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ABSTRACT 

Analog s i g n a l processing using CCD and MOS switched c a p a c i t o r devices 
has matured t o the p o i n t t h a t large f u n c t i o n blocks can be designed as a 
si n g l e i n t e g r a t e d c i r c u i t . Design techniques and considerations are r e ­
viewed and LSI analog systems examples are examined. 

INTRODUCTION 

Soon a f t e r the i n v e n t i o n o f the charge coupled device, i t became 
apparent t h a t CCDs o f f e r e d the p o s s i b i l i t y of a wide v a r i e t y o f s i g n a l 
processing f u n c t i o n s i n c l u d i n g delay, m u l t i p l e x i n g , analog memory, and 
f i l t e r s . '2,3,4 M o r e r e c e n t l v t h e development o f analog switched capa­
c i t o r f i l t e r circuits 5» 6» 7 has complemented CCDs and provided the MOS 
c i r c u i t designer a v a r i e t y o f b u i l d i n g blocks f o r the design o f s i g n a l 
processing f u n c t i o n s . There has been a great deal of emphasis devoted t o 
the problem o f developing s u i t a b l e analog and d i g i t a l p e r i p h e r a l c i r c u i t s 
t o enable one t o f a b r i c a t e s i g n a l processing systems i n h i g h l y i n t e g r a t e d 
form. 

There are several reasons f o r developing these h i g h l y i n t e g r a t e d 
s i g n a l processing f u n c t i o n s . The p o t e n t i a l advantages o f lower c o s t , 
smaller weight and volume, and reduced power are obvious. I f we are t o 
use CCDs and analog MOS there i s another reason t h a t i t i s d e s i r a b l e 
t o achieve a high l e v e l of i n t e g r a t i o n . These c i r c u i t s tend t o be best 
s u i t e d t o high impedance l e v e l s which are incompatible w i t h c i r c u i t 
boards. By i n t e g r a t i n g a whole f u n c t i o n on a s i n g l e chip i t i s p o s s i b l e 
t o avoid d r i v i n g large o f f chip capacitances and avoid pickup associa­
ted w i t h s t r a y capacitances. B e t t e r n o i s e , power, and speed performance 
can be achieved when the s e n s i t i v e analog s i g n a l nodes can be kept i s o ­
l a t e d from the e x t e r n a l c i r c u i t boards. 

There are a number o f important c o n s i d e r a t i o n s f o r the designer o f 
these s i g n a l processing i n t e g r a t e d c i r c u i t s : 

o The IC designer must s t a r t by examining the system design i n depth. 
In many cases the problem t o be solved by an analog LSI IC needs 
to be reconfigured t o achieve the optimal o v e r a l l system. For 
example, i n many cases a f i l t e r i n g f u n c t i o n p r e v i o u s l y performed 
by passive LC networks might be most e f f i c i e n t l y i n t e g r a t e d using 
a CCD t r a n s v e r s a l f i l t e r . I n another case, a f u n c t i o n p r e v i o u s l y 
performed by an a c t i v e f i l t e r might be best replaced by a f i l t e r 
u sing switched c a p a c i t o r f i l t e r s but i n a d i f f e r e n t topology than 
the d i s c r e t e designer might choose, 

o The concept o f designing an analog system on a chip i s r e l a t i v e l y 
new. A general design philosophy and a set o f w e l l understood 
design r u l e s e q u i v a l e n t t o what might be used i n p u r e l y d i g i t a l 
designs are yet t o be f u l l y developed f o r a n a l o g / d i g i t a l ICs. 

o Designs o f t h i s type are h i g h l y customized t o p a r t i c u l a r a p p l i c a ­
t i o n s . The combination o f high complexity and unique a p p l i c a t i o n s 
f o r each design makes design costs r e l a t i v e l y h i g h, 

o M i n i m i z i n g design cost through m o d u l a r i t y and s a c r i f i c i n g c hip 

area i s important, 
o Analog c i r c u i t s r e q u i r e extensive computer modeling. 
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o Because such TC designs are r e l a t i v e l y low volume compared to 
standard MOS memory or l o g i c products, the designer may be fo r c e d 
t o adopt a standard MOS process which might be less than optimal 
f o r h i s design problem, 

o T e s t i n g a complex si g n a l processing f u n c t i o n i n s l i c e form w i t h 
probes i n a prod u c t i o n environment presents a serious challenge. 
As w i t h d i g i t a l TC designs the c i r c u i t designer of analog LSI 
fu n c t i o n s w i l l have t o make p r o v i s i o n f o r r a p i d t e s t i n g of the IC 
i f p roduction costs are t o be p r a c t i c a l . 

In the f o l l o w i n g s e c t i o n we w i l l examine several fundamental b u i l d ­
ing blocks f o r analog s i g n a l processing ICs. Although i n most cases these 
c i r c u i t elements r e q u i r e m o d i f i c a t i o n t o optimize them f o r a p a r t i c u l a r 
design, i t i s d e s i r a b l e t o reuse pi'oven basic c i r c u i t ideas whenever 
po s s i b l e . Examples of analog s i g n a l processing ICs are then discussed i n 
tl i e succeeding s e c t i o n . 

