 1 = 1 , M 
4 7 j 7 4 0 ( I ) = G 0 4 
4 7 4 C A L L S U L V V ( V 6 4 ) 
4 7 5 c 
4 7 6 V D = - V D C + V B 
4 7 7 O C 5 = C 0 % * ( V G 0 - V D - S Q R T ( 2 . * V C * V 0 ) ) 
4 7 6 n o 7 5 1 = 1 , M 
4 7 9 7 5 0 ( I ) = ( I 0 5 
4 8 0 C A L L S 0 L V V ( V G 5 ) 
4*11 c 
4 8 2 c E V A L U A 1 I 0 K O F C O M P O N E N T S 
4 P 3 W H I T E ( 2 , 2 7 9 ) 
4 8 4 2 7 9 F O R h A T C ' I N P U T C H A R G E ' ) 
4 8 5 C 0 * ' P Y ( 1 > = - ( G C i 1 - Q Q S ) / 2 . 
4 8 6 C O K P T ( 2 ) = ( G Q l - 2 . * 0 0 3 + U Q 5 ) / 4 . 
4 6 7 C 0 M P T ( ) ) = ( 0 Q 5 - 2 . * Q Q 4 + 2 . * Q U 2 - C i 0 1 ) / 6 . 
4 8 8 DO 7 7 N h = 1 , 3 
4 8 9 C L K P T ( N H ) = A U S ( C O M P T ( N H ) ) 
4 9 0 I f ( C O M P T ( N H ) . L T . 1 . E - 2 0 ) C O M P T ( N H ) = 1 . E - 2 0 
4 9 1 0b = 2 0 . * / * LOG 1 C (COMPT ( N H ) > 
4 9 2 W R 1 T E ( 2 , 2 7 2 ) N H , C O M P T ( N H ) , D B 
4 9 3 7 7 C O N T I N U E 
4 9 4 W H I T E ( 2 , 2 7 8 ) 
49.5 2 7 8 f O R M A T ( ' O U T P U T C H A R G E ' ) 
4 9 6 C 0 M P T ( 1 ) = ( V G 1 - V G 5 ) / 2 . 
4 9 7 C ( i K P T ( 2 ) = l V b 1 - 2 . * V G 3 + V G 5 ) / 4 . 
4 9 8 C 0 r P T r ) = ( V G S - 2 . * V G 4 + 2 . * V G 2 - V G 1 ) / 6 . 
49.9 t ) 0 7 6 *J|> = 1 , 3 
S O L C C M P T ( k H ) = A n S ( C O P P T ( N H ) ) 
5 0 1 1 F ( C O M P f ( N H ) . L T . 1 . E - 2 L ) C O M P T ( N H ) = 1.£-2G 
5 0 2 D P = 2 0 . * A L ( , G 1 0 ( C 0 K P T ( N H ) ) 
S u a W R I T E ( 2 , 2 7 2 ) NH/(r(nrPT (N'H),lliB 
5 0 4 76 C O N T I N U E 

< 7 2 FORMA!(' A M P L I T U D E OF ' , I 2 , ' T H C O M P O N k N l = ' , 1 P e i C . 3 , 
5 J 6 1 ' = ' , i . P F 6 . 1 , ' D B ' ) 
•3 Of c 
5 0 8 R c T U N N 



A2.21 

SU9 END 

hO 0 1 A C N 0 S 1 I C M E S S A G E S IN M O D U L E L F V S 

K E F E R T N C t D I A G N O S T I C SOURCE L I S T I N G 
510 SUBROUTINE SNVS(NN,NF,VFK,VDC) 
S11 C f l k m A K E N T A L A N D H A R f O N T C S AT f R E O U E N C V F C * N N f / N N N 
5 1 2 c FOR S U R F A C E P O T E N T I A L S E T T I N G I N P U T 
SiS 
5 1 4 

c 
c 

V O L T A G E S E N S I N G O U T P U T 
OFT C O M P O N E N T S OF 0/P WAVEFORM G I V E N BY S / R F O U R I E R 

5 1 5 c ALLOWS FOR F I N I T E E P S I L C N U S I N G F U N C T I O N E P S I L O N 
5 1 6 C O M M O N / P L O C K / M , Q ( 1 0 0 ) , C C X , V C 0 , V F B , C S , V 0 , D E L V 6 , 
r i 7 
5 1 8 

* C R A P l : 9 4 ) , V B , C N l P ( 5 ) , C C S 
D I M E N S I O N Q G ( 1 5 0 0 ) 

5 1 * D I M E N S I O N O U Q ( 1 5 C 0 ) 

5 2 0 W " ( 6 . 2 2 3 1 6 5 3 0 7 1 8 * N F ) / N N 
5 2 1 W R 1 T E ( 2 , 2 2 C ) M , V 0 , V F B , c 6 k , V 6 C , N F , N N , V B , V P K , V D C 

5 2 2 2 2 C t o R M A T f l H C , 
s z r — 1 1 4 , ' b A T E S V O " ' , F 7 . 3 , ' V F B " ' , f 6 . 2 . 
5 2 4 3 ' O X I D E C A P - ' , F 6 . 3 , 
5 2 * 4 ' I N I T I A L h A T E V O L T S « ' , F 6 . 3 , 
5 2 6 5 ' F/FC * ' , I 3 , ' / ' , I 3 
5 2 7 6 / ' b l O D E B I A S " ' , f 8 . 4 . 
5 2 8 7 ' VPK * ' , F 8 . 4 , ' VDC " ' , F 8 . 4 , 

' ' 5 2 * e ' S N V S ' / ) 
5 3 0 c 
5 M ' ' 
5 3 2 

t I h l T l A L f S A T l O N 
DO 5 0 1 * 1 , M 

5 3 3 ' sr 0 ( 1 ) " 0 . 0 
5 3 4 c 
5 3 5 N k A X « M + N N 
5 3 6 D O 5 2 N " 1 , N M A X 

5 3 7 
5 3 8 

" c 
c CLOCKING 

M Z * M + Z " 
5 4 0 DO 51 1 * 2 , M 
3 n — 
5 4 2 51 

1 1 » M Z - I 
O t I I ) " E P S l L O N ( 0 ( I I ) ) * Q ( I I > 

5 , } - — T — * ( 1 . - E PS r c o w m r r ^ ) ) t o ( 1 1 - 1 

5 4 * c 
" 5 4 5 c I N P U T 

5 4 6 V D « V I N ( W , N , V P K , V O C , V B ) 

—MT 
5 4 8 

- ? G ' 5 T # n ? ( 0 X * ( V 6 O - V T I - S S R T ( 2 . * V 0 * V D } ) 
0 ( 1 ) * U 0 0 ( N ) 

" f f p 
5 5 0 

r 
c OUTPUT 

m C A L L S O L V V ( Q F I N ) ) 
5 5 2 c 
5 ! ^ 
5 5 4 c 

5 2 

> 5 0 
5 5 6 2 5 9 

W R I T E ( 2 , 2 5 V ) " 
F O P M A T ( ' I N P U T C H A R G E ' ) 

7 5 7 c m r F 0 U R i E R T m n n r , N T i 7 N F , 0 U Q , T ; ^ ) 
5 5 8 CALL F O U R I E R ( N M A X , N N , N F , 0 Q 0 , 2 , C ) 

— 5 3 3 
5 6 0 

CALL f 0 U R i e K ( N M A i r ; T f T r 7 F f ; 0 ( i 0 , 3 , C ) 
W H I T E ( 2 , 2 5 8 ) 

- 7 6 1 
5 6 2 

C O U T P U T V O L T S ' ) 
CALL f 0 l l * l E K ( N M A X , N N , N F , 0 6 , 1 , C 0 K P N T 1 ) 

3 



A 2 . 2 2 

] 

5 6 3 C A L L F 0 U R I E R ( N M A X , N N , N f , Q G , 2 , C 0 M P N T 2 ) 
5 6 4 "" C A L L F 0 U R I F R ( N M A X , N N , N F , 0 G , 3 , C 0 M P N T 3 ) 
5 6 5 R E T U R N 
5 6 * E N D 

hC D I A C N O S T I C M E S S A G E S IN M O D U L E S N V S 

H E f E R E N C E D I A G N O S T I C S O U R C E L I S T I N G 
5 6 7 S U B R O U T I N E S O L V V ( V D I F f ) 
5 6 8 C P E T S ' V D I F F ' - O U T P U T F R O M V O L T S E N S E O U T P U T 
5 6 9 c FOR A W n i T R A R Y C H A N C E P A C K E T S Q(i) , . . . ,Q(M) 
5 7 0 C C M M O N / P L O C K / h f O ( 1 0 0 ) , C C % , V F B , C S , V 0 , V G 0 ; D E L V C , C R A P ( 9 8 ) , N P R I N T , 
5 71 * Q K A % , C C S , P H I 
5 7 2 C U K M O N / k A I T / k ( 1 0 0 ) , W B A R ( 1 C 0 ) , H ( 1 0 0 ) , W 2 ( 1 0 0 ) , W B 2 ( 1 0 0 ) , W W B ( 1 0 0 ) , 
5 7 3 * S U P W f S U M W B A f S l i y W W B 
5 7 4 D I M E N S I O N Q U ( I O O ) 
5 7 5 c . F L O A T I N G G A T E C C D A N A L Y S I S 
5 7 6 c S O L V E S E O N F ( P S I , U O , . . . ) = 0 
5 7 7 S U M Q = O . U 
5 7 8 S U M G W ' 0 . 0 
5 7 9 S U M U W b = 0 . 0 
5 8 0 a M o s T = n . O 

DO 2 9 1 = 1 , M 
5 8 2 0 0 ( 1 ) = Q ( I ) / ( V O * C O X ) 
5 k 3 S U M Q = Slir Q + Q Q ( I ) 
5 8 4 SLMOk' = S U M O W + a Q ( I )*W (I ) 
5 8 5 S U M Q W B = S U M d w B + Q Q ( l ) * W I 3 A R ( I ) 
5 8 6 IF (U(I(I) . G T . O M O S T ) C M O S T = O a ( I ) 
5 8 7 
5 H 6 c 

C O N T I N U E 

5 8 ) P H I = 1 . C + ( V G U - V F b ) * 2 . 0 / V C — 
5 9 0 P S I M l N = 0 M 0 S T - P H I / 2 . 
5 9 1 
5 9 2 c 

cs=ccs/cox 
5 9 3 
5 9 4 

c C H E C K FOR N O N - Z E R C C H A R G E P A C K E T 
I F ( W M O S T . G T . 1 . E - 8 ) G O T O 23 

5 9 5 
5 9 6 

P S I = U . U ' 
P S I B A = 0 . 0 

5 9 7 G O T O 26 
5 9 8 27 C O N T I N U E 
5 V 9 c C H E C K FOR k O N Z E R O T A P W E I G H T I N G 
6 0 C I F ( S U K W . G T . 1 . E - 6 ) G O T O 28 
6111 
6 0 2 

P S I = 0 . 0 
G O T O 22 

6 u j C O N T I k U E 
6 0 4 c C H E C K FOR C H A R G E O V E R F L O W 
61)5 GMAX':(SCRr(HHI)+PHI*CS / ( S U M w * 2 . ) ) / ( 1 . + C S / 5 U H W ) 
6 0 6 I F C Q M O S T . L E . O M A X ) G O T O 2 0 2 
6 0 f Q^Ax=uMAx*vc:*c(yx 
6 0 8 W H I T E ( 2 , 2 9 8 ) U M A X 

