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FULLY-INTEGRATED CHARGE-COUPLED PCM L I N E FILTERS. 
i 
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ABSTRACT 

Two c h a r g e - c o u p l e d f i l t e r s f o r u s e i n a PCM s y s t e m a r e d e s c r i b e d . 
D e s i g n c o n s i d e r a t i o n s , n o i s e c a l c u l a t i o n s a n d e x p e r i m e n t a l r e s u l t s a r e 
p r e s e n t e d . 

i 

I . S y s t e m c o n s i d e r a t i o n s . 

T h e i n t e g r a t e d c i r c u i t c o n t a i n s e s s e n t i a l l y t w o c h a r g e - c o u p l e d t r a n s ­

v e r s a l m i n i m u m - p h a s e l o w - p a s s f i l t e r s f o r u s e i n a PCM s y s t e m . T h e f i l t e r 

c h a r a c t e r i s t i c s a r e d e s i g n e d t o m e e t t h e CCITT r e c o m m e n d a t i o n s G . 7 1 2 1 . 

A PCM c h a n n e l c o n s i s t s o f a t r a n s m i t t e r , c o n t a i n i n g a n a n t i - a l i a s i n g 

f i l t e r a n d a n A/D c o n v e r t e r , a n d a r e c e i v e r , c o n t a i n i n g a D/A c o n v e r t e r 

a n d a s i g n a l r e c o n s t r u c t i o n f i l t e r . B o t h f i l t e r s a r e i m p l e m e n t e d a s CCD's 

f o r w h i c h a c l o c k f r e q u e n c y o f 32 kHz i s c h o s e n . As t h e c o n v e r t e r s h a v e t o 

o p e r a t e a t a s a m p l e r a t e o f 8 kHz o n l y o n e s a m p l e i s t a k e n o u t o f f o u r a t 

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

m o n e a f t e r a n o t h e r a t t h e r e c e i v e f i l t e r . T h e o v e r a l l t r a n s f e r f u n c t i o n 

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

r a t i n g a t 32 kHz c o r r e s p o n d s t o t h e t r a n s f e r f u n c t i o n o f a s a m p l e a n d h o l d 

o p e r a t i n g a t 8 kHz. The t r a n s m i t f i l t e r h a s a p r e f i l t e r i n g i n p u t w h i c h 

u s e s a n o v e r s a m p l i n g a t 64 kHz. T h e f r e q u e n c y r e s p o n s e s o f b o t h c h a r g e -

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

t h e r o l l o f f o f t h e p r e f i l t e r i n p u t , t h e r e c e i v i n g o n e f o r t h e r o l l o f f o f a 

s a m p l e a n d h o l d o p e r a t i n g a t 8 kHz. 

I I . C i r c u i t d e s c r i p t i o n . 

T h e d e v i c e s a r e p r o c e s s e d i n a n n - c h a n n e l t w o l e v e l p o l y s i l i c o n d y n a ­

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

A p h o t o g r a p h o f t h e c h i p i s shown i n f i g . 1. 

The c h a r g e - c o u p l e d d e v i c e s a r e f o u r p h a s e s t r u c t u r e s . I n b o t h CCD's 

47 w e i g h t i n g c o e f f i c i e n t s a r e i m p l e m e n t e d . T h e c h a n n e l w i d t h i s 6 0 0 jum. 

T h e l e n g t h o f o n e d e l a y s t a g e i s 40^m. A p a r a l l e l c h a n n e l 2 i s u s e d t o o b _ 

t a i n a n o u t p u t DC l e v e l i n d e p e n d e n t o f t h e CCD i n p u t b i a s l e v e l a n d t o 

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

a m p l i f i e r . T h e e l e c t r o d e s o f t h e s e n s e g a t e s (01) a r e d o u b l e - s p l i t 3*4 

r e s u l t i n g i n s m a l l e r o v e r l a p c a p a c i t a n c e s , s m a l l e r common mode o r b i a s 

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

W i t h t h e u s e d s e n s i n g m e t h o d t h e o u t e r p a r t s a n d t h e c e n t e r p a r t o f 

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

C h a r g e p a r t i t i o n i n g u n d e r n e a t h s u c h s e n s e e l e c t r o d e s w o u l d c a u s e a c o n s i -
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derable e r r o r 2, Our s o l u t i o n t o t h a t problem i s to extend the i s l a n d s o f 
channel stop and t h i c k oxide - upon v/hich the sense e l e c t r o d e gaps are 
s i t u a t e d - underneath the preceding electrodes (04) so t h a t the charge 
packets are d i v i d e d under u n s p l i t e l e c t r o d e s . 