I I . CIRCUIT ELEMENTS FOR ANALOG LSI 

CCD F i l t e r s 

The CCD t r a n s v e r s a l f i l t e r 0 i l l u s t r a t e d i n Figure 1 o f f e r s perhaps 
the most powerful device i n the analog MOS s i g n a l processing technology. 
Because the CCD can perform the f i x e d c o e f f i c i e n t m u l t i p l i e s and adds i n 
p a r a l l e l and i n the charge domain, very high computational power i s a v a i l ­
able i n the CCD t r a n s v e r s a l f i l t e r . With p r a c t i c a l lengths up t o 1000 
c o e f f i c i e n t s and w i t h clock r a t e s above 1 MHz the CCD t r a n s v e r s a l f i l t e r 
can perform over LO9 operations per second. CCD f i l t e r s can be f a b r i c a ­
ted using two, t h r e e , or f o u r phase CCD s t r u c t u r e s and a v a r i e t y of 
d i f f e r e n t c l o c k i n g and charge sensing schemes. 

The c i r c u i t shown i n Figure 2 i l l u s t r a t e s one general approach t o 
the charge sensing output c i r c u i t , f o r a CCD f i l t e r . I n the s p l i t e lec­
trode CCD f i l t e r , as s i g n a l charge packets are t r a n s f e r r e d along the CCD, 
an image cliarge appears on the c l o c k i n g e l e c t r o d e s . One of these e l e c ­
trodes i n each c e l l of the CCD i s s p l i t i n t o two separate p o r t i o n s and 
each piece i s t i e d t o a separate bus l i n e as shown. The d i f f e r e n c e i n 
the image charge sensed by the two p o r t i o n s o f the s p l i t e l e c t r o d e i s 
p r o p o r t i o n a l t o the sig n a l charge i n t h a t p a r t i c u l a r w e l l o f the CCD and 
p r o p o r t i o n a l t o the d i f f e r e n c e i n area between the two p o r t i o n s o f the 
s p l i t e l e c t r o d e . The o p e r a t i o n a l a m p l i f i e r w i t h the associated feedback 
c a p a c i t o r s serves t o d i f f e r e n c e the t o t a l charge sensed by the two bus 
l i n e s and provides the output voltage s i g n a l given by 

C. " ± 

V « (n) = ̂  V V. (n-k) h, (1) 
out J C,. /,._] i n k 

1 k = 0 

where C. i s the capacitance of the in p u t metering w e l l o f the CCD and Ĉ . 
is the capacitance o f the feedback c a p a c i t o r , and h^ are the f i l t e r 
w eighting c o e f f i c i e n t s . The s p l i t e l e c t r o d e phase o f the CCD i s main­
t a i n e d at a f i x e d DC p o t e n t i a l by the two "switched c a p a c i t o r " r e s i s t o r s 
represented by the minimum size c a p a c i t o r Cg and the two MOSFET switches 
gated on by two non-overlapping clock s i g n a l s Rj and . The use of the 
switched c a p a c i t o r r e s i s t o r s avoids the reset noise which would be i n t r o ­
duced i f the r e s i s t o r s were replaced by simple switches. I n a d d i t i o n , 
the o p e r a t i o n a l a m p l i f i e r used does not have t o be compensated f o r u n i t y 
gain i n t e r n a l l y because i t i s not re s e t . Much higher bandwidth i s p o s s i ­
ble i n t h i s mode o f op e r a t i o n . A second a m p l i f i e r can be added t o t h i s 
c i r c u i t which senses and feeds back the common mode s i g n a l v i a c a p a c i t i v e 
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coupling. V a r i a t i o n s o f t h i s basic scheme have been used i n several IC 
designs. 

Operational A m p l i f i e r s 

A key c i r c u i t f o r analog s i g n a l processing i s the o p e r a t i o n a l ampli­
f i e r . I t s performance requirements always challenge the l i m i t o f our 
te c h n o l o g i c a l a b i l i t y i n one or more c h a r a c t e r i s t i c s , i . e . , speed, power, 
s i z e , dynamic range, etc. To date we have not f a b r i c a t e d the u n i v e r s a l 
o p e r a t i o n a l a m p l i f i e r which s a t i s f i e s a l l our a p p l i c a t i o n s , but the design 
shown i n Figure 3 has proven q u i t e u s e f u l i n several IC designs. I t 
emphasizes low power, i t s budget being 4 mW using a 15V supply. The other 
s p e c i f i c a t i o n s are more modest: gain o f 2000, gain bandwidth o f 2 .MHz, 
and a slew r a t e of 2 V/psec. The same general approach has been u t i l i z e d 
f o r higher bandwidth designs. 

We employed a t r a d i t i o n a l two-stage a m p l i f i e r topology. The f i r s t 
stage c o n s i s t s o f t r a n s i s t o r s M10 through M14. Depletion loads (M10 and 
M i l ) provide more gain than would enhancement loads. The quiescent 
operation c o n d i t i o n s o f t h i s stage were set t o provide the desired high 
output impedance and t o maximize the common mode range. This stage lias a 
d i f f e r e n t i a l gain o f 30 and consumes .14 mW. The second stage (Ml'9 
through M22) i s a single-ended i n v e r t i n g a m p l i f i e r . The d r i v e r (M22) 
sinks the quiescent c u r r e n t s o f both the cascode t r a n s i s t o r (M20) and 
the c u r r e n t source (M21). The purpose o f the cu r r e n t source i s t o provide 
a l a r g e f r a c t i o n of the cu r r e n t through the d r i v e r . Thus the load (M19) 
conducts a much smaller quiescent c u r r e n t than the d r i v e r . Since device 
transconductance i s p r o p o r t i o n a l t o c u r r e n t , t h i s c i r c u i t provides more 
voltage gain than a c i r c u i t w i t h equal load and d r i v e r quiescent currents. 
The output stage (M23 and M24) i s a simple source f o l l o w e r scheme. 