F 6 R K A T ( 1 H + , - - -
6 1 0 1 2 5 X , ' C C B H A S O V E R F L O W E D ( P E R H A P S ) Q M A X = ' , 
6 11 2 F 8 . < ) ' 
6 1 2 V D I F F = V t 0 
6 1 3 
6 1 4 

R E T U R N 
3 C Z C O N T I N U E 

6 1 5 c NCWTON-RAFHSON METHOD 
6 1 6 PSi»-surow/(cs + SUMW) 



/ K . 2 3 

— 6 1 7 N I T = 0 
6 1 8 P S 1 0 L D = 0 . 0 
6 1 9 21 C O N T I N U E 
6 2 0 M T = N 1 T + 1 
6 2 1 I F ( P S ] . L E . P S I M I N ) P S I = ( F S I 0 L D + P S I M I N ) / 2 . 
6 2 2 P S 1 0 L D = P S I 
6 2 3 1= F W ( P ! i I , 0 ( l , C S , P H I , M , k \ S U M W ) 
6 2 4 P = D F W ( P S I ,Q(I , C S , P H 1 , M , W , S U M W ) 
6 2 5 P K I = P S I - T / B 
6 2 6 I F ( P S I . a O . O . O ) G O T O 2 2 
6 2 7 E K R = 1 . - P S I O L D / P S I 
6 2 8 E P R = A 8 S ( E R R ) 
6 2 9 I F ( N l T . L T . 3 C i . A N D . E R R . G T . 1 . E - 6 ) G O T O 2 1 
6 3 0 1 F ( N I T . t 0 . 3 0 ) W R I I E ( 2 , 2 9 9 ) E R R , P S I 
6 3 1 2 V 9 F U N M A T ( ' N O C O N V E R G E N C E % 1 P E 1 C . 3 , E l O . 3 ) 
6 3 2 22 C O N T I N U E 
6 3 3 C 
6 3 4 c F O R O T H E R T A P S 
6 3 5 c C H E C K F O R N O N Z E R O T A P W E I G H T I N G 
6 3 6 I F ( S U K W P A . C T . 1 . E - 6 ) G O T O 2 8 8 
6 3 7 P 5 I B A = 0 . 0 
6 3 8 G O T O 2 6 
6 3 9 ZMP. C O N T I N U E 
6 4 0 c C H E C K F O R C H A R G E O V E R F L C W 
6 4 1 # O r A X R = ( a Q R T ( P H i ) + P H I * C S / ( S U M W B A * 2 . ) ) / ( 1 . + C S / S U M W B * ) 
6 4 2 I F ( Q K 0 S 1 . L E . Q K A X B ) G O T O 3 C 3 
6 4 3 V D I F F = - V C G 
6 4 4 O M A % B = H r A X B * C O X * V C 
o 4 5 W R I T E ( 2 , 2 9 @ ) Q M A X B 
6 4 6 R E T U R N 
6 4 7 C O N T I N U E 
6 4 g P S l B A = - S U M Q w B / ( C S + S U M W 8 A ) 
6 4 9 N 1 T = 0 
6 5 0 P S I 0 L D = 0 . 0 
6 5 1 z y C O N T I N U E 
6 5 2 N I T = N I T + 1 
6 5 3 I F ( P S I B A . L F . P S l M I N ) P S l E A = ( P S 1 0 L D + P S I K l N ) / 2 . 
6 5 4 P 5 I 0 L P = P S I 8 A 
6 5 5 T= F W ( P 5 I G A , H 0 , C S , P H I y M , W B A R , S U M W 8 A ) 
6 5 6 R=DFw (PSIbA,QQ,CS,PHI,MfWUAR,SUMWBA) 
6 5 7 P S I B A = P S I G A - T / 8 
f,58 I F ( P S I B A . E Q . 0 . 0 ) G O T O 2 6 
6bV EKR=1-PSlOLD/PSIBA 
6 6 0 ERR=A6S(ERR) 
661 I M N I T . & 0 . 3 C ) W R I T E ( 2 , 2 9 9 ) E R R , F S 1 
6 6 2 I F ( E R R . G T . 1 . E - 6 . A K D . N I T . L T . 3 0 ) G O T O 2 5 
6 6 3 <̂ 6 C O N T I N U E 
6 6 4 c 
o 6 5 c PENORNALISATION AND PRINT OUT 
6 6 t D E L V G = - P S i * V O 
6 6 / t K N I C K E R S 
6 6 8 DELVGB=-PSIBA*VO 
6 6 9 V D I F F = PE LVG-DELVGB 
6 7 0 R E T U R N 

TNT 

hu D iAbkC&TIC MESSAGES INMODULE SOLVV 
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R E F E R E N C E D I A G N O S T I C S O U R C E L I S T I N G 
__ 6 / 2 ^ F U N C T I O N F W ( P S l , 0 0 , C S , P H I , M , W , S t J M W ) 

6 7 3 n i M E N S l O N O U ( I O U ) 
6 / 4 D I M E N S I O N W ( 1 0 0 ) 
6/5 SUMQ=0« 
6 7 6 S U r S O T = 0 . 
6/7 P H 2 S I = P H 1 + 2 . 0 * P S I 
6 7 8 DO 3 0 1 = 1 , M 
6 7 9 S U M W S U k d + Q Q ( I) *W (I ) 
6 8 0 S U K S O 1 = S U M S W T + S a R T ( P H 2 S l - 2 . 0 * Q Q ( I ) ) * W ( l ) 

6 & 1 3C C O N T I N U E 
t-eg FW = S U h Q + S U M S Q T - S U M W * S U R T(PH I )+CS*PSI 
6 8 3 R E T U R N 
6 P 4 E N D 

NO D I A G N O S T I C M E S S A G E S IN M O D U L E FW 

R E F E R E N C E D I A G N O S T I C S O U R C E L I S T I N G 
6 * 5 F U N C T I O N D F W C P S I , O Q , C S , F H I , M , k , S U M W ) 
6 8 6 D I M E N S I O N O Q ( I O O ) 
6 8 7 D I M E N S I O N W d C O ) 
(,88 D F W = C S 

' ' 6 & P P H 2 S I = P H 1 + 2 . 0 * P S I 
6 9 0 DO 4 0 1 = 1 , M 
6 9 1 DFW = DFW + W ( I ) / S Q R T ( P H 2 S I - 2 . l j * 0 Q ( I ) ) 
6 9 2 4C C O N T I N U E 
6 9 3 RETURN 
6 9 4 E N D 

NO D I A G N O S T I C M E S S A G E S IN M O D U L E D F W 

R E F E R E N C E D I A G N O S T I C S O U R C E L I S T I N G 
6 9 5 S U B R O U T I N E k E I G H ( N F L A G l ) 
6 9 6 C O K M O N / W A I T / W d C O ) , W B A K ( 1 L 0 ) , H ( 1 C 0 ) , W 2 ( 1 0 0 ) , W B 2 ( 1 0 0 ) , W W R ( 1 0 0 ) , 
697 * surw, SUMk'HA/SUthWWb 
698 CUMM0*^/nL0CK/M,CRAP(2C8) 
'699 W R I T E ( 2 , 2 6 0 ) 
7 0 0 2 8 0 F O R M A T C TAP W E 1 G H T S ' / 5 X , ' I H ( I ) W ( I ) 1 - W ( I ) ' ) 

"VDi sijxwza; 
7 02 SUMWQA = 0 . 
703 SUMWWB=0. 
7 U 4 H M A X = 0 . 0 
7 0 5 m 4 T N = G7iT 
7 0 6 DO aC 1 = 1 , M 
TUT 
7 0 8 I f ( H ( I ) . G T . H M A X ) H M A X = H ( I ) 

"7T5 TMTiCn.LT.HMfN) HMlN = Hrn 
7 1 0 8 0 C O N T I N U E 
r r r r M A b S T T T M l C r . C T . H M A X ) HI'AX = A O S ( H M I N ) 
7 1 2 DO 81 1 = 1 , M 



A 2 . 2 5 

— 7 1 3 HCR = H ( I ) / ( H M A X * 2 . ) 
7 1 4 I F ( N F L A R I . N E . I ) H O R = H ( I ) 
7 1 5 W ( I ) = G . 5 +HOR 
7 1 6 W U A R ( I ) = 0 . 5 - H 0 R 
7 1 7 W 2 ( I ) - W ( I ) * W ( I ) 
7 1 8 W E 2 ( 1 ) - W B A R ( I ) * W B A R ( I ) 
7 1 $ W W A d )=k ( I ) * W K A R ( I ) 
7 2 0 S U f W = St.'» W + W ( I ) 
72n SUr%F,A = 5Uh k B A + W B A K ( I) 
7 2 2 suMkurt-su" w w e + w w e ( I ) 
723 W k l T E ( 2 , 2 8 1 ) I , H ( l ) , W ( I ) , k B A R ( I ) 
7 2 4 ei C O N T I N U E 
72 j 2B1 F 0 R M A T ( I 6 , 3 F B . 4 ) 
7 2 6 I F ( S U y w . L T . 1 . [ - 6 . 0 R . S U K h P A . L T . 1 . E - 6 ) S T O P 
7 2 7 R E T U R N 
7 2 8 E N D 

NO D I A G N O S T I C M E S S A G E S IN M O D U L E W E I G H 

k E F F c C T A G N O S T I C S O U R C E L I S T I N G 
rZO SUPROUT]NE REDUCE(NNN^KNf^NN^NF) " 
7 3 0 C R b D U C T T O N OF NNF/KNN TO L O W E S T N U M B E R S 
-fTT N F A C = 1 
7 3 2 N F = N N F 
73-3 NNWTNN 
7 5 4 I F ( K O D ( N N ^ N F ) . N E . C ) G O T O 5 4 
7 3 ? N N = N N / N F 
7 3 6 NF = 1 

"TTT REfmrR 
7 3 8 5 4 N F M A X = I N T ( S Q R T ( F L O A T ( N F ) ) ) 
7 3 9 3 T N F fc = NF A C + 1 
74 0 56 C O N T I N U E 
/41 I ^ t N F f C . G T . N F M A X " ) R E T U R N 
7 4 2 I F ( M O D ( N F , N F A C ) . N E . C . O R . M O D ( N N , N F A C ) . N E . O ) G O T O 55 

'7T3 NF=KiF /NF AC 
7 4 % NN = N N / N F A C 
74 5 G O T O 56 
7 4 t E N D 

NC D I A G N O S T I C M E S S A G E S IN M O D U L E R E D U C E 

KE F E K E N C k D I A G N O S T I C S O U R C E L I S T I N G 
—777 FUNCnON VlNtWBYFCyNyVt'KfVDC/VO) 

7 4 8 VV = 1 . + C C S ( W B Y F C * N ) 
VT^DC + VV*VPK 

7 5 0 V I N = V B - V V 
- y r i RETURN 
7 5 2 E N D 



A2.26 

NO D I A G N O S T I C M E S S A G E S IN K O D U L E V I N 

H E f E W r N C L D T A C h O S T l C S O U R C E L I S T I N G 
/ 5 3 F U N C T I O N E P S I L O N ( Q ) 
7 5 4 E P S I L 0 N = 1 E - 2 
7 5 6 R E T U R N 
7 5 6 E N D 

NO D I A G N O S T I C M E S S A G E S IN M O D U L E E P S I L O N 

R E f E R F N C E D I A G N O S T I C S O U R C E L I S T I N G 
" " 7 5 7 S U D R l ) U T ] N E f O U N l E R ( N M A X , N N , N F , S I C N A L / N H f C O M P N T ) 

7 5 8 D I M E N S I O N S I G N A K I S C O ) 
7 3 9 C ' C O h P N T f IS ' N H ' T H C O M P O N E N T OF D I S C R E T E F O U R I E W T R A N S F O R * O F 
7 6 0 C L A S T ' N N ' P O I N T S OF A R R A Y ' S I G N A L ' E N D I N G W I T H ' S I G N A l ( N M A X ) ' 

-y&l n sslCTfE 
J762 T I T = 2 . * C 0 S ( ( ( P I Z * N H ) * N F ) / N N ) 
7 & y A = 0 . 
76 4 6 = 0 . 

