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Abstract 

Various a r c h i t e c t u r e s f o r r e a l i z i n g t r a n s v e r s a l f i l t e r s v / i l l be reviewed. 
Real-time programmability of the tap weights w i l l be of primary i n t e r e s t 
w i t h several implementations being discussed. Design t r a d e o f f s di.ctated 
by the requirements of s p e c i f i c a p p l i c a t i o n s w i l l a lso be presented. 

I n t r o d u c t i o n 

Tlie purpose of t h i s paper i s t o review various approaches which 
have been proposed f o r the r e a l i z a t i o n of programmable t r a n s v e r s a l 
f i l t e r s . A v a r i e t y of a r c h i t e c t u r e s w i l l be reviewed w i t h t h e i r i nherent 
advantages and/or l i m i t a t i o n s discussed i n l i g h t of p a r t i c u l a r types o f 
a p p l i c a t i o n s . The key f e a t u r e of the devices t o be discussed i s t h e i r 
programmability. This f e a t u r e may be d i v i d e d i n t o three types: 

1. Fixed Programmed 
2. F i e l d Programmed 
3. Real-Time Progammable 

The simplest type, of course, i s the f i x e d programmed type. For 
t h i s case the tap weights are determined d u r i n g design and are perman­
e n t l y f i x e d a t t h a t time. Figure 1 shows a photograph o f a completely 
i n t e g r a t e d , 64-tap, t r a n s v e r s a l f i l t e r which i s being used i n a wide 
v a r i e t y of a p p l i c a t i o n s v/here i t s unique c h a r a c t e r i s t i c s are r e q u i r e d . 

A second f i x e d programmed t r a n s v e r s a l f i l t e r i s shown i n Figure 2. 
This device c o n s i s t s o f four t r a n s v e r s a l f i l t e r s , each having 512 taps. 
This device was intended p r i m a r i l y t o be used t o implement the convolu­
t i o n p o r t i o n of the Chirp Z Algorithm; a form of the d i s c r e t e F o u r i e r 
transform. These f o u r f i l t e r s , t o g e t h e r , perform 2048, 8 - b i t m u l t i p l i c a ­
t i o n and adds each sample-time which demonstrates the power of p a r a l l e l 
processing p o s s i b l e w i t h charge t r a n s f e r devices. 

The f i e l d programmable s t r u c t u r e can be programmed by the user. 
Although the delay l i n e i s already tapped, the tap weights r e q u i r e d f o r 
a p a r t i c u l a r a p p l i c a t i o n are f i x e d , i . e . , a set of r e s i s t o r s . These tap 
weights can be changed but r e q u i r e the user t o change components, i . e . , 
r e s i s t o r s i n the above example and i s d e f i n i t e l y not r e a l - t i m e program­
mable . 

The most v e r s a t i l e t r a n s v e r s a l f i l t e r i s one which possesses the 
a b i l i t y t o be r e a l - t i m e programmed. This opens an extremely broad range 
of a p p l i c a t i o n s v/hich i n c l u d e adaptive systems, the systems v/hich have 
the a b i l i t y t o l e a r n from past experiences. 
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I n t h i s paper we w i l l not discuss the f i x e d programmed s t r u c t u r e s ; 
nor w i l l we discuss b i n a r y weighted programmable s t r u c t u r e s . We w i l l 
mainly concentrate on the r e a l - t i m e programmable s t r u c t u r e s v/ith analog 
tap weights. 

Basic A r c h i t e c t u r e For Transversal F i l t e r s 

The basic o p e r a t i o n implemented by the t r a n s v e r s a l f i l t e r i s t h a t 
of p a r a l l e l m u l t i p l i c a t i o n of lagged or delayed samples of an analog 
s i g n a l by an array of predetermined m u l t i p l i e r s f o l l o w e d by the summation 
of these products. This i s shown mathematically by an equation: 

N 
F(k) = 21 h ( n ) f ( k - n ) 

k«l 

Figure 3 shows a tapped delay l i n e . The output of each tap i s 
m u l t i p l i e d by a f a c t o r h ( n ) , and the i n d i v i d u a l products are then summed. 
We can e a s i l y see t h a t the equation w i l l r e s u l t . 