Because we used NMOS technology, l e v e l t r a n s l a t i o n c i r c u i t s (Ml5 
through M18) are r e q u i r e d . T r a n s i s t o r s M16 and M17 act as diodes, drop­
ping v o l t a g e t o the desired quiescent l e v e l f o r M22. The s i m i l a r c i r c u i t , 
c o n s i s t i n g o f t r a n s i s t o r s M6 through M9, provides a d i f f e r e n t i a l t o a 
single-ended conversion. The d i f f e r e n t i a l s i g n a l seen at M10 i s l e v e l -
s h i f t e d and fed back t o the current source (M14) which acts as an i n v e r t ­
ing a m p l i f i e r w i t h loads M10 and M i l . The r e s u l t i s that M10 v o l t a g e i s 
s t a b i l i z e d , and the s i g n a l at M i l i s doubled. Capacitors C] and C 2 are 
used t o balance the low and high frequency gains o f the l e v e l s h i f t e r s , 
i . e . , no s i g n a l phase s h i f t occurs i n the l e v e l s h i f t e r s . 

This a m p l i f i e r i s u n i t y gain compensated by c r e a t i n g a low frequency 
dominant pole. This pole i s formed by the output impedance o f the f i r s t 
stage and the i n t e g r a t i n g c a p a c i t o r of the second stage, C 3 > m u l t i p l i e d 
by the M i l l e r e f f e c t o f the second stage. A l l other p o l e s ' i n the c i r c u i t 
are designed t o have frequencies large compared t o the u n i t y gain f r e ­
quency of the o v e r a l l a m p l i f i e r . This insures s t a b l e operation i n the 
u n i t y gain mode. 

Switched Capacitor F i l t e r s 

Transversal f i l t e r s , which have only zeros of transmission i n t h e i r 
t r a n s f e r f u n c t i o n , are r e l a t i v e l y i n e f f i c i e n t i n t h e i r use of s i l i c o n area 
f o r c e r t a i n types of frequency responses such as narrow bandpass f i l t e r s . 
For these cases a r e c u r s i v e f i l t e r ( i . e . , one which has feedback) t h a t 
implements poles would be more a p p r o p r i a t e . However, CCD r e c u r s i v e 
f i l t e r s have several disadvantages. F i r s t , i n order t o implement a s t a b l e , 
accurate r e c u r s i v e f i l t e r using CCDs, i t i s necessary t o perform charge-
t o - v o l t a g e and voltage-to-charge conversions w i t l i high p r e c i s i o n and 
accuracy. Second, the r e c u r s i v e f i l t e r most compatible w i t h CCD iraplemen-



t a t i o n i s tl i e s o - c a l l e d d i r e c t form f i l t e r , but the d i r e c t form a r c h i ­
t e c t u r e i s known to have very high s e n s i t i v i t y t o c o e f f i c i e n t accuracy. 
Thus, i t i s d i f f i c u l t t o achieve s u f f i c i e n t accuracy i n r e c u r s i v e CCD 
f i l t e r s e s p e c i a l l y f o r f i l t e r s w i t h high Q poles. Another approach t o 
the r e a l i z a t i o n o f r e c u r s i v e f i l t e r s i s the use of switched c a p a c i t o r 
f i l t e r s . 5 ' 6 ' 7 

Switched c a p a c i t o r f i l t e r s r e l y on the use of switches, p r e c i s i o n 
r a t i o e d c a p a c i t o r s and o p e r a t i o n a l a m p l i f i e r s used as i n t e g r a t o r s . The 
basic b u i l d i n g block o f such f i l t e r s i s the sampled data i n t e g r a t o r shown 
i n Figure 4. One advantage o f using switched c a p a c i t o r r e c u r s i v e f i l t e r s 
i s t h a t they are compatible w i t h a r c h i t e c t u r e s such as tl i e ladder f i l t e r 
which have very low c o e f f i c i e n t s e n s i t i v i t i e s . 

In order t o understand the switched c a p a c i t o r f i l t e r o p e r a t i o n we 
examine f i r s t a conventional i n t e g r a t o r , then a sampled data i n t e g r a t o r 
and i t s z-transform, and f i n a l l y a second order s e c t i o n w i l l be described. 
In Figure 4a, a conventional analog i n t e g r a t o r i s shown, and i n Figure 4b 
the MOS c i r c u i t time i n t e g r a t o r i s shown. The r e s i s t o r Rl lias been 
replaced w i t h a double throw switch and c a p a c i t o r Cj. This c i r c u i t 
operates i n a sampled data mode w i t h the switch a l t e r n a t i n g at a clock 
period T c between the l e f t - h a n d p o s i t i o n shown i n Figure 4b t o the r i g h t -
hand p o s i t i o n . The z-transform f o r t h i s c i r c u i t can be w r i t t e n i n the 
form 

(C,/C ) z" 1 

H (z) = - (2) 
1-z 

which can be recognized as the equi v a l e n t o f a d i g i t a l i n t e g r a t o r . 
This i n t e g r a t o r forms the basis f o r a second order f i l t e r as shown 

i n f i g u r e 5. Two i n t e g r a t o r s can be seen i n the f i g u r e . One i s formed 
w i t h the capa c i t o r s U|C L and C L and the other by a cC c and Cc. A sign 
i n v e r s i o n i s accomplished by adding a second switch t o the bottom p l a t e o f 
the c a p a c i t o r so t h a t the p o l a r i t y can he reversed when dis c h a r g i n g t h i s 
c a p a c i t o r i n t o i t s corresponding i n t e g r a t o r . The z-transform o f t h i s 
c i r c u i t can be w r i t t e n as 

V _ ( z ) -a.a (z-1) 
out • 1 c 

V i n z 2 - (2-a ca, r - a (,a L)z+(l-a ca, r) 

We can see from the z-transform t h a t the frequency response i s independent 
of the absolute values of e i t h e r C L or Cc, but depends only on the capa­
c i t o r r a t i o s a c , a,, and a-,-. MOS f a b r i c a t i o n techniques allow the c o n t r o l 
of such c a p a c i t o r r a t i o s t o a p r e c i s i o n on the order of 0.1% which i s 
adequate f o r many f i l t e r i n g problems. 