' 7 6 5 " I 1 = N M A X 
7 ^ DO 6 0 1 = 1 , N N 

"TFT AA^' 
7 6 8 A = T I T * A - B + S 1 C N A I ( I I ) 
7 6 9 G = A A 
7 7 0 6 C 1 1 = 1 1 - 1 
77:1 C O h P N T = A * A - A * B * T I T + B * B 
7 7 2 C 0 M P N I = C 0 r P N T * 4 . / ( N N * N N ) 

"773 rr Tc 0 r p i m rflTTPTrr-c 6^ pT = 1. E 
7 7 4 C O M P N T = S Q k T ( C O M P N T ) 
7 7 5 D b = 2 0 . * A L O G l 0 ( C O K P N T ) 
7 7 6 W R I T E ( 2 , 2 6 0 ) N H , C O M P N T , DB 
7 7 7 2 6 0 f O R M A T C A M P L I T U D E OF ' , I 2 , ' T H H A R M O N I C = ' , 1 P E 1 0 . 3 , 
7 7 8 1 ' = ' , C P F 6 . 1 y ' D B ' ) 
7 7 9 R i f U R N 
7 8 0 E N D 

NO D I A G N O S T I C M E S S A G E S IN M O D U L E F O U R I E R 

J 

R E F E R E N C E D I A G N O S T I C S O U R C E L I S T I N G 

D I A G N O S T I C M E S S A G E S O C C U R I N T H E F O L L O W I N G S O U R C E M O D U L E S ; 



A 2 . 2 7 

PROGRAM 2 

14/18/76 UNIVERSITY 
MNF(F=S) 

dP0P47B 
0909478 

dP0P478 

I j 
2;. 
3:, 

4fc 

4000478 

dP005oB 6... 

dP0P528 7 •• 

dP0p538 8l 

*P0o55B 9i,, 

dP0P568 

4P00698 Uu 

dPBCGlB 12i' 

dP0f638 )3; 
0PEP64B M, 
dP0e678 15:.-
dO0P678 16 i 
dP8p7lB 17: 
dPGe748 )8|. 
0930758 19, 
d^ef768 20r 
jP0)O2B PL-
4*81048 22'. 
doei06w 23 
d001P78 24 , 
0901138 25^ 
0901158 26^ 
0001108 27k. 

0P000MB 1:. 
0900008 
0P00008 3,: 
0000008 

0P0OOHW 
0901448 
0M01478 7r 
09014/9 K-

0P01548 9,. 
0P0:54B 1G 
0901568 ) 1 
0901618 ) 2.. 
0901638 13, 

OF MINNfSOTA 768P FORTRAN COMPILER SCOPE 2 , 1 , 3 VER4,5 07/07/77 

P R O G t ^ A M F C n Q C l M P U T , O U T P U T , T A P E . ! = I N P U T , T A P [ 2 = 0 U T P U T ) 
C O M M i ] N / n L O r K / M , O ( l O 0 ) , C O X , V F n , C S , V P l , Y G ( ^ , p [ L V C , Q O L D ( i n 0 ) , C C S 
COMMr,N/TWOPH/vnK, ALPHA, VFBK 
FUr'ATJUG G/TF̂  CCD ANALYSIS 
niVCM ChARCER, TO FIND NFW GATE POETENTÎ L 
FOR TWr-LEVFL OXIDE DEVICE 

TNTTIAL DATA ' 
CHAkGLS IN PC, CAPACITANCES IN PF 
M e N U M W E * O F G A T E S — X ' 
M = 5R 
Vfn=FLAlDAND VOLTAGE — ' ' 
VP 8 * ? . A 
V F R h e l H l C K V P B ' " ' 
VfK%=2.5 
CLSsATRAV CAPACITANCE ' 
CCS*l0.b 
CCX=riXTOF CAPAClTANCF PER GATE " 
CnX:?.95598 
V7=h5I*0*N*TOT*TOX/KOX*KOX*EPSILON(#) 
VO=0,4 
VfK*THICK nxiDE VO 
Vf.K/V0=TnXK*TOXK/TOXN*TOXN 
VRKK(».Q4G ' ' 
AL.PhA«PATlO OF AREAS OF TMlCKTHIN GATES 
iLPhi=p.3Z5 
V C P s G A T E V C L T S W I T H N O S I G N A L C H A R G E 
VCP = l l . 6 — 
Q(neSTn;.'AL CHARGES UNDER EACH GATE (PC) 
P I = 3 , 1 4 1 3 9 2 6 5 4 
C A L L L 0 P R [ 0 ( ( r , 9 3 8 , 1 , 1 1 9 ) 

K:2.*PI/I 
CALL CLOCKITCW,0.938,1,113) ' 
no 1 1=6,25 

CAIL CLOCKir(W,U.938,1,119) 
1 CCNTTNUC 

no r 1=26,10P,2 

CALL CLOCKIT(W,0.938,1,119) 
2 C O N T I N U E - -

STOP 

SUmROUTIUt SOLVIT 
CCMMON/OLOCK/M,0(100),COX,YFn,CS,Vm,VG(",DLLVO,GOLD(100),CCS 
COMhON/IUOPH/VOK,ALPHA,VFUK 
nfMENSlOH 0 0 ( 1 0 0 ) -
FLOATING G«TF CCD ANALYSIS 
sni.vgs roN F ( P S i , O Q , . . , ) = 0 
SUMUzW.G 

T ̂  1 ~ — — — —'— —- - — - —— 
SL'MU=SUMOttl(I) 

^ Q ^ ̂  y % NII ̂  - — —.— __ — - — —.———- — —__ 

NORMALISATION 
OMAX=0.0 
c s=crs / cox — 
00 2CI .T = ),M 
'30(T)=n(i)/(V[i*cnx) - - — 
IF(H'j(I).GT,QHAX) 0MAX=00(I) 



A2.&8 

dP01O7W M : ; 29 
d P 0 1 7 | B ) 5 / 
4 0 8 1 7 5 8 16, 
WOO20IB i z . 
dP02038 ) By 

c 

dP02P5H ) 9 \ 
c 

4 ^ 0 2 0 7 8 20:. 
d P 0 2 l O 8 ?) : . 
dP02138 22. , 2 ] 
dP02148 
dOBZlSB 24, , 
4 0 0 2 1 6 8 
4 0 0 2 2 0 8 26 ' 
dPB2228 27 . 
dP0224B 26.: 
CPP2308 2 9 / 
4 9 0 2 3 0 8 3C., 
4 * 0 2 3 3 8 31-
4P02338 32 

4P0234B 33v 
c 

4 9 0 2 4 3 8 34 223 
4 ^ 0 2 4 3 8 3b: 
4 ^ 0 2 4 7 8 16 299 
4 9 0 2 4 7 8 37;. 999 
4P02478 1 0 -
4PG247B 3 3 . 

c 
22 

4P02538 40L 
r 

c 
ape254B 4 1 r 
4 9 2 2 5 6 8 42: 
4P02578 43k 
4PP2448 4 4 - 22/! 
4P0264B 45% 9999 
4P0264m 4 6 . 
4 9 0 2 6 6 8 47,. 

4 9 0 0 0 0 8 l -
49GP0P8 2.: 

C 
c 

4 / 0 0 0 0 8 3iy 
4 9 0 0 0 1 8 4: 
4 9 0 9 0 1 8 5 , 
4 9 0 9 0 4 8 6,. 
4 9 0 2 0 7 8 7w 
4 9 0 0 1 1 8 8. ' 
4 9 0 0 1 2 8 9''. 
4 9 0 9 2 0 8 10^ 3C 
4 0 0 0 2 3 8 ! 1 ^ 

4 9 0 0 4 2 8 1 2 / 
I 

4 9 0 0 4 5 8 

4 9 0 0 0 0 8 1& 
c 
c 

4 9 0 9 0 0 8 2,^ 
4 9 0 0 0 9 8 3.; 
4 9 0 0 0 3 8 4:, 

PHT \=1 . k l + ( V G P - V F B ) * 2 . / V 0 
+ 2,*(VGr.VFBK)/Y0 

PHTK = A|.PHA*ALPHA*PH1K 
0DYC0X=SUM3/(C0X*M) 

NLWCN.RAPHSON MFTHOi) 
PST = .0UY.C0X/VB 
NIT = 0 * 
PSIHfNsQHAX . P H 1 N / 2 . P 
CONTINUE ' ' 
NlTcUIT+i 
PSK'LDaPSI " -
T= F 2 P U ( P 5 I , C ! 0 , C S , P H I N , P H I K , M , A L P H A ) 
A=nr?PHCPSl,QQ,CS,PMIN,PllIK,M,ALPHAS 
P 5 I = P S I - T / R 
n ( P S I . L F . P S I M I N ) P 3 I = ( P 9 I M I N + P S I 0 L D ) * P , 9 ^ 
n ( P S I . L Q . C . P ) GOTO 22 
f,HP=l,_PSICH_D/P31 " 
FPP=ENP*ERR 

PRTNTOUT OF ITERATION 
W R I T ^ ( ^ , 2 2 3 ) N I T , P S I , T 
F C P f A T C ' A F T E R ! , 1 4 , I ITERATIONS, P S I = ' , | P E 1 0 , 3 , ' F ( P S I ) « ' , E 1 0 . 3 ) 
*WTTE ( 2 , 2 9 9 ) B " -

i r ( M T . L T , 3 0 . A N D , E R R . G T , 1 , ^ * 6 ) GOTO 21 

nCNOPMALTSATlON AND PRINT OUT 
niLV(;=.Psi*VP 
PRINTOUT OF YG VS TIME 
VGCzVCp-DtLVC 
GCTO 9990 ' -
k 9 : T E ( 2 , ? 2 4 ) VGC 

PCTURN 
END 

FU' lCT lO ' l F 2 P H ( P S l , Q Q , S I G , P h I N , P H l K , M , ALPHA) 
niwENStnu nocinw) 
EVAlUATLs CHARGC-UALANCE EON FOR A (GUESSED) P 3 I 
FOP TwOmLLVEL OXIDE DEVICE 

SUMSt.naM,e 
Ph2&TNePHl̂ «f?**H$I' " -
P H 2 & 1 K = P U I K + 2 . * P 3 I * A L P H A * A L P H A 
Dp j M 
SUMOsSUMOiHOdl 
S U M 5 ( l T B S U M S 0 T f S U R T ( P M 2 3 I N ' ' 2 , * Q 0 ( I ) ) 

F2Ph:5l!M04SUMSqT + STG*P3I ^ 
4 M * ( S 0 R T ( P " 2 S I M - 3 0 R T ( P H I N ) . S 0 R T ( P H I K ) ) 

RLTVRN - — 
END 

FUNCTION o r g P H ( P S I , 0 0 , S I G , P H T N , P H I K , M , A L P H A S 
EVALUATLS D I F f T L OF CHARGE-BALANCE EON W R T P S I 
FOR TWO-ILVEL nXIOE DEVICE — 
ni'̂ LhSTON 
PM?STNzPHlN+2,*P3I -
*L f=ALPHA*ALPHA 