Two c o n f i g u r a t i o n s (See Figs. 4 and 5) may be used t o implement the 
basic f u n c t i o n of the tapped delay l i n e . Most o f t e n one t h i n k s o nly o f 
the s e r i a l - i n - p a r a l l e l - o u t , SIPO; however, i t s d u a l , the p a r a l l e l - i n -
s e r i a l -out , PISO, q u i t e o f t e n i s a more s u i t a b l e a r c h i t e c t u r e f o r a 
p a r t i c u l a r a p p l i c a t i o n . 

Although the f u n c t i o n i s the same, there may be a p r e f e r r e d a r c h i ­
t e c t u r e f o r r e a l i z i n g the p a r t i c u l a r c o n f i g u r a t i o n . An example i s the 
PISO, which can be implemented using a s i n g l e delay l i n e w i t h the 
p a r a l l e l i n p u t s spaced along the l i n e as d epicted i n Figure 5, or i t can 
be implemented using a separate delay l i n e f o r the r e a l i z a t i o n o f each 
lagged product as shown i n Figure 6. Such an a r c h i t e c t u r e i s f o r obvious 
reasons r e f e r r e d t o as a 'pipe organ' s t r u c t u r e . This s t r u c t u r e o f f e r s 
several d i s t i n c t advantages over e i t h e r the simple PISO described above 
or the SIPO. 

For instance, i n high speed a p p l i c a t i o n s , i t i s o f t e n e asier t o 
implement the PISO c o n f i g u r a t i o n . The implementation of taps along a 
delay, as i n the SIPO c o n f i g u r a t i o n , can adversely a f f e c t the high speed 
t r a n s f e r e f f i c i e n c y of the delay l i n e . Furthermore, the d i f f i c u l t y o f 
s i g n a l e x t r a c t i o n from a SIPO s t r u c t u r e increases r a p i d l y as the sampling 
r a t i o increases. This i s a r e s u l t of the high impedance l e v e l of the 
conventional tap s t r u c t u r e and complexity of the c l o c k i n g r e q u i r e d t o 
operate the tap s t r u c t u r e . The PISO does not s u f f e r these problems, 
since the output c i r c u i t i s a simple summing node s i m i l a r t o the output 
of any high speed delay l i n e . I n the PISO, pipe organ c o n f i g u r a t i o n , 
the w eighting i s a t the i n p u t which i n the normal s i t u a t i o n i s d r i v e n 
from a v a r i a b l e gain v o l t a g e source which presents a much lower imped­
ance t o reduce the s u s c e p t i b i l i t y t o p a r a s i t i c pickup o f c l o c k i n g s i g n a l s . 

The s i m p l i c i t y o f f e r e d by the pipe organ s t r u c t u r e i s p a i d f o r , 
however, by the increase i n s i l i c o n r e a l e s t a t e necessary f o r i t s r e a l i ­
z a t i o n . This may very w e l l be a small p r i c e t o pay f o r the s i m p l i c i t y 
and/or the performance t h a t one r e a l i z e s . 
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Real-Time Programmable Transversal F i l t e r s 

The r e a l - t i m e programmable f i l t e r can be r e a l i z e d by a v a r i e t y o f 
s t r u c t u r e s . Figure 7 shows block diagram r e p r e s e n t a t i o n of th r e e 
approaches which have been received considerable a t t e n t i o n . The f i r s t 
approach uses two charge t r a n s f e r devices, each w i t h s e q u e n t i a l taps. 
These taps n o n d e s t r u c t i v e l y sample the analog s i g n a l as i t i s clocked 
down the charge t r a n s f e r device. Each p a i r of adjacent taps, i . e . , t he 
nt h tap on each CTD forms the two i n p u t s t o the f o u r quadrant analog 
m u l t i p l i e r . Each m u l t i p l i e r c o n s i s t s o f matched MOSFETs operated d i f ­
f e r e n t i a l l y i n the q u a s i - l i n e a r device r e g i o n . The i n p u t s provided by 
CTD "A" each have a sample and hold which allows a p a r a l l e l update of 
a l l tap weight values i n a f r a c t i o n of one sample p e r i o d through a 
clocked t r a n s f e r gate. With the sample and hold turned " o f f " , t a p 
weights s e r i a l l y t r a n s f e r from one end of the f i n i t e s t r u c t u r e t o the 
other t o compute the r e a l - t i m e c o n v o l u t i o n or c o r r e l a t i o n of two analog 
s i g n a l s . A photograph of a 32-stage analog-analog convolver i s shown i n 
Figure 8. Due t o uncompensated v a r i a t i o n s between taps, the performance 
of t h i s device i s l i m i t e d t o about 40dB. More r e c e n t l y , s i m i l a r devices 
have been made where the taps are implemented on a l t e r n a t e stages r a t h e r 
than every stage of the CTD; then, by a l t e r n a t e l y sampling a reference 
between each sample of the s i g n a l , i t i s p o s s i b l e t o compensate a t each 
tap f o r t a p - t o - t a p v a r i a t i o n s . More elaborate schemes have been pro­
posed; but, t o date, no r e s u l t s have been r e p o r t e d . One such proposal 
employed a bridge c i r c u i t a t each tap and two CTDs t o supply d i f f e r e n t i a l 
i n p u t s t o each bridge c i r c u i t . 