M u l t i p l y i n g D/A Converters 

Many s i g n a l processing f u n c t i o n s r e q u i r e the uses of a programmable 
m u l t i p l i e r . A m u l t i p l y i n g d i g i t a l t o analog converter (MDAC) is a 
convenient t o o l f o r these a p p l i c a t i o n s . Based on the charge r e d i s t r i b u ­
t i o n technique, Jie MDAC provides an analog output s i g n a l which i s the 
product o f a sampled analog input m u l t i p l i e d by a set of d i g i t a l c o e f f i ­
c i e n t s which can be programmable. The schematic shown i n Figure 6 i s one 
implementation o f t h i s device which we have used on several ICs. The 
d i f f e r e n t i a l analog s i g n a l labeled V^n i s f i r s t sampled onto two h o l d i n g 
c a p a c i t o r s . The sampled s i g n a l s are b u f f e r e d by two a m p l i f i e r s capable 
of d r i v i n g the c a p a c i t o r arrays. Pairs o f switches c o n t r o l l e d by latches 
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one set f o r each b i t of t l i e d i g i t a l word, are used t o c o n t r o l the i n p u t 
to the bottom p l a t e o f each o f the capacitors i n an array o f b i n a r y 
weighted c a p a c i t o r s . 9 I n the f i r s t step o f the cycle each o f the capaci­
t o r p l a t e s i s switched t o the V^n s i g n a l except f o r the MSB which i s 
switched t o the V i n s i g n a l . Meanwhile, the top p l a t e o f the c a p a c i t o r 
array which i s a common node f o r a l l the capac i t o r s i s switched t o a 
reference v o l t a g e . I n the second h a l f o f the c y c l e , the switches are 
thrown t o the opposite p o s i t i o n s f o r those b i t s i n the d i g i t a l work 
corresponding t o zero's. The r e s u l t i n g change i n the output s i g n a l v o l ­
tage between the f i r s t h a l f and the second h a l f o f the clock cycle i s 
p r o p o r t i o n a l t o the product of the analog v o l t a g e V-̂ n and the two's 
compliment coded d i g i t a l words. The arrays o f t h i s type can be b u i l t 
w i t h 1 0 - b i t accuracy and can be made t o operate at at least 1-2 MHz 
sample r a t e s . 

CCD Clock D r i v e r s and D i g i t a l Logic 

The c o n t r o l f u n c t i o n s i n the c l o c k i n g requirements o f CCDs and 
switched c a p a c i t o r c i r c u i t s i n v o l v e considerable amount of d i g i t a l l o g i c . 
The l o g i c f u n c t i o n s can, o f course, be obtained by standard NMOS te c h ­
niques and w i l l not be f u r t h e r discussed here. However, one p a r t i c u l a r 
clock d r i v e r c i r c u i t which we found t o be very u s e f u l i s shown i n Figure 7. 
An i n p u t s i g n a l a p p l i e d at node A i s used t o t u r n the clock d r i v e r on and 
a non-overlapping pulse applied t o node B i s used t o t u r n o f f the d r i v e r . 
T r a n s i s t o r M5 i s used t o charge the bootstrap c a p a c i t o r formed by t r a n s i s ­
t o r M8 whose source and d r a i n are t i e d t ogether t o form a c a p a c i t o r . 
T r a n s i s t o r M7 p u l l s up the bottom p l a t e o f the bootstrap c a p a c i t o r which 
provides a la r g e gate o v e r d r i v e on t r a n s i s t o r MIO a l l o w i n g the clock 
d r i v e r t o p u l l the output node t o V D D. Delay o f the input pulse a p p l i e d 
to node A i s provided by t r a n s i s t o r s Ml, M3 before i t reaches the gate o f 
M7 and M i l . This delay causes M7 and Mi l t o remain on during the i n i t i a l 
p a r t of the r i s e o f the d r i v e r output, thus achieving a l a r g e r charge on 
the bootstrap c a p a c i t o r and u l t i m a t e l y a f a s t e r t r a n s i t i o n . The clock 
d r i v e r t u r n o f f pulse a p p l i e d t o node B discharges the bootstrap capaci­
t o r through M6 and a f t e r a small delay p u l l s up the gates o f M7 and M i l 
causing the output t o be p u l l e d low. 

A t y p i c a l LSI analog IC may in v o l v e from 10 t o 20 such clock c i r ­
c u i t s which a l l d r i v e d i f f e r e n t load capacitances. We have found i t 
convenient t o design two or three d i f f e r e n t sizes o f the d r i v e r s , each 
optimized t o a d i f f e r e n t range of load capacitance. Most o f the clocks 
have small c a p a c i t i v e loads and i d e n t i c a l small d r i v e r c i r c u i t s are 
used t o d r i v e these loads even though they are not e x a c t l y optimized. The 
same c i r c u i t w i th l a r g e r t r a n s i s t o r s i s used t o d r i v e large capacitances 
i n the order of 100-200 pF as t y p i c a l l y might be found i n CCD clock elec­
trodes. The pulses f o r i n p u t t i n g at node A or at node B can be derived 
from standard MOS l o g i c c i r c u i t r y without the need f o r d r i v e r s because 
the input t r a n s i s t o r s t o the clock d r i v e r are t y p i c a l l y very small gates. 