A2.29 

dP0004W ' PfzPHzSin t M*ALP/90RTf2,#P3H»AI.P f MMIR ) 
0P8el48 6y no 4% T=|,M 
ii)P0l?168 7;., DF2PH=DF2PM + 1,/5QMT(PH2SIN * 2,*QQ(I); 
dPGClGB 4P COHlINUL 
igpBpijpB 9|, RLTURN ' — 
dP0e328 leU END 

0P0000B 

dP000BB 
dP0O0SB 
dPOeOZB 
dP0OlM9 
dP00llB 
0P0W148 

FUNCTION OlN(WnYFC,N,qpK,Q0C) -
C 0]N YICLnS A SINE WAVE, PERIOD = 2PI/WBYFC CLOCK PERIODS 
C AMPLITUDE = QPK/2 " -
C SUPtPirPoSFD ON D.C, LEVEL OF QDC 

g, 0IN=0PK*C0S(W8YFC*N) " 
3'' qi"=oiy/2, 
4,.. QINsQlN + ODC " " 
5,; OIk=OlN+QPK/?, 

ENn 

dP0W0P8 
dP000BB 
0P0G0OB 
4000008 

0P0P008 
0927350 
0P275P8 

dP2/5P8 
492/568 

dP2/56n 
dP2/568 
dP276l8 
dP27638 

0P2767B 

0P277;8 
0027728 
4027758 
00277*8 

0936158 
0037228 
0P3P238 
dP3n278 
0P3P27B 
dP3f278 

dP303WO 

8,. 
9l. 

lEU 
M:. 
t2;j 

My 

I5f 
lOt-
)7; 
1 8y 

I9L 

21 , 

: : : 
2'':. 

25;r 

SUmPOUTIHE CLOCKIT(W,i]pK,OOC) 
COrMnN/3LOCX/M,O(lC0),COX,VFn,CS,VO,VGP,D[LVG,OOLO(100),CC3 
CU*4hnN/TU0Ph/V«K,AlPMA,VF8K " -
niHE^SlON VC(1500) 
n.nrKS 4 SICMAI. CHARGE :OIN« ALONG CCD " 
OUTPUT FROM FLOATING GATF AMP GIVEN BY 5/R SOLVIT 
npT COMPONENTS OF H/P WAVEFORM GlVCi BY $/R FOUHIER 
ALLOWS FOR FtMTF EPSILON USING FUNCTION CPSILON 
FOR Two-LEVFL OXIDE DEVICE 
rMe6,2P3)R53P8/W 

M,VO,VFB,CCS,COX,VC0,FW ' 
22P FCRM&l(IHM, 

:i4,'GATES VP=',F6.2,' VFB=UF6,2, 
2'STkAY CAPct,P6.3, 
3 ' nXIDE CAP : ' ,F6,3, — 
4' IMTI&L GATE VOLTS =' ,F6,3, 
0' F/FrlOCK % l / l fF5 .1 ) 

KRITF(2,^bl) V̂ K.VFGK,ALPHA 
251 F0RMAT(5X,'THICK Vpe%F6,2,' YFB=i,F5,2,' AREA THIN/AREA', 

1 ' nUCK=l,F5,2) 

INITTAlI5ATI0N 
PisJ 1̂ 1*39̂ 6̂54 — — — 
no bm 

5P Q(I)z0 0 ' 

NMAXzM+NlNT(10.0/W) 

no 52 N=i,NMAX 

CLOCKING 

00 5l 1=2,M 

51 6(h)=EPRIL0U(Q(II))*0(II) 
1 4 (i.-cpsiLnNCQcii-i n ) * o ( i i ' ' i i 

(̂l)=OTN(W,N,QPK,ODC) 
GOTO 93 — 

WRnE(2,253) 
253 P0Pr'AT(ltl+,5?X,'INPUT CLlPPEp') — 

0(1) =0.0 

CALL SOLVIT 



A2.30 

dPjpjgy 

dP30338 

dP3dJ5B 
dP3r428 
dP3e4?& 

dP3042B 

dP3d448 
0P3P47B 
WA30S38 
dP3eS38 
4*39558 
dC3p578 
dP3061W 
dP3p64B 
0930648 
dP30669 

pfu 

ppu 

30u-

31. 

32; 
33, 
34;., 
35x 
3&_ 

39, 
40% 
4 k: 

VucjayuOmOLLVW 

GOTO 999 
PRINTOUT OF INPUT 
WRnE(2,25r) N,0(1) 

?5P F0PMAT(lt't,I4, ' 0IN, ' ,F8.3 , ' PC) 
999 CONTINUE 

59 CONTINUE 
HAFMONIC ANALYSIS 
NNzNlNT(2.P*PI/H) 
WHITEC2,256) 

356 rOt̂ MArcrOUTPUT VOLTACCn 
CALL Fmmir R(NM#y,\N, VG,) fCOMPNT) 
CALL FOUPTfR(NMAX,NN,VG,2,C0MPNT) 
CALL F0VRIf:R(N'1AX,NN,VG,3,C0MPNT) 
k'RnL(2,?b7) 

257 Fcn4AT(///) 
PCTLRN " - -
N̂P 

dP0000B 
idP00Q08 

0P0PB08 
^P000PB 
^P0(?02B 
idP00038 
dP0004B 
,)P0004B 
WP0P07B 
»)P0e078 
dP0022B 
idP0P34B 
dP00378 
i)P0p4; 8 
KIP0043B 
«IPP045B 
^P0nbC8 
*)P0053B 
JP0t;568 
jpgroou 

d(t0l»668 
i)P0C/09 

1' SURKCUTINE FOURIFRCNMAXfNN,SIGNAL,NH,COMPNT) " " 
2. DIMlMSTON SICS/LC150P) 

C 'COMPNT' IP 'NU'TH COMPONENT OF DISCRETE FOURIER TRANSFORM OF 
C LAST 'NN' F0INT5 OF ARRAY 'SIGNAL' LNDING WITH 'SIGNAL(NMAX)I 

3 . PI2=fi.2831G5308 
4r NSTART=NMAX"NN 
5' NSTAPT=NCTART+1 
61: S=P,0 _ 
Zi C = P . ? . — 
$2 nc 6? I«NSTART,NMAX 

10% 5 = R4SlGNAL(n)*8TN((PI2*I*NH)/NN) 
n , . C=C + Sir;NAL(II)*C0S((PI2#I*NH)/NN)- -
12, 6P CONTINUE _ _ 

id'j C=C/NN. 
is,. coMPf.r=6*s+c*c - ' ' . 
16. TF(C0MPNT.l,T.l.[-24) C0MPNT=1,EM24 
17' CO'̂ '̂NTzSOPTCCOHPNT ) 
ID'. nB = 2P.*ALnGlP(C0MPNT) 
)9i.. WRTTE(2,?6P) NH,COMPNT,DO 
20,. 26P FORMAT (I AMPLITUDE OF l,I2,'TH HAMHUNIC =',1PE10,3, 

1 ' ,:^PF6,1, ' D8I ) 
21," RETURN 
22̂ , END " 

,)P000m8 Ir FUNCTION [PSILON(Q) 
0P00O08 2:; EP6IL0Nep,P 
DP00018 3!,' RETURN 
0P0RC48 4): END 

k)P00008 
idP000nB 
^P000t»8 

dP0P00B 
iiP0eH8 

I:: 

4.' 
5:. 2 / 

SUB̂ 'OUTIMF LOFRCOCqPKfODC) 
COMMnN/HLnrK/M/)(ip0, ,C0X, VFn,CS, VP, VG(1,OELYG,OOLD(100),CC3 
C0"M0N/1UUPH/VPK,ALPHA,VFBK 
GIVES Lnt.frRFO'JLNCY DISTORTION CHARACTERISTICS 
nUTPUT Frnt' UOATlMG GATE A'̂ P GIVEN BY S/H SOLVIT 
DfT COMPONENTS LVALUATED EXPLICITLY — 
FOR TWO.LEVEL DCVICE 

"'HT.TE(2,2/P) M, VR, VPB,CCS,COX, VG0 

N 4 , ' GATES VO = ' , F 6 , 2 , ' VFR =' ,F6 ,2 , 



A2.31 

0P08118 
dP00l7B 

dP0Ol7B 
49092] W 
4000248 
dPag278 

dPBoapB 
dP0P338 
dPeoJ/B 
40004)3 

dppe4?8 
dO0p458 
4P0e5lW 
dP0G53B 

dP0054B 
dP0W57B 
4900638 
dP0P65B 

aP0066B 
dPBOZlB 
jP0e738 
dP00758 

dP007GB 
jPBIOOB 
dP0l04B 
dP011l8 
0P0U38 
jP0115U 
dP0ii7m 
dPOlZlB 
dP0l23B 

490(248 
4P0125B 
4901308 
4P0149B 
4P014BB 
4P0I43B 
4P0lb38 
4P01538 
4P0l56m 
4P01668 

4P0166B 
4P017IB 
4901718 
4P0173B 

H: 
9: 

10-
)l! 

I2l 

M . 

15v 

16: 
17-
IB 
ISu 

P0. 
21 
2 2 -
23.; 

24^ 
2b, 
26 . 
27 

28L 
?9 
IP. 
31 

34. 
35v 
36; 

37:j 
38. 
39; 
4 0 ; " : 

% 

43y 
44̂ . 
45y 
46; 

47r 
48^ 
49L 
50^ 

2' STRAY CAP s ' ,F6 .3 , 
3' OXIDE CAP =',F6.3, 
4' TNITTAl GATE VOLTS =I,F6,3/ 
5' LOW FREQUENCY') 

WRTTK(2,271) VPK,VFBK,AL?HA 
271 FOPMMChX, 'THICK VP =' ,F5,2, 

It VF8=t,F5;2, -
2' ASLA THIN/ARCA THICK a' ,F5,2) 

on 7, 1=1,M 
7! n(I]=ODCfQPK - -

CALL SOLVIT 
VGl = VGp"DEI.VC 

nc 7? T=|,M 
7? n ( n = U[)C + GPK*0,75 

CALL SOLVIT 
VG2=VG[i-DELVG 

DO 73 Tci,M 
73 QCT]=OnC4.QPK*0%9 — 

CALL SOLVIT 
VG3=YGP-DELVG 

no 74 l3l,M 
74 q(I]=OnC+GPK*0,25 

CALL SOLVIT ' " " 
VG4=VGP"DH.VC 

no 75 1=1,M 
75 0( ] )sODC — " -

CALL SOLVIT 
VC5=VGP-DELVG 

EVALHATIOM OF COMPONENTS 
CC"F'Tl = (VG]"VG5)/2. 
CC"HT2=(vGi.?,*VG3*'VG5)/4', " 
C0MkT3=(vG5-?.#VG4t2,*VG2-VGl)/6, 
CO"PTl=ADS(COMPIl) ' ' -
C0"P-r2:AnS(C0MPT?) 
C0MP'T3 = AnS(C0MPT3'l 
coMKTi=cnMrTi/?, 
co^^i-TZccofipr?/?, 
C0'/PTJ3C0MPr3/2, 

NH=1 
nee2P,*AL0GlP(COMPTl)-
kWTlE(2,272) NHfCOMPT̂ DO 

D832P.*AL0G1P(CDMPT2) 
'^HlTE(2,272) NH,C0MPT2fD8 
NH=3 
D8=2P.*AL0C1PCC0MPT3) 
WRnF(2,272) NH,C0MPT3,DB 

272F0RrAT(' AMPLITUDE OF ',12,»TH-COMPONENT=l,lPF10,lr 
1' =' ,0*F6.1, ' DB') 
WMnE(2,273) 

273 FORMA r ( / / ) " — 
RLTURN 

4P0000B 
4P0P00B 
OP00008 

I . 