The output c i r c u i t i s shown i n f i g . 2. Only one o p e r a t i o n a l a m p l i f i e r 
i s used as a d i f f e r e n t i a l i n t e g r a t o r . The feedback c a p a c i t o r value i s cho­
sen ao t h a t the t o t a l f i l t e r g a i n equals one. The a m p l i f i e r c i r c u i t i s 
based on Senderowicz 1s scheme 5. The low frequency i n t e g r a t o r noise i s r e ­
duced and the sense gate r e s e t noise t o t a l l y suppressed by the c o r r e l a t e d 
double sample and hold c i r c u i t 2,6, T n e d e p l e t i o n source f o l l o w e r s are de­
signed t o d e l i v e r no s u b s t a n t i a l l e v e l s h i f t . V r e f I s the reference v o l ­
tage a t v/hich both the sense gates and the c o r r e l a t e d double sampling 
s t r u c t u r e are r e s e t . V r e f i s also a p p l i e d t o the center p a r t s o f the s p l i t 
e l e c t r o d e s . 

The CCD charge i n j e c t i o n method i s a c l a s s i c a l diode c u t o f f - t e c h n i q u e 
w i t h the second gate biased a t V r e f . I n t h i s manner n o n - l i n e a r i t i e s due t o 
the d e p l e t i o n capacitances under the sensing electrodes are l a r g e l y redu­
ced. 

The capacitance a t tl i e a m p l i f i e r i n p u t nodes i s subjected to two op­
p o s i t e requirements : i t has t o be low t o reduce the a m p l i f i c a t i o n o f the 
equ i v a l e n t i n p u t noise of the i n t e g r a t o r and i t has t o be high i f no other 
precautions are taken t o r e s t r i c t the v o l t a g e v a r i a t i o n on the sense e l e c ­
trodes. With the use of 03" and C c ( f i g . 2) an e x c e l l e n t compromise i s ob­
ta i n e d . The v o l t a g e v a r i a t i o n on the sense electrodes between the moments 
of r e s e t t i n g (before 04 f a l l s o f f ) and sensing i s given by 

v± _ v = v w + ̂ Ls+
 W i 

r e f C + C ( 1> 
G FB 

± 

V are the voltages a t the a m p l i f i e r i n p u t nodes d u r i n g the sensing. V i s 
the phase pulse amplitude (14 V). C 4 i s the overlap capacitance between 
sense gates and phase f o u r . CjL.^ and Q̂ . a r e r e s p e c t i v e l y the t o t a l 
bras and s i g n a l charge under the s p l i t e l e c t r o d e p a r t s connected t o the 
p o s i t i v e i n p u t node of the a m p l i f i e r . C G i s the t o t a l capacitance a t one 
a m p l i f i e r i n p u t node, the feedback c a p a c i t o r not included. By using 0T 
and C c a charge c a n c e l l a t i o n i s r e a l i z e d . The compensation c a p a c i t o r Cr i s 
chosen so t h a t formula (1) i s reduced t o 

QL 

V* - V = _ s i g n a l _ 
r e f C G + C F B (2) 

A minimum value of 31 pF f o r C i s now s u f f i c i e n t t o l i m i t the v o l t a g e 
v a r i a t i o n on the sense e l e c t r o d e s t o ± 0.5 V. 

I I I . Noise c a l c u l a t i o n s . 

The o u t p u t noise power i n a bandwidth B w i t h boundaries f L = l 0 0 Hz and 
f H - 3 . 1 kHz i s c a l c u l a t e d f o r the t r a n s m i t f i l t e r . The sample and hold a t 
the f i l t e r o utput i s o p e r a t i n g a t the CCD clock frequency f c . The cl o c k 
p e r i o d i s T G. Dep l e t i o n capacitances are neglected. The a m p l i f i c a t i o n of 
the c o r r e l a t e d double sample and hold output s t r u c t u r e i s w r i t t e n as 
ACDS&H and i s equal to 0.86. 

The formulae concerning the CCD noise sources can be found i n r e f , 7. 
The noise c o n t r i b u t i o n s due t o dark c u r r e n t and t o f a s t i n t e r f a c e s t a t e s 
are very low (Table 1). The noise power at the f i l t e r o utput due to the 
in p u t noise of main and p a r a l l e l channel i s w r i t t e n as 

12 

v 2 . = 2/fV C-2 A 2 f " 1 

0,inp / f 1 FB CDS&U LC 

s i n r i f T ^ - j 2 r r f m v 
> i c h e 

c n = j _ 
df (3 
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where 0"£ i s the charge variance a f t e r the s e t t i n g of the i n p u t gate oxide 
capacitance C e and i s taken equal t o 4 kTC e