I I I . LSI ANALOG SIGNAL PROCESSOR DESIGN EXAMPLES 

One example of an IC combining the elements which were discussed 
above i s t h a t of a m o n o l i t h i c analog 512-point c h i r p z-transform (CZT) 
p r o c e s s o r . 1 0 The chip c a l c u l a t e s the d i s c r e t e Fourier transform (DFT) 
using the c h i r p z-transfoi-m a l g o r i t h m as i l l u s t r a t e d i n Figure 8, The 
6.1 x 5.5 m i l l i m e t e r CCD/NM0S chip includes the p r e m u l t i p l y , c o n v o l u t i o n , 
and post m u l t i p l y operations r e q u i r e d t o perform the CZT. A dynamic 
range of 63 dB has been obtained at sampling frequencies ranging from 



1 
1 

1 KHz. t o 1.5 MHz. S i g n i f i c a n t improvement i n performance o f the CZT over 
previous implementations 1 1» 1 2 was made po s s i b l e by the high l e v e l of 
i n t e g r a t i o n on t h i s IC. Key elements were the CCD charge sensing scheme 
discussed above along w i t h a common mode s t a b i l i z i n g c i r c u i t and a thr e e 
l e v e l CCD c l o c k i n g scheme f o r b e t t e r o f f s e t c o n t r o l . 

A block diagram o f the processor chip i s shown i n Figure 9. In 
ope r a t i o n , the in p u t s i g n a l i s p r e m u l t i p l i e d by a c h i r p i n the m u l t i p l y ­
ing D/A converters (MDAC) before being convolved w i t h another c h i r p i n 
4 512-stage t r a n s v e r s a l f i l t e r s . Two CCD sense amps can be used f o r the 
four devices t o produce the r e a l and imaginary outputs of the c o n v o l u t i o n . 
These two output s i g a n l s can be post m u l t i p l i e d using the same MDACs 
th a t are used' f o r the p r e m u l t i p l i e r since the transform operates on a 50% 
duty cycle and the output and inp u t s i g n a l s are out o f phase i n t h i s 
cycle. 

The system i s p a r t i t i o n e d as i l l u s t r a t e d i n Figure 9. A 9 - b i t 
address counter f o r the 512 c h i r p c o e f f i c i e n t s and the c h i r p ROM are l e f t 
o f f the main processor chip. These f u n c t i o n s can be performed w i t h con­
v e n t i o n a l d i g i t a l technology and are too c o s t l y i n area t o include 1 w i t h 
the c h i r p z-transform. What i s i n t e g r a t e d on the IC are the CCD f i l t e r s , 
m u l t i p l y i n g S/A converters, c o n t r o l l o g i c , c l o c k s , CCD sense a m p l i f i e r s 
and b u f f e r a m p l i f i e r s t o b u f f e r the analog s i g n a l s . 

The layout of the IC can be seen i n the photomicrograph o f the 
i n t e g r a t e d c i r c u i t i n Figure 10. Here t l i e m u l t i p l y i n g D/A converters 
and the d i g i t a l s i g n a l s are on the l e f t - h a n d side o f the bar la y o u t . The 
bus s t r u c t u r e i n the center o f the bar i s used t o d i s t r i b u t e clock pulses 
to the main clock d r i v e r s f o r the CCDs j u s t t o the r i g h t o f the center and 
to the clock c i r c u i t s r e q u i r e d by the MDACs on the l e f t - h a n d side o f the 
core b u f f s t r u c t u r e . The CCDs can be seen on the righ t - h a n d side o f the 
bar. liach o f the four CCDs i s comprised o f fo u r f o l d e d channels. At the 
bottom o f the bar are the two inp u t a m p l i f i e r b u f f e r s and at the top o f 
the bar are the two CCD sense a m p l i f i e r s and the common mode feedback 
a m p l i f i e r s which are used t o s t a b i l i z e the common mode ope r a t i n g p o i n t o f 
the CCD sense el e c t r o d e s . 

The modular layout shown i n Figure 10 provides e f f e c t i v e i s o l a t i o n 
of the d i g i t a l and analog p o r t i o n s o f the c i r c u i t . Another p r e c a u t i o n 
taken t o avoid a n a l o g / d i g i t a l i n t e r a c t i o n s v i a substrate c o u p l i n g was t o 
use d i f f e r e n t i a l analog s i g n a l paths i n most p a r t s o f the analog s i g n a l 
path. 

Bach device was b u i l t w i t h a two phase charge coupled device s t r u c ­
t u r e using an implanted w e l l technology which was developed f o r the T I 
64 k b i t CCD memory. In t h i s process, the second h a l f of each p o l y s i l i c o n 
gate l e v e l has a s e l f aligned implant which provides the charge storage 
well f o r the CCD. In order t o provide b e t t e r dc o f f s e t c o n t r o l a new 
cl o c k i n g scheme was devised which i s i l l u s t r a t e d i n a s i m p l i f i e d t i m i n g 
diagram i n Figure 11. The c l o c k i n g scheme maintains the s p l i t e l e c t r o d e s 
of the CCD f i l t e r at a f i x e d p o t e n t i a l halfway between ground and p o s i t i v e 
power supply. The other CCD phase i s clocked at three l e v e l s i n the 
sequence, zero v o l t s , 7.5 v o l t s , 15 v o l t s and 7.5 v o l t s . The clocked 
ele c t r o d e thus i s at 7.5 v o l t s twice d u r i n g the c y c l e , once when the 
charge packet i s stored under the sense electrodes and again when the s i g ­
nal charge i s stored under the clocked e l e c t r o d e s . Conditions seen by the 
sense a m p l i f i e r are the same at both times i n the cycle except f o r the 
presence o f the s i g n a l charge under the s p l i t e lectrodes d u r i n g the f i r s t 
p e r i o d . The output o f the d i f f e r e n t i a l sense a m p l i f i e r i s sampled at both 
times and the two output samples are d i f f e r e n c e d . Thus, we have a means 
of measuring the s i g n a l minus a l l the feedthrough o f f s e t s . The scheme 
has worked very w e l l at minimizing the which pose a serious problem 