2L 
3;.' 

FINISH 

CND 
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T o c a 1 c u 1 a t e 

|3 i r ( ) (3i 'arn F^()nnri 

o f a s i n g l e f l o a t i n g g a t e w i t h a f i n i t e c _ 

Switch to PRGM mode, press [T] r^GATI , then key in the program. 
Page ] of_JL 

LINE 

0 0 

DISPLAY 

CODE 

\ 

KEY 
ENTRY X Y z T COMMENTS 

0 ! 
_ _ 3 1 f . 

0 2 
. _ 2 A _ 0 2 

0 3 4 1 
0 4 ? 4 m . _ R C L _ 1 

X 05 6 1 
. _ R C L _ 1 

X 

0 6 

0 7 

0 2 

' 6 1 

2 

X 

' 0 6 

0 7 

0 2 

' 6 1 

2 

X 

0 8 

0 9 

10 
_ ] 5 _ Q & 

5 1 

J < L L _ ± 0 8 

0 9 

10 
_ ] 5 _ Q & 

5 1 

J < L L _ ± 0 8 

0 9 

10 
_ ] 5 _ Q & 

5 1 + 

11 1 4 0 2 x ^ 

12 2 4 0 5 RCL 5 
13 6 1 X 

14 2 4 0 1 R C L l l 
I S 5 1 + 
16 2 3 0 4 S T 0 4 

C L X 17 

^ 1 0 

19 

2 0 

3 4 

S T 0 4 

C L X 17 

^ 1 0 

19 

2 0 

7 4 

. . 2 3 _ 0 0 

p l . 0 5 

R / S 

' s f o ' o 

17 

^ 1 0 

19 

2 0 

7 4 

. . 2 3 _ 0 0 

p l . 0 5 

R / S 

' s f o ' o 

17 

^ 1 0 

19 

2 0 

7 4 

. . 2 3 _ 0 0 

p l . 0 5 R C L 5 

2 1 

2 2 

2 3 

2 4 

2 5 

2 6 

2 7 

2 8 

2 9 

3 1 t 2 1 

2 2 

2 3 

2 4 

2 5 

2 6 

2 7 

2 8 

2 9 

2 4 00 

_ 2 4 _ Q 3 

_J23_Q67. 

3 1 

_ B C L _ 0 

2 1 

2 2 

2 3 

2 4 

2 5 

2 6 

2 7 

2 8 

2 9 

2 4 00 

_ 2 4 _ Q 3 

_J23_Q67. 

3 1 

_ B C L _ 0 

2 1 

2 2 

2 3 

2 4 

2 5 

2 6 

2 7 

2 8 

2 9 

2 4 00 
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HP-25 Program Form 
T i t l e . 

Programmer 

To calculate of a s ingle f loat ing gate with a f i n i t e -'age of̂  

STEP INSTRUCTIONS INPUT 1 
DATA/UNITS KEYS OUTPUT 

DATA/UNITS 

,„.,1 

3 

Key An. programme 

)̂ OTN - - -
Store Vrp-TM 

volts 

vol ts 

,„.,1 

3 

Key An. programme 

)̂ OTN - - -
Store Vrp-TM 

volts 

vol ts 

STO 1 

,„.,1 

3 

Key An. programme 

)̂ OTN - - -
Store Vrp-TM 

volts 

vol ts STO ? 1 

_JL. 
5 

6 

Store pF STO 3 _JL. 
5 

6 

Store M STO 5 II 1 
_JL. 

5 

6 Input resting potential 1 

Vg(0) v o l t s R/S 1 

8 

9 

Input charge packet siz< pC R/S 1 vol ts 

8 

9 

Repeat step 7 for 1 II 8 

9 

d i f ferent charge s ize 

8 

9 Repeat step 6 - 7 for 

_10 

new value of V (0) 1 
_10 J F iRRpR .OCCURS iGTOigll ll J l j _10 J F iRRpR .OCCURS 

1 II II ! 1 
[ n r [ 1 

1 1—ir ' 1 
— ^ 1 — i r 1 

II II ll ! 

r ll 1 
1 1 ir I 
1 I! 1 i 

1 1 II ir 1 
— 

1 ll ii 
— 

1 
1 II 1 

1 

1 1 1 
II j 

1 1 

j 
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APPENDIX 3: Program to Analyse the E f f e c t s of S e r i e s Res i s tance 

in a Simple MOST Inverter 

The f o l l o w i n g program was used t o i n v e s t i g a t e the e f f e c t s 

of s e r i e s r e s i s t a n c e in the load-dra in and d r i v e r - s o u r c e on the 

gain of a s imple MOST i n v e r t e r . The rout ine e v a l u a t e s the equat ions 

7 . 3 t o 7 .6 in Chapter 7 , and c a l c u l a t e s the input v o l t a g e f o r a 

s p e c i f i e d output v o l t a g e . The gain can then be determined 

g r a p h i c a l l y . 



A3.2 

J) 

UJ 
< 

(/) LU 
a: 
LL' 
VI 3 T 

r c 
- ' f * 
ir ̂  
LL LU C a: < s 

|S 
C •n H ^ > (y cr , c c C H cr z ' : o' 
C W ,/? r <f > o: H m: lu LU p: 'in v) in H a O LL < r + < 
T ? cr Z H 11. c_ c (— <r C _ ) * - , 

# a: Cc LL Uj u r- LL oc I— > o. > LU LL UJ c C C H (M C: - 'u 
cc LU ar C LU U O 'H c ^ c <- z \ ( \ — LU LU c. CU 3 li. LL 1-4 H c CL LU * < c C M_I 2-< c c < cr C LU H" ^ 3: 

* 
+ 
I + 
* 

•r 

i 

t : + 
* 
* 
* 
* 
+ o u u 

^zcLC'f COLU]: 
u: in-= :;_ c." c -i >- c= u ' 
! — ' * — ' P 
0", c H • in c= a_ Lo — : — UJ (/: rr ? LL! Li; CL 0- o c 
a ri. c ^ X V) LC P 

• u • LU 

I (J C 

.'J f-̂  y ^ = II *-' * = C — a: %: u_ c 2 c rv f 
LL j: . 

- f\; fn 'e no 
" V V "Q" 

OUCUOUUU -
r — f*! ^ n - T oi ?: 

LL c 
. M r '-s c ir. 0 > 3: a. — c > r > r c (? 
• X Z" c ' r- <. c c 

X.. LU < " 

H c H" 3: LU H < 
-C M .< rc LU !2r r: LL It K a: 

' a: [I 3: n a: C T 0: c E a: 0 UL > 3: U_ Q_ ? : LL > > 

rv V T* 5̂  !!P S r (T 
— — ' 

^ 0 TC 0 S o c >o 0 c "O X) 0 r̂  

=) H c Hmz ^ cr LU 

'̂J m ^ 

c 
c_ 

V) >-

LI! a; 
I/) LU 
o: 'jj 
n 
;§ 

c 

LU 
1-4 (-1 < 
u. : 

U' Q. k 
C H g a. =: ; 

e a s t 
< : 

(/: ^ K 
LDIL S 
& c» 
U ^ L ^ U 

H y. < in Li.' LU 
ir z H = 
b < 5 2 

! 

r c (J (o 

o o in 

LU : J LL < a: 

LU or LU Li. U_ 
C 
s 

U3 liJ 

H >-

[2 

< H 
UU (T 
CL 2: 

h-* " 
< p < u at in S ^ ; H < 0 O. S ^ ; u: > in _! H "-, (J > a: a. c f— *u fVl < " U' > - > cc H t/: f— ^ tr r C lir CP z rr ct u LU c .0 o. "—4 < < LU < y) u c 

cn o cc 
o 
H 
cr H 
Z3 I— H X in lij Lu a: o: Li.' «-J f—* # l̂b; 
(— (J c 

^:H=3 
B. a ^ 

o u.' u' 
Zj ^ " *?: 
"1 10 - ^ 

»-# z: *-< 
s ^ r 

f/) 

> Zc u. 'r c 
LfJ c" u. 

0 cr 
in rr LL lU c IL 0. "Z LL u 

IT 
o 

k 

h-c: O cr 

LU 3" 

Li' > 
LL 

C ^ 
in "< 

o (U 

OuUUOu DC (J u u 

cr uj 
u.' > LC w 
=3 C 

^ 2 

LU 
IT Li' 
g s 

tn 
o 2. 
It: UJ 

UJ = 

u 
u"t 
J 

•s 

* 

$ f + 
* 
+ 
* 
+ 
+ 

\ in LL in (n UJ -J > - ^ [— 
< 

Z H (n 2̂  
C 0 Er cc g ^ Z H e 

=: >* t-, r rv LU CL Cr r- r cc nr 
in — f\: LU e LU 0 II U G. r- V) IC LO r. . 

CL r (? — c UJ r." 2' LU <r < S' II LC T (J LU ^ "C»—' I— 0 LU U' s- " I f >- s r: ^ (; :r IT LL' < *-0 r e m ?: m-L"-=r 0 LU Z .1" r 0 UL 0 >- 0 0 4 UL CC c 0 LL —' 2 IL CJ CO 

r — r̂i rn 
Aj f\. f\ 

u o u o o u o o 
"T 'A - r ^ fv. ^ ^ , -e r. o T rx ."n rr" rn 



oc 
c. 

T 

A3.3 

> -

p: 

C > 

ir 
Cr 
H 
Uj 
cr 

a 
LL C 

LU ' N 

* 

$ 
* 

4? 
+ 

I i + 
+ 
+ i 
+ : 
+ : 
$ ; + : + 
+ 
+ 

o o o 

> N" 
LL (/) 
E c 

g,> * 
— C:' 

; a: !X.. in X 

> . 
LL C LL cr << H?'* < a "3 UC "C 

o 
LL C 

f/) CL LL (-. LL' 

C 
cC 

LL C 

r= c — CC H 
LL C- ' X C 

c < > > 
L? LL 

C O O C 
, Z. < C u U 

LL' LL! li! Ll' 

h- f— 
LL wL' 

!— A 
7- 5!" «f 
> , > , 
r =: C rr 

CL CL 
<r H := C c: C c C LL CC LL c c 

(/: LL (T LL 
/: c .n 13 

. < c : Z" <L 
I < Ll' 

X 

> 
C. 