7 w i t h k the Boltzmann's con­
s t a n t and T the absolute temperature (30O°K). N i s the t o t a l number of the 
w e i g h t i n g c o e f f i c i e n t s h n . For the main channel the modulus i n formula (3) 
i s taken equal f o r a l l passband frequencies t o 4.44, which i s the exact 
value a t 800 Hz. For the p a r a l l e l channel where a l l weighting c o e f f i c i e n t s 
are equal t o one the modulus becomes N I sinrcfNT C/ (fEfNT c) I which i s zero 
a t fp/N. A f t e r c a l c u l a t i n g the i n t e g r a l s the r e s u l t s f o r the main and pa­
r a l l e l channel are r e s p e c t i v e l y 

v • = a - cJi Knc « f (4.44) 2 B (4) o,inp,m i,m FB CDS&H C 

2 9 -9 ? 
v , = a . C A N 0.67 (5) 
o,mp,p i , p FB CDS&H 

The charge i n t e g r a t o r i s the second important noise source. The white 
noise component, v M 0 A , and the 1/f-noise component a t 1 kHz, vfA0A, of the 
a m p l i f i e r noise v o l t a g e r e f e r r e d t o the i n p u t are r e s p e c t i v e l y equal t o 
20 nV/ N/HZ1 and 200 nV/\JHz'. To f i n d the i n t e g r a t o r noise c o n t r i b u t i o n s we 
w i l l f i r s t c a l c u l a t e the i n f l u e n c e o f the c o r r e l a t e d double sample and 
ho l d . 

A scheme of the c o r r e l a t e d double sample and hold i s given i n f i g . 3. 
A noise source r bandwidth l i m i t e d t o O i s considered. Two samples taken 
r e s p e c t i v e l y a t nT c-f and nT c are subtracted from each other and the r e ­
s u l t i n g s i g n a l i s h e l d . The noise power i s measured a t the o u t p u t of a 
bandpass f i l t e r . The e q u i v a l e n t scheme i n f i g . 4 i s used f o r the c a l c u ­
l a t i o n . 

0 r i s the power spectrum of the noise source when the whole frequency a x i s 
i s considered. When only p o s i t i v e frequencies are considered, we w r i t e 
v£ w i t h v 2. = 20 r. 
The power spectrum o f s i g n a l s" ( f i g . 4) i s w r i t t e n as 

- j 2 n f T 
e -1 0..„(f) = 0 ( f ) 

s 
= 0 s ( f T 2 (l-cos2/tfï) (6) 

or 0 s„(f) = 0 r ( f ) 2 (l-cos2rcfr) f o r |f|<Q (6a) 

0 a„ (£) = O f o r I f \ > n (6b) 

The power spectrum o f s i g n a l s* i s w r i t t e n as 8 

0 s * ( f ) = f c E 0 s ' , ( f + n f C ) ( 7 ) 

n 
The modulus of the t r a n s f e r f u n c t i o n of the hold o p e r a t i o n i s 
T c I sinrrfT / (rcfT ) I . Neglecting the a t t e n u a t i o n due t o the ( s i n x ) / x 
f u n c t i o n the t o t a l output noise power i s given by 

; f _ . ,-f_ 

v . «.! 0 , ( f + n f ) d f +/ ,; „(f+nf )d f (8) 
out 

" C 0s„(f+nf )df +J2 0^,(f+nf )df 

L ' H 

Changing the arguments, using the symmetric p r o p e r t y of a power spectrum 
and s u b s t i t u t i n g 0 „ by v 2 (l-cos2rrf t ) , expression (8) can be transformed 

«. r f

L

+ n f c 
m v^ tl- c o s 2 r t f t ) d f + 2 J ' / v 2 ( l - c o s 2 n f r ) d f 

n = l i - V n f c 

(9) 
As 0.„(f) = O f o r |f|!>0/ n i s r e s t r i c t e d t o n and n' . 
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C a l c u l a t i n g e x p r e s s i o n (9) w i t h an H - v a l u e o f 0.45 MHz and a Z - v a l u e 

o f QJJS r e s p e c t i v e l y w i t h v 2 c o n s t a n t f o r w h i t e n o i s e and w i t h v 2 e q u a l t o 

ClOOO Hz/f) v * 2 f o r low f r e q u e n c y n o i s e t h e f o r m u l a e f o r t h e i n t e g r a t o r 

c o n t r i b u t i o n s a r e o b t a i n e d . 

v 2 . ... = v 2 Hz 1.7 1 0 5 (C +C ) 2 C~2 A 2 (10) 
o , i n t , w MOA G FB FB CDS&H J 