f o r the c h i r p z-transform. 
Two more examples of analog LSI c i r c u i t s are provided by two I n t e g r a -



ted c i r c u i t s developed f o r a CCD/NMOS channel vocoder. The vocoder sys­
tem i s shown i n the block diagram i n Figure 12. One CCD/NMOS IC shown i n 
the upper dashed l i n e i s used t o analyze s p e c t r a l content o f voice, s i g n a l s 
and produces a compact d i g i t a l code. A second IC shown i n the lower 
dashed l i n e i s used t o synthesize voice s i g n a l from t h i s d i g i t a l code. 

The purpose o f the vocoder i s t o reduce the data r a t e o f speech 
transmission t o 2.4 k b i t s per second w h i l e m a i n t a i n i n g high q u a l i t y and 
i n t e l l i g i b i l i t y I n the r e c o n s t r u c t e d speech s i g n a l at the r e c e i v e r . The 
basic operation o f the channel vocoder i s t o determine p e r i o d i c a l l y 
(every 20 msec) the s p e c t r a l envelope o f the speech using the f i l t e r bank. 
The nature of the e x c i t a t i o n o f t h i s speaker's voice ( e i t h e r a p e r i o d i c 
pulse t r a i n e d f o r voice sounds or a random noise source f o r unvoiced 
sounds) i s determined by a p i t c h t r a c k e r . These parameters are encoded 
i n t o a compact d i g i t a l code at 2.4 k b i t s per second and t r a n s m i t t e d t o 
the r e c e i v e r which then synthesizes a s i g n a l having approximately the 
same s p e c t r a l envelope. Tlie s y n t h e s i z e r uses a f i l t e r bank e x c i t e d by 
e i t h e r a p e r i o d i c pulse s t r a i n or a random noise source where the gain 
parameters o f the f i l t e r bank, the s e l e c t i o n o f the e x c i t a t i o n , and pulse 
period are c o n t r o l l e d by the i n f o r m a t i o n from the t r a n s m i t t e d s i g n a l . 

The voice a n a l y s i s IC co n s i s t s o f a bank o f 19 channels. Each o f 
the channels has a bandpass f i l t e r f o l l o w e d by a h a l f wave r e c t i f i e r and 
a lowpass f i l t e r . The 19 bandpass f i l t e r s span the audio frequency 
spectrum from 180 Hz t o 4.1 KHz i n such a way t h a t the composite f i l t e r 
i s approximately f l a t throughout t h i s range. Each channel output i s thus 
a measure o f the energy i n i t s corresponding s p e c t r a l range. The 19 
channels are sampled every 20 msecs and s e q u e n t i a l l y m u l t i p l e x e d i n t o an 
A/D converter having a l o g a r i t h m i c response. A f i v e b i t d i g i t a l code 
re p r e s e n t i n g 1.5 dB steps i s generated f o r each of the 19 segments o f 
the spectrum. 

The bandpass f i l t e r s o f the channel bank are implemented w i t h 100 
tap CCD t r a n s v e r s a l f i l t e r s . The use o f switched c a p a c i t o r bandpass 
f i l t e r s was also i n v e s t i g a t e d . However, because the d e s i r e d f i l t e r 
c h a r a c t e r i s t i c s would have r e q u i r e d two complex pole p a i r s , the switched 
c a p a c i t o r f i l t e r s would have been l a r g e r i n s i l i c o n area and would have 
r e q u i r e d f o u r times the power used i n the CCD f i l t e r s . The r e c t i f i e r 
c i r c u i t was implemented using the n o n l i n e a r c h a r a c t e r i s t i c s o f a MOSFET, 
and a feedback a m p l i f i e r t o achieve a sharp r e c t i f i e r c h a r a c t e r i s t i c . The 
lowpass f i l t e r s f o l l o w i n g the r e c t i f i e r are 3-pole Butter-worth switched 
c a p a c i t o r f i l t e r s w i t h a 35 Hz bandwidth. These lowpass f i l t e r s are 
implemented using simple source f o l l o w e r s r a t h e r than o p e r a t i o n a l ampli­
f i e r s . A f t e r the lowpass f i l t e r s MOS storage c a p a c i t o r s and switches are 
used t o m u l t i p l e x the s i g n a l s before they are fed t o an A/D conver t e r . 
The A/D c i r c u i t uses a binary weighted c a p a c i t o r array s i m i l a r t o the 
MDAC discussed p r e v i o u s l y t o implement the l o g a r i t h m i c A/D conversion. 