X o 

g: 

X ^ LL ' 
IT C 
X f -r? < 
X LU M O 

r-* 
- X CL 

>-or. 
LL c 
h 
c 
> 

H 
5 

cr 

P U' d 

£ 

=) 

a. X . 
.8 = . 

e S 
H " 

cc a: c c 

o Q 
H ui i: _* >- c z? lu c J > c N 

H <" z; S- + 

j LL 
C = U; 

C C ! o o 
g g ! 3: Lu = z: uj <c C 10 C —' Ul fl ( LL > : ' a. < * 

U ' C ' 
:> I 

izE 
2: LL' 

' O 
r; "C 

u u u u 
g 6 

u o u u u c 
— r s i r r r f ^ n - c : 'Wr\jr\,r\fr\jrvr\jC\jr\jr\j;*ir'}r'\r̂ rf)rn̂ ". ( 

X 
> 
X 

c f— > Lu > N (T c c *—. # 

X c cr X > 
£ L-: > ul C N 
> N > * > 

X 31 ' X LL 'r CL z- c? =r C . LU 3_ ^ > X > CL C C > , ' > f\ ̂ -1 C H- * ( \ cr :> c nr. *C" '<' 'C rv > N CC H CC c: # cc *= c TV X X C LL — Cr G} > > 

: 
+ 
+ 

o o ( 

» — X H in <- 2: (M c c o in X X C (/̂  =3 v. gt '•—1 >. r\j O LC X > v: in LO c X kJ > c > > NC = ^ y: \ \ o X U? H LL' :r 3r ir UJ -f fv N LU 3 c c rr H ̂  3: CL u > <. CL Zd. % , ^ 
^ ^ cr 

LL' LL' n > N ">.5 6% 
X fl Hp. CC 2: cr ( \ ! X X c; ̂  23 

LU H c c o c c Ck. > X C < LU z ^ O 3 C — c (T XI w_-> O CC LU 

u 

u.; C 

V* t 
( / ) 4( + 

+ 
-k + 
* 
-K ID * c * 

+ 
!-s * 
f/) 4r 
( / ) 

+ c: + 
* 
* 

L" + 
p: o o 

n c 
c 
J? 

LL' N 
y) 

LL' c 
N 
cr z: C C Z LL > c c »F-" r. 

f\' (T H . [T en 
Cc CL LU f\i X cr > LL' 

c (Z 
<r u 

c 
g l~ c 

^ c c l - > ^ 
P H 2 c/) ^ 

> > O C3 LU 

H S ̂  Ll! .C <"0 0: 
rr LU H P!z Q-:r c uj w =3 U' C CI f/) r- C LO UJ LO LU J or L'! A c: Or CL 

U' O (u LL LL (S U' LU > r rv. I-—i r. Cr c_ CL c S. ZT 
u r\: f—( y rii — r\; X LL' c c O: ci; > ( / ; > rr rt < 

f\ c = > 

Z fr H "r -̂. T-
Si5:e , !^^8 
LL a- ?: !L a: ?: LL 

ic . > ' 

: C C LL > 

u; . N 
" in X 

#r̂  < 
— '—' !U 

S-' cc 

I— ^ rxi 
a: O ^ ::: LL Y) 

— c 
w [—« «c 
Cr: C X w% 

^ LU 

) U U O U ' 
3. ^ — Ac r; n o i: r\ ;̂ cjjL,j:;cc & GC cccct c: — njrn-?- nC'~-33.3^ ' -



A3.4 

c 

U. 

rr 

r ] 

c 
C 
> 'C ir > 

> + 
o- LL 

=> N P 
CL 
+ 

c 

U' 
>. c -K rv 

> cr C 
f\' N 

+ C: x: -K 
+ C 

LC + •—• p 
* h: c + 
f \ c 
+ y: X y: X u: 
+ H f- > c rv 
+ j: \ 
* C LL LI! LU 

c cc % a: 
-k u 

\ s. n 
* u: z 
+ y o !' 
* ? 
+ y 
+ LL > 

T LL L: o z G 
-K 
"K 
+ 

{) U o O 
;.' n 3̂  n c n 

Ow (\i rs, r\i (% r\j 
f\: rc rv ,"\: r\. r. fv 

i— 

LU X c: > 
Cl" + 

c 
c 

c r 
> LU c + 

N H c c »—1 + 
UJ 

C (T LL' G: 
!SJ > e * 

y X 
'/I CL < c 

c 
X = H N c 

H f\w C: 
> r Z-, c cc 

'r— 2: rv > > \ 
> c c ? 
c: > r-J X c: > N o: 
X r: C 

* c T' H N 
+ c C LU c * 

c 
-K LO ir, X ui ui' CC 1)1 
* z C Lu rc 
f u in \ c U I— a: + LL* LU UJ X 
+ < cc s H 
* > a. CL 
+ \ 
+ UJ LfJ UJ y) z 

o > % 
* U "n 3 
+ cr H O 
+ C C O C C c u_ C: ID z 
+ LL !2 CJ c c > cc LU 

u U u U 4A 

— — rv m - f 
r'jr\;r\jrvf\:(\!f\;f\;f\:r\jru'^f\i f\i <% 

X 
.0 > -

> 
X 

X 7" (T 
<. 

H 
U." c 
Z: N* 

X 
V? 

> N H 
X X c. 
— (f LL . C X. > X — 
C (\ (T H 

* H *#xx 
N L_ LU 

C 
X > f\ > H 

+ y cy 
in * :z 6. LU + 

+ A > 
+ > in c + c x: 

< + < u c < + :c UJk* 
I + 

\ 
+ LU W 2. 
+ _J I-, U-' 

' / ) •y C ^ 
+ H 

V) "K o S & Cc C LU z V) 
4" f 'JL Jl 
* 
+ 

.0 * 

4f e 
u o u (J — 

.0 > "̂r :n T .0 u c c O o c o C c 

C 

LL CT 

o: c . r> 

C ' 
C ! > 

c 
c 

c 
c 
E: 
s 
UJ 
cc 

H 

CL. + 
c > 
* 
r 

*c 
H > 

C 
I 

(— LL 

C X 
> c. 

5 ^ 
n. f\. or o > C c: 

+ > X c + > G: * 
+ c 
-k C > 

> d c c c L-6" + 
X GT C c 

ru :n en (/: CO en LL + H H C <% 
+ 0 Y o u n: 
* n LL' u: k-, c O" cc 
* CJ & cI c. C 

X. + UU L! / tu LL* v: c 
t o II + rr' f\' 
+ 
* c O c c c 111 > LU * (J c D cr LU 
+ 

* 
-K + 
U U o u 

.-f\i •r̂  n - rx T- rv 
r~ >. f- JC cc JU CC JU 

c > C T 
c 
L LL' c 
> N 3: ' LL n. = 

#c % ^^ X 
CL C 

»f\ w 
H" (\j QC b,. 
> ; ; C 

X f\ > — G: r\: cr » CL » 
* rv *X X — cy "< > > 

C —r 
< cc C O C C c 
\ . { 

C LC X {/; n (T ui > H > 
in ^ (J CJ D 

> 
\ 

'-11 Ml 'JJ LU 
C <: a: c= 2: a. O 
X \ > 

LU LU LU LU 1 
__l 3 

f -̂ > c c c 6 It lu 
CL o f; c c cr ID 

c 
> 

f\ 
L' > + 

z 
C 

c r 
> LU 

N X 
C c" CE 

(T c 
> IL 

c X 
LL C H 

> * 
r LU 

!L (T a. CC G C= * 
I h-* d c > c 

rv 
{_ cc c 
> 3: + 

c 
r\ > c= 

LC * 
' rv . X X z: 

o 5 „ 
n » 
(C&k — f\! n o :~-

. > Ok > .> 

+ 
* 

4-
-K 

U U 
> 3 

* r n. H 
4- X c < c UJ 
4f cc. \ nrc 
+ (/)(/) X (A v: LI 
+ c > c 
+ Jl (J u + 
* Ul CC LU U.: LU 
* a: rr 1 N 
+ CL u Cl. a. c + 

X + LL' UJ ID LU 
w C) N 
u M II 

+ C L * i5 c c o c Lu: 
+ LL c u o N N a: 1 

(.) U 
.f ^ f\' r" T r> T: — ( 



A4.1 

APPENDIX 4: The Standard Two-Phase CCD Process ing Schedule 

S t a r t i n g material - Wacker <100>, 2 .5 -5n .cm, N-type. 

1) RCA c l e a n : 

Boil wafers in a s o l u t i o n of E l e c t r o n i c Grade double 

d i s t i l l e d water , ammonia s o l u t i o n and hydrogen peroxide in 

volume r a t i o 5 : 1 : 1 , f o r 10 minutes . 

Quench in double d i s t i l l e d water and r i n s e once . 

Place wafers in r e c i r c u l a t i n g water system and l eave unt i l 

e f f l u e n t r e s i s t i v i t y i s >10Mn.cm. 

Then boi l wafers in a s o l u t i o n o f double d i s t i l l e d water , 

hydrochlor ic ac id and hydrogen in volume r a t i o 6 : 1 : 1 , f o r 

10 minutes . 

Quench in double d i s t i l l e d water and r i n s e once. 

Place wafers in r e c i r c u l a t i n g water system and l eave u n t i l 

e f f l u e n t r e s i s t i v i t y approaches 18Mb.cm. 

Spin dry and cont inue immediately with next s t e p . 

2) I n i t i a l o x i d a t i o n : 

I n s e r t wafers i n t o i n i t i a l oxide furnace s e t to 1100°C 

with a gas f l ow of 1 l i t r e / m i n of wet oxygen (bubbler a t 85°C). 

Leave f o r 90 minutes and change gas f low t o 1 l i t r e / m i n o f 

dry oxygen f o r 5 minutes . 

Oxide t h i c k n e s s should be O.S^m. 

Proceed with photomechanical s t a g e . 

3) Standard negat ive photomechanical proces s : 

I f not proceeding d i r e c t l y from a high temperature p r o c e s s , 

bake s l i c e a t 80°C f o r 10 minutes . 

Spin ' I sopo ly ' MR40 nega t ive r e s i s t a t 5000 r .p .m. f o r 

30 seconds . 
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3) Pre-bake r e s i s t a t 80°C f o r 10 minutes . 

Expose r e s i s t f o r 4-6 seconds . 

Spray develop in ' I s o p o l y ' developer f o r 1 minute. 

Rinse in ' I s o p o l y ' r i n s e f o r 20 seconds and spin dry. 

Inspect beneath microscope and r e j e c t i f d e f e c t i v e . 

Post-bake r e s i s t a t 120°C f o r 15 minutes . 

4) Standard s i l i c o n d iox ide e tch procedure: 

Etch in buf fered HF (7:1) a t room temperature u n t i l wafer 

i s hydrophobic on the back. Etch rate i s approximately 

O.l^m/min. 

Inspect to ensure t h a t windows are c l e a r . 

Remove r e s i s t in Microimage ' R e s i s t - s t r i p p e r ' or use 

concentrated fuming n i t r i c a c i d . 

5) Channel s top d i f f u s i o n : 

RCA c l e a n . 

Inser t wafers i n t o phosphorous d e p o s i t i o n furnace s e t a t 

1050°C and p r e v i o u s l y f lu shed f o r 30 minutes with Ng. Gas f low 

i s 1 l i t r e / m i n Ng, lOcc/min Og and 20cc/min of Ng doped a t 0°C 

with POClj. 

Withdraw wafers and dip e tch in buf fered HF f o r =5 seconds . 

Rinse in double d i s t i l l e d water , and spin dry. 

Measure shee t r e s i s t i v i t y (should be 5 - l O n / o ) . 

Wash in r e c i r c u l a t i n g water system u n t i l e f f l u e n t «18Mn.cm. 

Spin dry. 

I n s e r t i n t o phosphorous d r i v e - i n furnace s e t to 1050°C f o r 

10 minutes with a gas f l ow of 1 l i t r e / m i n of wet oxygen. Then 

change gas f low to 1 l i t r e / m i n of Ng f o r 5 minutes . 

Proceed with next photomechanical s t a g e . 
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6) Standard negat ive photomechanical s tage to d e f i n e source and 

drain d i f f u s i o n s . 

7) Etch and s t r i p r e s i s t . 

8) Source and drain d i f f u s i o n s : 

RCA c l e a n . 