A much simpler s t r u c t u r e has been developed a t the U n i v e r s i t y o f 
Edinburgh. 1 A schematic r e p r e s e n t a t i o n i s shown i n Figure 9. I n the 
s t r u c t u r e , the m u l t i p l i c a t i o n i s performed by a s i n g l e MOSFET. Tap 
weights are store d on ca p a c i t o r s where a unique feedback technique i s 
employed v/hich compensates f o r t a p - t o - t a p v a r i a t i o n s t h a t a f f e c t the 
ac t u a l tap wieght values. These memory ca p a c i t o r s c o n s t i t u t e one i n p u t 
to each m u l t i p l i e r . The other i n p u t t o each m u l t i p l i e r i s supplied from 
a tap on the CTD and i s uncompensated. These uncompensated v a r i a t i o n s 
appear as tap weight e r r o r s i n the impulse response and, t h e r e f o r e , l i m i t 
the performance. A s o l u t i o n t o c o r r e c t these v a r i a t i o n s uses a stored 
impulse response t o generate an e r r o r s i g n a l which i s used t o modify the 
tap weight values read onto the tap weight c a p a c i t o r s . This technique 
has been used i n the l a b o r a t o r y ; however, i t i s somewhat cumbersome t o 
implement i n a r e a l a p p l i c a t i o n . 

Figure 9 shows the f u n c t i o n a l block diagram of a r e c e n t l y developed 
programmable t r a n s v e r s a l f i l t e r which i n t e r f a c e s n a t u r a l l y w i t h a micro­
processor. Three c o n f i g u r a t i o n s are a v a i l a b l e : 1) 16 tap a s s y m e t r i c a l 
impulse response t o r e a l i z e adaptive e q u a l i z e r s ; 2) 32 tap symmetrical 
impulse response f o r l i n e a r phase t r a n s v e r s a l f i l t e r s ; and 3) 16 i n p u t 
t i m e - d e l a y - i n t e g r a t i o n f u n c t i o n v/here each i n p u t can be independently 
weighted t o perform adaptive beamforming. 

The a r c h i t e c t u r e used t o implement t h i s f u n c t i o n i s t h a t of a 
p a r a l l e l - i n - s e r i a l - o u t delay l i n e ; however, a pipe organ implementation 
was a c t u a l l y used. Each of the 16 i n p u t s i s weighted by a m u l t i p l y i n g 
D/A converter (MDAC). The s i g n a l or reference i n p u t t o the MDAC i s an 
analog sample from the delay l i n e . The MDAC output i s r e l a t e d t o the 
i n p u t by a m u l t i p l i c a t i v e f a c t o r which i s supplied as a d i g i t a l word. 
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This word i s s t o r e d i n a s t a t i c d i g i t a l l a t c h and can be updated by use 
of a tap s e l e c t c o n t r o l bus. The MDACs are implemented using r a t i o e d 
c a p a c i t o r s and have an accuracy o f 8 b i t s plus sign f o r a 9 - b i t r e s o l u ­
t i o n . For 4 quadrant m u l t i p l i c a t i o n , o f f s e t b i n a r y r e p r e s e n t a t i o n of the 
tap weights i s u t i l i z e d . The tap weight values are s t o r e d i n an on-chip 
RAM v/hich can be updated a t a 500KHz r a t e . This device was designed w i t h 
several a p p l i c a t i o n s i n mind. At room temperature, i t s sampling r a t e 
ranged from 50 samples per second t o 600K samples per second. To r e a l i z e 
the low sampling r a t e w i t h o u t the necessity of e x t e r n a l c o o l i n g , the use 
of a bucket-brigade s t r u c t u r e f o r the charge t r a n s f e r device i s needed. 
A unique f e a t u r e of BBD allows one t o pad each node w i t h a d d i t i o n a l r e a l 
capacitance, thus i n c r e a s i n g r e t e n t i o n time o f each node. Figure 10 
shows a cross s e c t i o n of the BBD s t r u c t u r e showing how t h i s may be ac­
complished. Since t h i s cannot be accomplished w i t h CCD, the r e was no 
choice but BBD, E i t h e r s t r u c t u r e was p o s s i b l e v/ith the chosen process. 