2 
2 * 3 9 _9 0 

v . , = v V Hz 1.2 10 (C^+C ) C A (11) 
o , i n t , l MOA G FB FB CDS&H K ' 

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

summarized i n t a b l e 1. The t o t a l o u t p u t n o i s e v o l t a g e i n t h e s p e c i f i e d 

band i s 93x17-, w i t h a s i g n a l o f 3 V peak-to-peak t h e s i g n a l t o n o i s e r a t i o 

i s 81 dB or 83 dB i f CCITT p s o p h o m e t r i c a l n o i s e w e i g h t i n g i s used. A s i m i ­

l a r p e r f o r m a n c e i s expected f o r t h e r e c e i v e f i l t e r . 

n o i s e source n o i s e power a t t h e f i l t e r o u t p u t i n a band 

betv/een 100 Hz and 3.1 kHz 

i c f 1 0 v 2 

CC !.--input 

main c h a n n e l 21.5 

p a r a l l e l c h a n n e l 17.1 

d a r k c u r r e n t 

main c h a n n e l O.5 

p a r a l l e l c h a n n e l 1.5 

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

main c h a n n e l 2.2 

' p a r a l l e l c h annel 1.2 

i n t e g r a t o r 

w h i t e n o i s e 21.5 

1 / f - n o i s e 15.2 

CDS&H-structure 

t r a n s i s t o r s 3.4 

c a p a c i t o r r e s e t t i n g 1 ,9 

T o t a l 86.0 

Ta b l e 1. Noise c o n t r i b u t i o n s a t t h e f i l t e r o u t p u t o f the 

v a r i o u s n o i s e s o u r c e s . 

IV. E x p e r i m e n t a l r e s u l t s . 

S i n c e t h e CCITT recommendation i s o n l y s p e c i f i e d f o r a co m p l e t e a u d i o 

c h a n n e l most o f t h e f i g u r e s below a r e g i v e n f o r a tandem c o n f i g u r a t i o n o f 

t r a n s m i t and r e c e i v e f i l t e r e x c e p t o t h e r w i s e s t a t e d . The sample and h o l d 

a t t h e t r a n s m i t f i l t e r o u t p u t i s o p e r a t e d a t 8 kHz. 

The passband r i p p l e i s about ± 0.25 dB. The t o t a l s topband r e j e c t i o n 

i s a t l e a s t 72 dB w h i l e each f i l t e r s e p a r a t e l y g i v e s more t h a n 33 dB r e j e c ­

t i o n i n t h e stopband. The minimum phase d e s i g n y i e l d s a group d e l a y o f 

225 Ms w i t h superimposed a d e l a y d i s t o r t i o n o f 170 JJS between 500 Hz and 

2800 Hz. 

T o t a l harmonic d i s t o r t i o n i s -45 dB a t a s i g n a l l e v e l o f 4 dBm. T h i s 

y i e l d s a w e i g h t e d n o i s e t o s i g n a l r a t i o o f -76 dBmOp. The s i g n a l t o n o i s e 

r a t i o o f t h e r e c e i v e f i l t e r a l o n e i s 84 dBmOp v/hich i s i n e x c e l l e n t agree­

ment v / i t h t h e c a l c u l a t i o n s made above. I n t e r m o d u l a t i o n d i s t o r t i o n i s 

~40dBmO. Gain d e v i a t i o n o f 0.5 dB i s met a t 5 dBmO s i g n a l l e v e l . 
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No degradation of performance i s observed by operating the devices 
a t +70°C or a t 150% of nominal r a t i n g s f o r extended periods. This i n d i ­
cates t h a t the process y i e l d s r e l i a b l e devices v/hich do not s u f f e r of dark 
c u r r e n t or th r e s h o l d i n s t a b i l i t i e s . 

V. Conclusions. 

Two f i l t e r s s u i t e d f o r use i n a PCM system are described. Noise c a l ­
c u l a t i o n s are presented and shown t o be i n e x c e l l e n t agreement v/ith ex­
periments. A s i g n a l t o noise r a t i o of 84 dBmOp i s obtained. With a 
tandem c o n f i g u r a t i o n of both f i l t e r s a t o t a l d i s t o r t i o n t o s i g n a l r a t i o 
of -45 dBmO and a s i g n a l t o noise r a t i o of 76 dBmOp are measured. 
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Figure 1: Photograph of the circuit. 
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Figure 2: Output circuit 

01U,01C and 01L are resp. the upper, center and lower 
parts of the split electrodes. 
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Figure 3= Scheme of the correlated double sample and hold. 
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Figure U: Scheme used far the calculation of the influence of a 

correlated double sample and hold on a noise signal. 