Inser t i n t o mouth of boron d e p o s i t i o n furnace s e t to 900°C 

with gas f low o f 1 l i t r e / m i n of N2. 

Flush tube f o r 20 minutes . 

Push s l i c e s t o centre zone and l eave f o r 30 minutes. 

Remove s l i c e s and measure s h e e t r e s i s t i v i t y (should be 

\ 1 0 0 n / o ) . 

Wash in r e c i r c u l a t i n g water system u n t i l e f f l u e n t =18Mn.cm. 

Spin dry. 

Inser t wafers i n t o boron d r i v e - i n furnace s e t to 1100°C, 

with gas f low of 1 l i t r e / m i n Ng f o r 10 minutes . Then change 

gas f low to 1 l i t r e / m i n of wet O2 f o r 80 minutes , fo l l owed by 

5 minutes of N2 a t 1 l i t r e / m i n . 

Remove s l i c e s and measure r e s i s t i v i t y (should be 

= 1 0 0 - 2 0 0 n / o ) . 

9) Remove oxide in buf fered HF. 

10) Thick gate ox ide growth: 

RCA c l e a n . 

Proceed with standard i n i t i a l o x i d e . 

Oxide t h i c k n e s s should be 0.5pm. 

Proceed with next photomechanical s t a g e . 
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n ) standard negative photomechanical process to define t h i n 

oxide window. 

12) Etch and s t r i p r e s i s t . 

13) Thin gate oxide growth: 

RCA clean. 

Insert into gate oxide furnace set to 1150°C for 30 minutes 

with gas f l o w of 2 l i t r e / m i n Og and 30cc/min HCl. Change gas 

to Ng at 1 i t re /min and immediately withdraw wafers to mouth 

of furnace and replace end cap. 

Reduce furnace temperature to 1050°C and a f t e r 5 minutes 

reduce Ng gas flow to 1 l i t r e / m i n . 

When furnace has reached 1050°C, inser t wafers and leave 

for 30 minutes. 

Then quickly withdraw wafers to the mouth of the furnace 

and replace end cap. 

Leave to cool fo r 10 minutes. 

Oxide thickness should be 0.12pm. 

14) Phosphorous glass s t a b i l i z a t i o n : 

A f t e r s t e p 1 3 , immediate ly i n s e r t w a f e r s i n t o phosphorous 

furnace s e t to 900°C wi th a gas f l ow of 500cc/min N2 and 

20cc/min of Ng doped at 0°C with POCI3. 

Leave for 10 minutes, then turn o f f doped Ng and withdraw 

wafers to mouth and replace end cap. 

Leave to cool for 10 minutes. 

Proceed with the next photomechanical stage. 

15) Standard negative photomechanical process to define the 

contact windows. 
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16) Contact window etching: 

Etch in buffered HF for =10 seconds to remove phosphorous 

glass from windows. 

Bake at 120°C for 10 minutes. 

Continue etching, inspecting frequently to ensure that 

undercutting does not occur. 

Str ip r e s i s t . 

17) P r e - m e t a l l i z a t i o n bake In annea l ing furnace a t 450°C wi th gas 

flow of 60:40 Hg/Ng at 1 1 i t re /min for 10 minutes. 

18) M e t a l l i z a t i o n : 

Mount w a f e r s in m e t a l l i z a t i o n j i g t o enab le an o b l i q u e 

e v a p o r a t i o n t o be c a r r i e d out (20° t o the plane o f the w a f e r ) . 

Carry out e v a p o r a t i o n o f 99.999% aluminium from carbon 

c r u c i b l e in E-gun f o r 3 minutes 15 s e c o n d s ; e v a p o r a t i o n pressure 

<2.10*5 t o r r , beam current is 60mA at 2kV. 

Unload j i g . 

Evaporated f i l m should be O.Sum th ick . 

19) Posit ive photomechanical stage: 

Bake wafers a t 80°C for 10 minutes. 

Spin Shipley AZ350 posit ive res is t a t 3000°C for 30 seconds. 

Pre-bake res is t at 80°C for 5 minutes. 

Expose res is t for 12-16 seconds. 

Immersion-develop r e s i s t in Super f ine Non-Ionic d e v e l o p e r 

f o r =5 seconds d i l u t e d wi th double d i s t i l l e d water in volume 

r a t i o 100 :11 . 

Rinse in double d i s t i l l e d water and sp in dry. 

Inspect. 

Post -bake r e s i s t a t 120°C f o r 5 minutes . 
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20) Aluminium etch: 

Immerse i n Isoform Aluminium Etchant a t 50°C u n t i l p a t t e r n 

has been defined. 

I n s p e c t a t f r e q u e n t i n t e r v a l s towards end o f e t c h i n g . 

Rinse in double d i s t i l l e d water f i ve times. 

S t r i p r e s i s t in ace tone or I s o c l e a n ' R e s i s t - s t r i p p e r ' . 

Rinse in double d i s t i l l e d water once. 

Wash in r e c i r c u l a t i n g water system u n t i l e f f l u e n t 

=18Mn.cm. 

Spin dry. 

21) A l l o y i n g and a n n e a l i n g : 

I n s e r t wafers i n t o a l l o y furnace a t 500°C f o r 10 minutes 

with gas flow of 1 l i t r e / m i n of 60:40 Hg/Ng. 

Then withdraw wafers and i n s e r t i n t o annea l ing furnace a t 

420°C wi th gas f l o w o f 1 l i t r e / m i n 60 :40 Hg/Ng. 

A f t e r 30 m i n u t e s , withdraw w a f e r s and s t o r e in luoroware 

t r a y in laminar f l o w c a b i n e t t o awa i t t e s t i n g . 

For t h e t e s t i n t e g r a t o r s , the two-phase p r o c e s s i s combined 

w i t h the t h r e e - p h a s e shadow gap p r o c e s s . I n s e r t the f o l l o w i n g 

p r o c e s s i n g b e f o r e s t e p 18: 

( i ) F l a t m e t a l l i z a t i o n : 

I n s e r t in m e t a l l i z a t i o n j i g t o enab le a normal 

evaporation to be c a r r i e d out. 

Proceed wi th evapora t ion as in s t e p 17. 

( i i ) Standard n e g a t i v e photomechanical s t a g e t o d e f i n e f i r s t 

m e t a l l i z a t i o n p a t t e r n . 
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( i l l ) Etch aluminium as in s t e p 20. Caution should be e x e r c i s e d 

here t o ensure that the etched edge i s as s t r a i g h t as 

p o s s i b l e . Ag i ta t ion o f wafers in e t ch i s he lpfu l in 

obta in ing t h i s . 

Rinse in double d i s t i l l e d water f i v e t imes . 

S t r i p r e s i s t . 

Rinse in double d i s t i l l e d water once. 

Wash in r e c i r c u l a t i n g water system unt i l e f f l u e n t i s 

=18Mn.cm. 

Spin dry. 

( i v ) P r e - m e t a l l i z a t i o n bake as s t e p 17. 

Proceed with s t ep 18, e t c . 
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APPENDIX 5: Test Apparatus 

In t h i s Appendix, the des ign and performance of apparatus 

b u i l t to dr ive the CCD s t r u c t u r e s d i scussed in t h i s t h e s i s and to 

e v a l u a t e the performance o f the i n t e g r a t o r s are descr ibed . 

A5.1 Clock Generation 

The c lock generator used to dr ive the t e s t i n t e g r a t o r s , 

had in f a c t been constructed in order to dr ive a v a r i e t y of CCD 

s t r u c t u r e s . The des ign o f the c lock a m p l i f i e r s i s however, some-

what novel and although s imple , a l l ows high speed operat ion (up 

to lOMHz) to be achieved w h i l s t power d i s s i p a t i o n i s kept reason-

ably low. Thus i t i s descr ibed b r i e f l y here . 

The c lock generator provides a c lock waveform, data 

input waveform and r e s e t pu l se t r a i n , al1 synchronized to a master 

c l o c k . The DC o f f s e t and amplitude of the and r e s e t waveforms 

are independent ly a d j u s t a b l e i n t e r n a l l y . The DC l e v e l of the data 

input waveform may a l s o be adjusted i n t e r n a l l y , but the data 

amplitude can be adjusted with a f r o n t panel c o n t r o l . A f a t - z e r o 

may a l s o be in troduced , the magnitude o f which may be adjus ted 

independent ly of the data ampl i tude , a l s o with a f r o n t panel 

c o n t r o l . The data i s in the form of a binary word which repeats 

every 35 c lock c y c l e s , and which can be s e t wi th f r o n t oanel 

thumbwheel s w i t c h e s . I t i s a l s o p o s s i b l e to switch the generator 

i n t o an ' i n t e g r a t e ' mode in which a p r e - s e t number o f c lock c y c l e s 

i s f o l l owed by an i n t e g r a t e per iod when a l l waveforms are s topped, 

with e i t h e r on or o f f . 

Clock timing and generat ion was performed using standard 

Schottky clamped TTL c i r c u i t s , however, ra ther than use t r a d i t i o n a l 

a m p l i f i c a t i o n techniques such as c l a s s A or complementary p a i r 

d r i v e r c i r c u i t s , a novel zener diode clamping c i r c u i t was employed. 
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The c i r c u i t f o r the and r e s e t pu l se dr ivers i s shown in 

f i g u r e AS. la : f i g u r e AS.lb i s a s i m p l i f i e d c i r c u i t diagram. Upon 

the a p p l i c a t i o n o f a pu l se to the i n p u t , Tg swi tches o f f and a 

current impulse (T^) i s driven through the zener d iode . The v o l t a g e 

across the diode r i s e s rap id ly unt i l the zener breakdown vo l tage 

i s reached. When the input pulse swi tches o f f , Tg swi t ches on, 

thus shor t ing the output node to ground. A s imple m o d i f i c a t i o n 

to the c i r c u i t to e x e r c i s e control over the charging and 

d i scharg ing currents a t the output node would a l low the r i s e and 

f a l l times of the output waveform to be a d j u s t e d , however, t h i s 

f a c i l i t y was not included in the f i n a l des ign . The diode and 

c a p a c i t o r a t the output form a simple l e v e l s h i f t i n g c i r c u i t . The 

data d r i v e r i s s l i g h t l y more compl ica ted , in order that the data 

and f a t - z e r o l e v e l can be cont inuous ly adjus ted ; the c i r c u i t i s 

shown in f i g u r e A5.2. Amplitude control i s e x e r c i s e d through the 
e m i t t e r f o l l o w e r s T^, Tg. 

With t h i s type of zener clamped c i r c u i t , r i s e and f a l l 

t imes of approximately 30ns are p o s s i b l e f o r 20V amplitude output 

p u l s e s , when loaded with lOOpF. 

A5.2 Sca l ing and Summing Ampl i f i er s 

In order f o r the r e c u r s i v e t e s t d e v i c e s to i n t e g r a t e 

s i g n a l s , the dev ice output has to be sample and h e l d , then s ca l ed 

and summed with the next s i g n a l sample. 

I t was decided not t o c o n s t r u c t a sample/hold u n i t s i n c e 

one was a lready a v a i l a b l e in the form of a Brookdeal 9415 Linear 

Gate .* This u n i t has a frequency response from DC to in e x c e s s 

o f 50MHz, and was i d e a l l y s u i t e d to the purpose in hand. The r e s t 

o f the feedback c i r c u i t r y was cons tructed with CA3140 MOS 

operat iona l a m p l i f i e r s . 

employed by a c c e s s i n g the t ermina l s on the rear panel of the u n i t . 
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270 

270 C60 3k6 

CLOCK 
INPUT '1'SHOT 

'1'SHOT 

Fig A5.1 (a) The c i r c u i t of the 

c lock pul se a m p l i f i e r . 