A high sample r a t e a p p l i c a t i o n necessitated the use of an MDAC on 
each i n p u t as i n Figure 11. From a cost s t a n d p o i n t , i t i s d e s i r a b l e t o 
time share or m u l t i p l e x one or more MDAC, as shown i n Figure 12. This 
would save s i l i c o n area and al l o w the use of higher accuracy MDAC. A 
r e s t r i c t i o n on the sample r a t e of a mu l t i p l e x e d s t r u c t u r e t o 1MHz/MDAC 
v/ould not meet the 600KHz sample r a t e requirement. 

A chip photograph of t h i s device i s shown i n Figure 13. The d i e , 
since i t has t o accommodate 16 MDACs i s r a t h e r l a r g e ; however, as i s 
evident, a la r g e p a r t o f the chip has only the tap s e l e c t and tap weight 
data busses, t h e r e f o r e not s i g n i f i c a n t l y a f f e c t i n g the y i e l d . 

The chip o f f e r s the v e r s a t i l i t y necessary t o implement a v/ide range 
of adaptive systems. I t s d i g i t a l i n t e r f a c e allows i t t o be used i n con­
j u n c t i o n v/ith a microprocessor, thus a l l o w i n g the o p t i m i z a t i o n of t r u l y 
"smart" s i g n a l processing systems. 

Conclusion 

A designer's choice of a r c h i t e c t u r e f o r implementation o f program­
mable t r a n s v e r s a l f i l t e r s depends h e a v i l y upon the degree of f l e x i b i l i t y 
expected. Each s t r u c t u r e discussed has advantages f o r i t s p a r t i c u l a r 
range of performance. Although a f i n i t e l i m i t a t i o n on device size i s 
fundamental, f u n c t i o n a l i t y need not be r e s t r i c t e d t o only f i x e d tap 
weight s t r u c t u r e s . F u l l y programmable c a p a b i l i t y i s l i m i t e d p r i m a r i l y 
by analog accuracies and speed i n the r e q u i r e d p a r a l l e l m u l t i p l i e r s . 
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FIG. 1 F u l l y I n t e g r a t e d 64 Tap Transversal F i l t e r 
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FIG. 3 32 Tap Delay Line 
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f (n -4 j 

F(k) = f(n) + f ( n - l ) + f (n -2 ) + f ( n - 3 ) + f ( n - 4 ) 

F I G . A S e r i a l - I n P a r a l l e l - O u t (SIPO) Tapped Delay L i n e S t r u c t u r e 

f ( n - 4 ) + f (n -3 ) 
- f f n - 4 ) + Hn-3) + f(r .-2) 

f{n -4) + f ( n - 3 ! + Hf> - ? ! t - f(n-t) 

F ( K 5 % Hn -4 ) i f l r --3) 
+ f ( r . -2) t f u . - U * Mn! 

. . . . ftn -4) 

F I G . 5 Parallél-In S e r i a l - O u t (PISO) Tapped Delay L i n e S t r u c t u r e 
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ff» > f(n) + f(n-l) + lln-2) + Hn-3) + Kn-4J 

FI G . 6 PISO 'Pipe Organ' S t r u c t u r e 

7 Three A r c h i t e c t u r e s For R e a l i z a t i o n Of Programmable T r a n s v e r s a l 
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FIG. 10 Topographical Layout And 

Equ i v a l e n t C i r c u i t Diagram 
For A Very Low Frequency BBD. 

FIG. 11 Programmable T r a n s v e r s a l F i l t e r 
Made With Pipe Organ Delay L i n e 
And MDAC M u l t i p l i e r s 

F I G . 12 Low Frequency Programmable 

T r a n s v e r s a l F i l t e r U t i l i z i n g 

A S i n g l e Multiplexed MDAC 



FIG. 13 Programmable Transversal 
F i l t e r With 16 MDACs 
Configurable I n Three 
Modes 
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/ / / \ 
RETICON R5601 : A CCD Quad Chirped Transversal Filter which implements the 
Discrete Fourier Transform (DFT) by using the Chirp Z Transform (CZT) algorithm. 
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