The clock system on t h i s chip was r e l a t i v e l y complex r e q u i r i n g 40 KHz, 
10 KHz, 1 KHz, and 50 Hz. A t o t a l o f 32 d i f f e r e n t clock waveforms were 
used i n the design. The need f o r most o f these clocks r e s u l t e d from the 
d e c i s i o n t o use double c o r r e l a t e d sampling techniques t o e l i m i n a t e o f f ­
sets associated w i t h the MOS c i r c u i t r y . Although the clock system i s 
complex, the MOS c i r c u i t s t o r e a l i z e the v a r i o u s clock phases are 
r e l a t i v e l y s t r a i g h t f o r w a r d and r e q u i r e a r e l a t i v e l y small amount o f 
s i l i c o n area. 

In Figure 13 the bar photo o f the vocoder analyzer i s shown. The 
modular layout i s obvious i n the photograph. Each o f the 19 channels i s 
i d e n t i c a l except f o r the tap weights o f the f i l t e r s and feedback capaci­
t o r s associated w i t h the charge sensing c i r c u i t of the f i l t e r s . The 
feedback c a p a c i t o r s are i n d i v i d u a l l y adjusted t o normalize the gains o f 



t h e f i l t e r bank. A common module was used f o r a l l t h e 19 c h a n n e l s w i t h 

o n l y t h o s e a d j u s t a b l e p a r t s b e i n g coded s e p a r a t e l y . The c l o c k i n g system 

was l a i d o u t as a s i n g l e module c o n s i s t i n g o f a number o f c l o c k d r i v e r s 

w h ich were d e s i g n e d t o s t a c k t o g e t h e r c o n v e n i e n t l y . Most u f t h e c l o c k 

buses were l a i d out as a r e g u l a r a r r a y and t h e n t h e c l o c k g e n e r a t i o n 

module was s i m p l y connected t o i t . T h i s approach i s f a r f r o m optimum i n 

t h e use o f s i l i c o n a r e a , but i t was much f a s t e r i n t h e d e s i g n c y c l e t h a n 

o t h e r approaches m i g h t have been. 

The s y n t h e s i z e r f o r t h e v o c o d e r i s shown i n t h e b l o c k d i a g r a m i n 

F i g u r e 14. The i n p u t t o t h i s c h i p i s a sequence o f 20 8 - b i t d i g i t a l words 

at t h e r a t e o f 1 p e r msec. One o f t h e s e words c o n t r o l s t h e s e l e c t i o n o f 

t h e v o i c e d o r u n v o i c e d e x c i t a t i o n on t h e c h i p w h i c h i s e i t h e r a random 

sequence o r a p u l s e g e n e r a t o r whose p e r i o d i s c o n t r o l l e d by t h e d a t a i n 

t h e e x c i t a t i o n word. The r e m a i n i n g 19 words o f i n p u t d a t a are d i r e c t e d 

t o a D/A c o n v e r t e r which i s d e m u l t i p l e x e d t o 19 sample and h o l d c i i ' c u i t s , 

one f o r each o f t h e s y n t h e s i s c h a n n e l s . Each o f t h e s y n t h e s i s c h a n n e l s 

c o n t a i n s a t h r e e p o l e lowpass f i l t e r , a m o d u l a t o r and a bandpass f i l t e r . 

The lowpass f i l t e r s p r o v i d e i n t e r p o l a t i o n between t h e 20 msec speech 

frames and each lowpass o u t p u t i s used t o m o d u l a t e t h e a m p l i t u d e o f t h e 

e x c i t a t i o n p u l s e s w h i c h are a p p l i e d t o t h e c o r r e s p o n d i n g bandpass f i l t e r . 

The o u t p u t s o f t h e 19 bandpass c h a n n e l s a r e summed t o g e t h e r t o produce 

t h e speech o u t p u t s i g n a l s . 

The lowpass f i l t e r s a r e implemented as t h e y were i n t h e a n a l y z e r 

d e s c r i b e d above. Tlie bandpass f i l t e r s needed f o r t h e s y n t h e s i z e r are 

s i m p l e complex p o l e p a i r s w h i c h were implemented w i t h l e s s power and 

s i l i c o n a r ea u s i n g t h e s w i t c h e d c a p a c i t o r f i l t e r s . The second o r d e r f i l ­

t e r s a r c l i k e t h o s e shown i n F i g u r e 8. The m o d u l a t o r s are s i m p l e 

s w i t c h e s and c a p a c i t o r s which g a t e t h e lowpass o u t p u t t o t h e bandpass 

f i l t e r s d u r i n g e i t h e r a n o i s e o r p i t c h p u l s e . 

A p h o t o g r a p h o f t h e s y n t h e s i z e r IC shown i n F i g u r e 15 and a g a i n t h e 

modular l a y o u t can be seen. Each o f t h e s y n t h e s i z e r c h a n n e l s i s l a y e d 

o u t i n a b a s i c c e l l i d e n t i c a l t o a l l o f t h e o t h e r 18 c h a n n e l s . The 

c a p a c i t o r a r r a y s f o r t h e f i l t e r s i n each c h a n n e l were c u s t o m i z e d f o r t h a t 

p a r t i c u l a r f r e q u e n c y response u s i n g an o v e r l a y c e l l c o n t a i n i n g o n l y t h e 

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

h a v i n g t h e modular l a y o u t . The c l o c k i n g system on t h i s IC as seen i n t h e 

l o w e r l e f t - h a n d c o r n e r i s s i m i l a r t o t h a t used i n t h e a n a l y z e r . The D/A 

c o n v e r t e r i s seen i n t h e lower m i d d l e s e c t i o n o f t h e I C , and t h e e x c i t a ­

t i o n s e c t i o n , t h e p i t c h c o u n t e r , and t h e n o i s e g e n e r a t o r are seen i n t h e 