Fig A5.1 (a) The c i r c u i t of the 

c lock pul se a m p l i f i e r , 

(b) A s i m p l i f i e d c i r c u i t 

of the a m p l i f i e r . 

FAT-ZERO DATA 270 

270 

— 

J, 
5 6 0 3k9 

LOGIC 

'ADJUST 
FAT ZERO 

ADJUST 
DATA 

Fig A5.2 The c i r c u i t of the data and f a t - z e r o a m p l i f i e r . 
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The s p e c i f i c a t i o n f o r t h i s c i r c u i t was t h a t i t should 

accura te ly s c a l e the delayed s igna l before summing i t with the 

unprocessed input waveform. This s ignal formed the input of the 

t e s t d e v i c e . The in tegra ted output was a l s o required to be 

d iv ided by the e f f e c t i v e i n t e g r a t i o n sample s i z e , m; t h i s would 

enable more rapid v i sua l assessment of the in tegra ted waveforms 

when compared with the unprocessed s i g n a l . The c i r c u i t of t h i s 

system i s shown in f i g u r e A5.3. I t can be seen that a f a c i l i t y 

i s a l s o included that enables no i se to be mixed with a s ignal f o r 

t e s t purposes. The gain of the s c a l i n g a m p l i f i e r can be a c c u r a t e l y 

s e t with a switched a t t enuator which i s c a l i b r a t e d in e f f e c t i v e 

n tegra t ion sample s i z e ; t h i s control i s a l s o ganged with the ou t -

put a t t enuator which appropr ia te ly s c a l e s the i n t e g r a t e d waveforms. 

The frequency response of the u n i t extended from DC to approximately 

2.5MHz. For prel iminary t e s t i n g of the recurs ive t e s t d e v i c e s , 

t h i s bandwidth would a l low the r e s o l u t i o n o f a s i n g l e range bin 

f o r data ra tes up to approximately IMHz. A f t e r an i n i t i a l warm 

up period of 30 minutes , the gain d r i f t e d by l e s s than 0.4%/hr. 

Since the output s ignal i s AC coupled to the t e s t device through 

a l e v e l s h i f t i n g network, the DC d r i f t i s unimportant, however, 

t h i s was l e s s than 0.5mV/hr. 

A5.3 Rayleigh Noise Generator 

The i n t e g r a t i o n improvement of /m obta inable with a 

s i g n a l i n t e g r a t i o n system depends only on the condi t ion that the 

n o i s e in s u c c e s s i v e s i g n a l samples i s uncorre la ted , i . e . i t I s 

independent o f the amplitude p r o b a b i l i t y d i s t r i b u t i o n o f the n o i s e . 

In a radar system, the presence o f a t a r g e t i s u s u a l l y ind icated 

by the occurrence o f a s ignal above a p r e - s e t threshold l e v e l ; 

t h i s i s u s u a l l y s e t to maximize the p r o b a b i l i t y o f d e t e c t i n g 

genuine t a r g e t s , w h i l s t minimizing the p r o b a b i l i t y of f a l s e alarms 

caused by large c l u t t e r s p i k e s . C l e a r l y , i t would be d e s i r a b l e 

f o r a s igna l processor which i s used to improve t a r g e t d e t e c t i o n 

to process the s i g n a l in such a way so as to ensure t h a t the thresh-

o ld l e v e l which i s subsequent ly s e t according to the c r i t e r i o n 
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Fig A5.3 The c i r c u i t diagram of the s c a l i n g and summing a m p l i f i e r . 

D I G I T A L S H I F T R E G I S T E R 

A N A L O G U E S U M M A T I O N 

Fig A5.4 Dig i ta l f i l t e r i n g of a pseudorandom binary sequence to 
generate a modi f ied p r o b a b i l i t y d i s t r i b u t i o n . 
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LATCH 
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2 - R A Y L E I G H 

3 - U N I F O R M 

Fig A5.5 The c i r c u i t of the no i se generator using a ROM look-up 
t a b l e t o generate Rayleigh n o i s e . 
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above, w i l l be the b e s t tha t i s p o s s i b l e . The design of such an 

'optimum' processor and the determinat ion of an optimum threshold 

l e v e l can be performed only with p r i o r knowledge of the n o i s e 

s t a t i s t i c s . 

91 
I t can be shown that f o r s i g n a l s o f constant amplitude 

(such as might be obtained from a t a r g e t during several antenna 

sweeps) buried in Gaussian n o i s e , the optimum processor i s indeed 

a s igna l i n t e g r a t o r . * However, f o r s i g n a l s in Rayleigh n o i s e , the 

i n t e g r a t o r i s s l i g h t l y l e s s than optimum. 

Thus in order to exper imenta l ly determine the performance 

of the i n t e g r a t o r to Rayleigh d i s t r i b u t e d n o i s e , a generator was 

cons tructed providing no i s e with a Rayleigh amplitude p r o b a b i l i t y 

d i s t r i b u t i o n . Several generat ion techniques were i n v e s t i g a t e d 

before a s u i t a b l e method was found. 

92 
(a) DemodbZattoM oy GauastoM I t can be shown t h a t 

the envelope of narrowband Gaussian no i s e has a Rayleigh d i s t r i b u -

t i o n . Thus envelope d e t e c t i n g an appropr ia te ly f i l t e r e d Gaussian 

process would y i e l d the required n o i s e d e n s i t y . However, t h i s 

method was r e j e c t e d f o r several reasons; e . g . i t would be necessary 

to generate a Gaussian waveform a t r e l a t i v e l y high frequency 

(=100MHz), in order t h a t the r e s u l t i n g Rayleigh n o i s e bandwidth 

was s u f f i c i e n t l y l a r g e . However, the main reason was because the 

system f i n a l l y chosen was the most f l e x i b l e of those cons idered . 

(b) a By 

applying module 2 feedback around an N-b i t d i g i t a l s h i f t r e g i s t e r , 

i t i s p o s s i b l e to generate a pseudo-random binary sequence with a 

repeat per iod of 2^-1 c lock cyc les^^ and which has a uniform 

p r o b a b i l i t y d i s t r i b u t i o n . Other p r o b a b i l i t y d i s t r i b u t i o n may be 

* This i s in f a c t a s p e c i a l case o f the matched f i l t e r . I f the 
s i g n a l v a r i e s , then the optimum processor would be one t h a t 
weights each s igna l sample according to i t s magnitude, i . e . a 
matched f i l t e r . 
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generated from th is sequence by employing e i t h e r d i g i t a l f i l t e r i n g 

or applying a density shaping funct ion. As an example, i f the 

c i r c u i t of f igure A5.4 is used, the output has a Gaussian d i s t r i b u -

t i o n i f a l l the tap weights, ĥ  h^, are equal. This fol lows 

from the Central Limit theorem which states tha t the sum of many 

independent random variables ( i . e . the ' b i t ' outputs) has a 

Gaussian d i s t r i b u t i o n . Unfortunately the techniques f o r determining 

the appropriate f i l t e r weights to generate a desired p robab i l i t y 

d i s t r i b u t i o n are not well advanced, and the author did not succeed 

in r e a l i z i n g a Rayleigh noise f i l t e r . 

A more a t t r a c t i v e approach is to apply a density shaping 

funct ion. I f a p robab i l i t y d i s t r i b u t i o n p(x) is operated on by 
94 

a monotonic function y = f ( x ) , i t can be shown that the resu l t ing 

p r o b a b i l i t y d i s t r i b u t i o n i s 

p(y) = P . I dx/dy A5.1 

Thus since the PRBS has a uniform d i s t r i b u t i o n , the density shaping 

function required to y i e l d a Rayleigh p r o b a b i l i t y density is of 

the form 

y = - / - I n x A5.2 

Two methods of implementing th is were considered. 

The f i r s t was a d i g i t a l d i f f e r e n t i a l analyser (DDA). The 

DDA can be used to implement f a i r l y complex mathematical functions 

r e l a t i v e l y simply^^ by forming the product of two numbers incre -

mental ly in an accumulator. Although th is technique works well 

for simple density shaping f u n c t i o n s , i t becomes rather cos t ly , 

slow and inaccurate when several DDAs are required to implement 

a more complex funct ion such as equation A5.2. 
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The second method, which was f i n a l l y chosen , employs a 

' l ook-up t a b l e ' t echnique and has s evera l advantages over the 

t e c h n i q u e s d i s c u s s e d so f a r . With r e f e r e n c e t o equat ion A5.2 , i f 

the number y i s s t o r e d in a read on ly memory (ROM) l o c a t i o n which 

corresponds t o the address x , a Rayleigh d i s t r i b u t e d binary number 

sequence can be generated by s imply i n t e r r o g a t i n g the ROM wi th the 

PRES. The number can then be converted i n t o an analogue sample 

wi th a D/A c o n v e r t e r . 

This system has the s i g n i f i c a n t advantage t h a t n o i s e wi th 

any p r o b a b i l i t y d e n s i t y can be generated s imply by reprogramming 

the ROM. For example, i f narrow beams ( 1 ° ) are used in marine 

r a d a r s , the c l u t t e r becomes non-Rayle igh .^^ Thus by c h a r a c t e r i z i n g 

the c l u t t e r s t a t i s t i c s f o r a g iven s e t o f radar parameters and 

a p p r o p r i a t e l y programming the ROM, the performance of a s i g n a l 

p r o c e s s i n g sys tem, e . g . an i n t e g r a t o r , cou ld be e a s i l y e v a l u a t e d 

in t h e l a b o r a t o r y . 

The c i r c u i t o f the n o i s e g e n e r a t o r i s shown in f i g u r e A5.5 . 

The PRBS i s generated wi th a 3 6 - b i t s h i f t r e g i s t e r c locked a t 

200kHz and has a repeat per iod o f t h e order of 95 hours; the ROM 

i s a 256 x 8 - b i t I n t e l 1702-A UV e r a s a b l e PROM. In a d d i t i o n t o 

g e n e r a t i n g Rayleigh d i s t r i b u t e d n o i s e , Gaussian and uni formly 

d i s t r i b u t e d noise is also ava i lab le . The Gaussian n o i s e is 

generated by summing the output s from a s i n g l e b i t o f the PRBS 

r e g i s t e r in an up-counter over a p e r i o d o f 50 c lock c y c l e s : the 

output from the counter i s then gated in p a r a l l e l t o the D/A 

c o n v e r t e r a t the end o f the summing p e r i o d . The uniform n o i s e i s 

genera ted by g a t i n g the l a s t 8 - b i t s o f the PRBS r e g i s t e r t o the 

D/A c o n v e r t e r . 

Photographs o f the n o i s e waveforms can be seen in f i g u r e 

A5.6 . The c h a r a c t e r i s t i c asymmetric d i s t r i b u t i o n o f the Rayle igh 

n o i s e waveform can be c l e a r l y seen in f i g u r e A5.6a . The s p e c t r a l 
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Fig A5.6a An osci l lograph of 

the Rayleigh noise waveform. 

IT Fig A5.6b An osci l lograph of 

the Gaussian noise waveform. 

Fig A5.6c An oscil lograph of 

the uniform noise waveform. 
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response of the three no i se sources are shown in f i g u r e A5.7 , 

which a l s o shows the spec tra l response of the unprocessed PRBS 

( f i g u r e A5.7d) . The departure of the processed waveforms from the 

PRBS response i s thought to be due t o bandl imit ing in the D/A 

conver ter . 
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