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

The p r o c e s s used t o f a b r i c a t e t h e s e two ICs i s s i m i l a r t o t h e one 

used d e s c r i b e d f o r t h e 512 p o i n t c h i r p z - t r a n s f o r i n . However, i n t h i s 

case i n o r d e r t o s i m p l i f y t h e d e s i g n , f a b r i c a t i o n , and p a c k i n g d e n s i t y o f 

p e r i p h e r a l c i r c u i t s t h e i m p l a n t e d w e l l s o f t h e two-phase p r o c e s s were 

e l i m i n a t e d . Tlie r e s u l t i n g p r o c e s s uses f o u r - p h a s e CCD s t r u c t u r e s w h i c h 

a r e l e s s dense t h a n t h e two-phase s t r u c t u r e , b u t t h i s l o s s i s r e c o v e r e d 

by denser d e s i g n r u l e s i n t h e p e r i p h e r a l c i r c u i t a r e a s . 

T e s t i n g p r e s e n t s an i n t e r e s t i n g c h a l l e n g e f o r t h e s e ICs because o f 

t h e complex n a t u r e t h e s i g n a l s a p p l i e d t o t h e d e v i c e s and t h e i r o u t p u t s . 

D u r i n g t h e development phase we have i n c l u d e d a l a r g e number o f t e s t 

p o i n t s f o r probes i n o r d e r t o a n a l y z e s p e c i f i c p a r t s o f t h e c i r c u i t . 

A l t h o u g h i t i s y e t t o be d e m o n s t r a t e d , a f u n c t i o n i n g a n a l y z e r can p r o b a b ­

l y be used as t h e measurement t o o l t o v e r i f y s y n t h e s i z e r ICs at p r o b e 

w h i l e s p e c i f i c t e s t i n p u t s are a p p l i e d t o t h e d e v i c e u n d e r t e s t . The 

a n a l y z e r can be t e s t e d by u s i n g i t as a spectrum a n a l y z e r w i t h s i m p l e 

c h i r p i n p u t waveforms a p p l i e d d u r i n g probe t e s t s . 



CONCLUSIONS 

As i l l u s t r a t e d by t he above examples i t i s p o s s i b l e t o i n t e g r a t e 
complex a n a l o g s i g n a l p r o c e s s i n g f u n c t i o n s . The c h i p d e s i g n e r now has a 
v a r i e t y o f " t o o l s ' 1 a v a i l a b l e f o r t h i s t a s k . A l t h o u g h t h e ICs m e n t i o n e d 
above a r e i n t h e e a r l y phase o f deve lopmen t s e v e r a l o b s e r v a t i o n s can be 
made. 

o Comb in ing a n a l o g and d i g i t a l MOS and CCD c i r c u i t s can be done 
s u c c e s s f u l l y w i t h o u t u n c o n t r o l l a b l e i n t e r a c t i o n between a n a l o g and 

d i g i t a l f u n c t i o n s . 
o M o d u l a r d e s i g n i deas can be a p p l i e d s u c c e s s f u l l y t o reduce d e s i g n e r 

t i m e and c o s t s . 
o We have found t h a t r e q u i r e m e n t s f o r a n a l o g m o d e l l i n g and l a y o u t 

exceed t h o s e o f d i g i t a l l o g i c f u n c t i o n s , 
o S t a n d a r d MOS p r o c e s s i n g t e c h n i q u e s can be used t o f a b r i c a t e t h e s e 

ana 1og LSI c i r c u i t s . 
o The d e s i g n o f a u t o m a t i c t e s t i n g p r o c e d u r e s f o r such ICs i s a 

f o r m i d a b l e p r o b l e m w h i c h may d e l a y g e n e r a l i z e d s o l u t i o n s . A 
g r e a t dea l o f a t t e n t i o n must be d e v o t e d t o t h i s p r o b l e m t o r e a l i z e 
a c o s t e f f e c t i v e IC d e s i g n . 

For t h o s e a p p l i c a t i o n s w h i c h have s u f f i c i e n t vo lume t o j u s t i f y t he 
c o s t s a s s o c i a t e d w i t h cus tom d e s i g n s , t h e LSI a n a l o g t e c h n o l o g y p r o v i d e s 
a v e r y a t t r a c t i v e app roach w h i c h can lower c o s t s , powe r , s i z e , and w e i g h t . 
The c o m m e r c i a l impac t o f a n a l o g LSI i s j u s t b e g i n n i n g t o be f e l t , as t h i s 
t e c h n o l o g y i s s t a r t i n g t o move f r o m t h e l a b o r a t o r y t o p r o d u c t i o n e n v i r o n ­
ments . 
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5 F i g . 7. Clock d r i v e r 
c i reut t . 

F i g . 8. Block diagrams of the 
c h i r p z - t rans fo rm (CZT) a l go r i t hm 
f o r eomputing a d i s c r e t e Four ie r 
t rans form (DFT). 
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F i g . 9. Block diagram of a 
512 po in t CZT i n teg ra ted 
ci rcu i t . 
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F i g . 10. Photomicrograph o f a 
512 po in t CZT i n t e g r a t e d c i r ­
c u i t . 

F i g . 11. S i m p l i f i e d t i m i n g 
diagram o f a CZT IC. 
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F i g . 13- P h o t o m i c r o g r a p h o f a 

CCD/NMOS v o i c e a n a l y s i s IC f o r a 

c h a n n e l v o c o d e r . T h e IC m e a s u r e s 

6 . k x 6 . k mm. 

F i g . 1 1J. B l o c k d i a g r a m o f 

a v o i c e s y n t h e s i s IC f o r a 

c h a n n e l v o c o d e r . 
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